Chapter 6
To incorporate natural active ingredients for the development of
active films of banana-pseudostem fiber-reinforced potato

starch-casein blends

6.1. Introduction

Conventional packaging solutions are becoming increasingly inadequate in today's
market, where consumer awareness of sustainability issues is growing rapidly. There is a
mounting demand for more environmentally friendly packaging options, driven by the
increasing complexity of products, heightened environmental consciousness, and the push
towards a circular economy model that aims to reduce the carbon footprint of
manufactured goods (Wahab et al., 2023). The packaging industry has seen significant
advancements in recent decades in response to these evolving needs and expectations.
Innovative solutions, such as biodegradable materials and smart packaging technologies,
have emerged and are developing at a rapid pace. These new packaging approaches are
designed to address the multifaceted challenges of sustainability, product protection, and
consumer expectations in a more holistic and environmentally responsible manner (Huang
et al., 2024). Utilizing safe biopolymers and implementing innovative food packaging
techniques help maintain packaged food items' quality and safety standards (Xu et al.,
2021; Pandita et al., 2024). Therefore, utilizing biopolymer-based food packaging
enhances food safety and supports sustainability goals by offering a safer, renewable, and
biodegradable substitute for traditional synthetic polymers (Shah et al., 2024). Active
packaging is a kind of smart packaging that emits or absorbs substances inside the
packaged product to improve the quality and prolong the shelf life of perishable goods. It
works by reducing oxygen interactions, moisture uptake or loss, and microbial growth.
Essential oils (EOs) are being used extensively as active agents in food packaging to
improve food safety and prolong shelf-life (Sun et al., 2020; Fan et al., 2023). They are
high in bioactive compounds that possess multiple functional characteristics, including UV
radiation, antioxidants, and antimicrobials-blocking abilities (Adilah et al., 2018; Sun et
al., 2020). EOs are mostly utilized in film formulations to enhance the barrier qualities of
the film matrix when combined with other biopolymers as emulsion-based systems or

multilayer coatings (Zhang et al., 2022). EOs have also proven efficient towards a variety
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of microorganisms, including their eco-friendly and biodegradable properties have made
them popular with consumers (Khajeh et al., 2024). Several EOs, such as mint, clove,
cinnamon, garlic, ginger, rosemary, or oregano, are incorporated as active agents into
biopolymeric films that also enhance the antioxidant activities, which can also prevent
oxidation and browning reactions in packaged products (Roy et al., 2022; Anuar et al.,
2017). For case, tea tree oil utilized for carrageenan/agar-based films (Roy and Rhim,
2021), Camellia japonica oil incorporated in carboxymethyl chitosan/peptide-based films
(Liu et al., 2022), including oregano oil used for chitosan/zein-based films (Xue et al.,
2021).

While EOs are widely employed as active ingredients in the active packaging
industry, their practical application is influenced by key factors like stability, evaporation,
and susceptibility to oxidation. Due to their non-polar nature, EOs also contribute
hydrophobic characteristics and resistance to water in the films. This chapter focuses on
the properties of essential oils (cinnamon and clove) incorporated into the optimal film
identified in previous studies, the banana fiber-reinforced starch-casein film. The resulting
biofilms were further investigated to assess various properties, including optical
characteristics, mechanical strength, structural composition, crystallinity, thermal
behavior, and biodegradability, to determine the most effective active film based on the

essential oils used.

6.2. Materials and methods

6.2.1. Materials

The potato starch (PS) was extracted based on the procedure outlined in section
3.2.2. Casein was acquired from Zenith India in Guwahati, Assam. The extraction process
for banana pseudostem fiber (BPF) is explained in the section. The modification of
extracted BPF using ultrasound and cellulase enzyme is described in section. Clove and

CNOs (CLO/CNO) were also purchased from Zenith India in Guwahati, Assam.
6.2.2. Film development
The solvent casting method was used for composite film development (potato

starch (PS) + casein (CS) + banana pseudostem fiber (BPF) according to the protocol of
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Rawat and Saini, (2024). The compositions of the different film formation solutions are
shown in Table 6.1. Film development using modified potato starch (PS), modified casein
(CS), and modified banana pseudostem fibers (BPF) has been already detailed in (sections
3.2.7; 3.2.8; 4.2.7). Banana pseudostem fibers (5%) were separately mixed in a beaker and
homogenized. Clove oil (0.5, 1, and 1.5 %), cinnamon oil (0.5, 1, and 1.5 %), and glycerol
(40 mL/100 mL) were included in the solution for the composite film which was then
homogenized at 12,000 rpm for 5 mins. The mixture was aired, transferred to the petri
plates (150 mm diameter and 10 mm height), and placed in a tray dryer at 45°C for 48 h.
After being peeled off, the dry films were allowed to equilibrate for 24 h at 25 °C before

further analysis.

Table 6.1 Composition of developed fiber-reinforced active film

Films Potato Casein Banana CLO CNO Glycerol
starch  (CS) pseudostem (CLO) (%) (CLO) (mL)
(PS) (9) fibers (%)
(9) (BPF) (%
wt)

CNOO05 5 5 5 - 0.5 2
CNO 1 5 5 5 - 1 /
CNO15 5 5 5 - 1.5 2
CLO0S5 5 5 5 0.5 - /
CLO1 5 5 5 1 - 2
CLO15 5 5 5 15 - /

6.2.3. Characteristics of Essential oils

6.2.3.1. Antioxidant activity

The antioxidant activity of various concentrations of clove and CNO (0.5, 1, and
1.5%) was evaluated by 2,2-diphenyl-1-picrylhydrazyl (DPPH) method. Based on DPPH
radical scavenging by EOs, this technique was adapted from the approach with som
changes from Dalli et al. (2021). The process began with preparing methanolic solutions
of CLO and CNO at concentrations ranging from 1 to 8 mg/mL. For each test, 50 pL of
EO was combined with 5 mL of 0.004% DPPH methanolic solution and thoroughly mixed.
These prepared mixtures were then left to incubate at room temperature in a dark
environment for 30 min. Following the incubation period, the absorbance of each mixture
was determined at a wavelength of 517 nm. In this test, methanol was utilized as a blank,

and ascorbic acid (vitamin C) was utilized as the reference antioxidant for comparison.
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The effectiveness of the essential oils in scavenging DPPH radicals was quantified using

equation (6.1), which calculated the percentage of DPPH radicals neutralized by the oils.

Blank absorbance—Sample absorbance

DPPH radical scavenging activity (%) = x 100 (6.1)

Blank absorbance
6.2.3.2.Antimicrobial activity

The essential oils (EOs) antimicrobial characteristics were examined employing
the agar disk diffusion process as mentioned by Sarengaowa et al. (2023) on bacterial
strains of Gram-negative E. coli and the Gram-positive S. aureus. This technique involves
several steps to assess the oils' ability to inhibit bacterial growth. First, bacterial
suspensions were prepared at a concentration of 8 log CFU/mL, and approximately 1 pL
of these suspensions was uniformly spread across Luria Bertani Broth, Miller media in
petri dishes. Next, small discs measuring 6 mm in diameter were immersed in 5 pL of the
EOs being tested. These oil-infused discs were then carefully positioned on the infected
culture media’s surface. The prepared plates were incubated for 24 h at 37°C. After this
incubation time, the effectiveness of the EOs was ascertained by measuring the inhibition's
diameter zones that formed around the discs on the agar surface. This method provides a
visual and quantifiable means of assessing the antibacterial activity of the EOs against the

tested bacterial strains.

6.2.3.3. Total phenolic content (TPC)

The sample's total phenolic content (TPC) was ascertained following Singla et al.
(2023) using a modified Folin—Ciocalteu assay, with gallic acid as the standard. Gallic acid
is used as the standard in a modified Folin—Ciocalteu test. 100 uL of Folin—Ciocalteu
reagent and 1.58 mL of DW were combined with a 20 pL aliquot of supernatant extract.
Three hundred microliters of 20% sodium carbonate were added after the mixture had been
allowed to react for eight minutes. The samples were vortexed right away and allowed to
sit at room temperature for two hours in the dark. Next, a UV-Vis spectrophotometer
(Skanit, Thermo-Fisher Scientific) was used to detect absorbance at 765 nm. TPC was
represented as milligrams of gallic acid equivalent (GAE) per gram of dry sample weight,

and all samples and standards were examined in triplicate.
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6.2.4. Characteristics of films
6.2.4.1. Thickness

The thickness of the developed film has been evaluated according to the procedure
outlined in Section 3.2.12.1.

6.2.4.2. Film solubility

Film solubility has been evaluated by the method detailed in Section 3.2.12.1.

6.2.4.3. Optical properties

Film opacity has been determined as explained in Section 3.2.12.4.

6.2.4.4. Water vapor permeability (WVP)

Barrier properties of the film as water vapor permeability (WVP) have been

measured as detailed in the section 3.2.12.2.

6.2.4.5. Film color

Film color has been evaluated as described in section 3.2.12.3.

6.2.4.6. Fourier transform infrared spectroscopy (FTIR)

This spectral analysis aimed to provide insights into the chemical bonds and
interactions that may have formed during the reinforcement and the active incorporation
into the starch-casein fiber-reinforced film, helping to elucidate the structure and behavior
of the composite material. The FTIR spectra of active film samples were analyzed
employing an FTIR spectrometer (IMPACT 410, Nicolet, USA). The analysis covered the
wavenumber range of 4000-500 cm™!, with spectra recorded at a 4 cm™' resolution
following Chutia and Mahanta, (2021) method.

6.2.4.7. Mechanical properties

Elongation at break (EAB%) and tensile strength (TS) were assessed using the

procedure outlined in section 3.2.12.5.
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6.2.4.8. Sealing properties

Sealing strength has been determined as per the method described in section
3.2.12.6.

6.2.4.9. Thermal properties

The thermal characteristics of the film have been evaluated as per the protocol
described in section 3.2.12.7.

6.2.4.10. Antioxidant activity

The antioxidant capacity of clove and cinnamon (EOs) incorporated banana
pseudostem fiber-reinforced PS-casein blended films with varying EO content (0.5, 1, and
1.5%) was assessed utilizing the method of DPPH radical scavenging ability (Adilah et al.,
2018). This test measures the transformation of DPPH from purple to clear, demonstrating
its capacity to donate electrons. The test involved soaking 10 mL of pure ethanol with
roughly 0.10 g of each film sample and shaking for 10 min to extract the antioxidants.
Then, 3 mL of this film extract was combined with 1 mL of 0.1 mM ethanolic DPPH
solution. The mix was kept for incubation at ambient temperature in darkness for 30 min.
Using a spectrophotometer, the absorbance of the mixture was measured at 517 nm, with
ethanol serving as the blank solution. The scavenging action of DPPH radicals of

developed active film was determined in triplicate using the equation below.

DPPH radical scavenging activity % = 22PRH=SEMPLe, 10 (6.2)

ApPPH

In the above equation, ApppH = absorbance of the DPPH solution, and A sampie = absorbance

of the film sample extract.
6.2.4.11. Antimicrobial properties

Huang et al. (2024) methodology with few modifications has been adopted for
determining the antimicrobial properties of the developed banana fiber-reinforced PS-
casein blended films. The antibacterial effectiveness of the films was tested for two kind
of foodborne pathogens: the Gram-negative E. coli and the Gram-positive S. aureus.

Culturing and diluting the bacterial broth achieved an optical density (OD600) of
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approximately 0.5. A small piece of film was then incubated with 200 uL of this bacterial
solution at 37°C for half an hour. Following incubation, the mixture was diluted using
sterile saline. After shaking the resulting bacterial solution, a 50 puL sample was spread
onto a nutrient agar plate. This inoculated plate was then cultured at 37°C for a full day
(24 h). Quantification of the inhibition zone was done thereby assessing the films' capacity

to inhibit these pathogenic bacteria.

6.2.4.12. Release behavior

The release behavior of the best EO incorporated from the PS-CS blended BSF
films was evaluated in food simulants adapting the protocol explained by Fan et al. (2022)
and adopting few alterations. Liquids called food simulants are used to replicate actual
food conditions. 3% acetic acid was used as an acidic food simulant, while DW was used
as an aqueous/high-moisture food simulant, and 95% ethanol as a fatty food simulant. For
6 h, the simulant medium was slowly swirled at 50 rpm and 27°C. A UV-Vis
spectrophotometer (Skanit, ThermoFisher Scientific, USA) was used to measure the
release of EO after taking about 3 mL of the sample solution at each time interval. The
procedure further involved cutting the film into 30 mm x 30 mm square and immersing it
in 50 mL of the simulant solution. This was maintained at 25°C for 96 h. Absorbance were
measured at specific intervals (0, 1, 2, 4, 6, 12, 24, 48, and 96 h) against banana fiber-
reinforced PS film without incorporation of EOs. A UV-Vis spectrophotometer (Skanit,
ThermoFisher Scientific, USA) was used to assess the amount of EOs released from the
film at 287 nm. The % of EOs released was then formulated by the below equation:

Release percentage =M¢Mx100 (10)

In the equation, the variable Mt represents the quantity of EO that has been released from
the film at a specific time t (measured in h). M denotes the initial concentration of EO

present in the films before the release process begins.

6.2.4.13. Biodegradability

The biodegradability test of the films was evaluated as described in the section
3.2.12.8.
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6.2.5. Statistical Analysis

SPSS statistical software (version 26, SAS Institute Inc., Cary, NC, USA) was
employed for determination of the experimental data indicated as mean * standard
deviation. One-way (ANOVA) variance along with Duncan’s multiple range test (DMRT)

with a probability (p<0.05) were considered for determining statistical differences.
6.3. Results and discussion
6.3.1. Antioxidant activity

Fig 6.1 shows the antioxidant activity of two essential oils (EOs) - CLO and CNO.
From the table, CLO has an antioxidant activity of 34.94% while CNO has an antioxidant
activity of 37.594%. This indicates that CNO has a higher antioxidant activity compared
to CLO. The higher the percentage, the stronger the antioxidant properties of the essential
oil. CNO demonstrated superior antioxidant activity in various assays compared to other
essential oils, particularly in scavenging DPPH radicals and inhibiting lipid peroxidation
(Liu et al., 2023) (Eldahshan et al., 2023). Johari and Khan (2022) also evaluated the EOs
antioxidant capacity from basil, lemongrass, cinnamon, and black Pepper using ABTS,
DPPH, and FRAP assays. All plant samples exhibited strong free radical scavenging
activity, indicating their potential as scavenging free radicals. In studies comparing CNO
with other extracts, it was found that while extracts from cinnamon bark exhibited higher
antioxidant activity in some cases (e.g., lower IC50 values), the essential oil still
maintained significant antioxidant properties (Brodowska et al., 2016; Shahid et al., 2018).
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Fig. 6.1 Characteristics of Essential oils (EO) used for film preparation

6.3.2. Antimicrobial property

Fig. 6.1 presents data on the zone of inhibition (in mm) for two EOs utilized for
film development, CLO and CNO, against two microorganisms: E. coli and S. aureus. Fig.
6.2 indicates the notable zone of inhibition formed by two microorganisms. Cinnamon EO
(CNO) demonstrates stronger antimicrobial effects, with 37 mm, and 26 mm inhibition
zones towards E. coli and S. aureus than clove essential oil (CLO). These findings suggest
that Cinnamon EO has a higher antimicrobial and antioxidant activity than Clove EO.
Combining these bioactive properties suggests potential applications for these EO in active
food packaging, where they could enhance the product's protective qualities. Studies have
shown that incorporating cinnamon EO into composite materials can effectively create
antimicrobial sachets, increasing release efficiency and microbial inhibition (Fahma et al.,
2020). This aligns with other research (Khan et al., 2024; Guimardes et al., 2019;
Azizkhani et al., 2021), which has also noted the significant antibacterial efficacy of
essential oils against pathogens like S. aureus, and E. coli. It is known that EOs exert their

antimicrobial effects by disrupting bacterial cell membranes, inhibiting enzyme activity,
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and interfering with metabolic processes, ultimately leading to bacterial cell death or
growth inhibition. Their bioactive compounds penetrate and accumulate within the
phospholipid bilayer of bacterial cell membranes, disrupting structural integrity and
impacting cellular metabolism, ultimately leading to cell death (Chouhan et al., 2017).
These properties underscore the potential for EOs in developing natural and effective

antimicrobial solutions in food preservation and other applications.

S. aureus E. coli

1. CLO- Film incorporated with clove essential oil
2. CNO- Film incorporated with cinnamon essential oil

Fig. 6.2 Antimicrobial activity of EOs used for film preparation against S. aureus and E.

coli

6.3.3. Total phenolic count

Table 6.2 presents the TPC of EOs (clove and cinnamon). The table provides the
total phenolic content of clove and CNOs (EOs), measured in terms of gallic acid
equivalents (GAE) per 100 mL. The data shows that CLO has a significantly higher
phenolic content (104.47 mg/100 mL) compared to CNO (9.334 mg/100 mL). This
difference suggests that CLO contains more phenolic substances, that are known for its
antioxidant, antimicrobial, and preservative properties, making it potentially more
effective for applications in bioactive films. In comparing these results with published
research, studies confirm that CLO generally has a high concentration of phenolic
compounds, particularly eugenol, which is responsible for its strong antioxidant and
antimicrobial activities (Kumar et al., 2022). This high phenolic content makes CLO an
effective ingredient for enhancing the functional characteristics of packaging films, like
extending shelf life and preventing microbial growth. CNO, while also beneficial, typically

has a lower phenolic content compared to CLO, with cinnamaldehyde being its main active
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compound. Although lower in phenolics, CNO still exhibits antioxidant and antimicrobial
properties but may be less potent in comparison to CLO (Tomaino et al., 2005). This
comparison aligns with the findings in the table, where CLO's higher phenolic content
suggests it may be more suitable for applications requiring strong antioxidant effects,
while CNO can still contribute to bioactivity but with less intensity. Incorporating these
EOs into biofilms could enhance the preservation qualities of packaging, with CLO

potentially offering superior efficacy in films due to its higher phenolic content.

Table 6.2 Total phenolic content of EOs used

Sample TPC (mg GAE/100 mL)
Clove EO 104.47+ 4,982
Cinnamon EO 9.334+ 0.44°

6.3.4. Characteristics of films

6.3.4.1. Determination of thickness

Table 6.3 describes the thicknesses of the previously developed film now
incorporated with varied concentrations of the active component used (0.5%, 1%, 1.5%)
CNO and CLO, showing significant variations (p>0.05). The thickness values varied from
the observed are 0.353 mm, to 0.377 mm, respectively, indicating a slight increase in
thickness as the concentration of CLO rises. This gradual increase in thickness could be
attributed to a few factors. First, adding more EO to the material likely introduces
the additional volume, causing a minimal growth in the structure and thus a marginal
increase in thickness. Additionally, higher concentrations of EO may enhance interactions
within the matrix, possibly leading to minor structural adjustments that result in a thicker
material. CNO might also affect the density or flexibility of the banana-fiber-reinforced
PS-casein composites, as essential oils can alter the packing of molecules within the
material, leading to a less compact arrangement. Previous research has shown that
incorporating essential oils into films often leads to slight changes in physical properties,
including thickness, due to the oil’s impact on the film matrix (Rawat and Saini, 2024).
Fahma et al. (2020) and Azizkhani et al. (2021) found that the addition of essential oils
such as cinnamon and clove led to marginal increases in thickness, which were attributed
to the oils creating additional volume within the polymer matrix. These findings suggest
that EOs, by interacting with the film matrix, may slightly expand or disrupt the
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compactness of the material’s structure, leading to a minor but measurable increase in
thickness. Moreover, the results align with findings by Khan et al. (2024), which indicate
that essential oils, when added in higher concentrations, contribute to changes in the
molecular arrangement within the film, often affecting density and flexibility. This effect
can lead to a less compact structure, resulting in increased thickness, as seen with the
highest concentration of 1.5% CNO in this table. However, these thickness variations are
typically minor, suggesting that essential oils can be added to films without significantly
compromising their structural integrity—an advantageous property for applications in
active packaging, where maintaining physical characteristics alongside antimicrobial

properties is essential.
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Table 6.3 Characteristics of developed active PS-CS blended film reinforced with BPF

Units 0.5% CNO 1% CNO 1.5% CNO 0.5CLO 1%CLO 1.5%
Parameters CLO
Thickness mm 0.353+0.01° 0.354+0.01° 0.362+0.01° 0.352+0.01° 0.361+0.01° 0.377+0.012
Opacity mm-? 0.88+0.04¢ 0.543+0.02° 0.469+0.02 0.96+0.04°¢ 1.10+0.05° 1.32+0.052
L* 88.25+4.40° 86.24+4.30° 72.37+£3.60° 64.32+3.20% 66.35+3.30¢ 60.52+3.00°
a* -0.64+0.03¢ -0.15+£0.007¢ -0.16+0.006° 1.45+0.07° 1.22+0.06° 1.64+0.082
b* 15.51+1.25P 12.12+0.60° 11.74+0.08¢ 12.12+0.60¢ 16.12+0.78? 8.32+0.40

L*: Lightness; a*: Redness; b*: Yellowness. Values are given as mean + standard error (SE). a, b, ¢, d: Different letter subscripts in the same column indicate
a statistically significant difference (p <0.05), CNO- Cinnamon EO, CLO- Clove EO
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6.3.4.2. Film color

Table 6.3 presents color measurements, lightness (L*), green-to-red (a*), and blue-
to-yellow (b*), including total color difference (AE), for banana fiber-reinforced PS-casein
blended film incorporated with increasing concentrations of cinnamon and clove (EO).
The appearance of the active film has been shown in Fig. 6.3 compared with individual
PS, casein, and banana-pseudostem-reinforced films. As the concentration of EO rises,
significant variations (p<0.05) are noticed in these colorimetric parameters, which are
often associated with the natural coloration and chemical composition of CNO. The
lightness decreases from 88.25 to 72.37 with higher EO concentrations, indicating that the
material becomes darker as more CNO is added. This reduction in L* could be attributed
to the natural color of CNO, imparting a yellow-brown hue, and reducing the lightness of
the material (Ghasemlou et al., 2013). The a* values shift from slightly negative (-0.64
and -0.15) to a positive red tone (16.15) as EO concentration increases. This shift towards
red can be attributed to the cinnamaldehyde and other phenolic compounds in CNO, which
give it a reddish tint that becomes more pronounced at higher concentrations (He et al.,
2021). The *b* values decreased from 25.51 to 1.74, suggesting a reduction in yellow
tones. The high initial b* values may reflect the initial yellowish hue, which becomes less
intense as the red tint (represented by increasing a* values) dominates with higher EO
levels (Hosseini et al., 2009). The AE values range widely, from 9.85 to 33.12, showing
that the material undergoes significant color changes with increasing EO concentrations.
High AE values indicate substantial visual differences, likely due to the combined changes
in L*, a*, and b*, consistent with findings in other studies on essential oils’ impact on film
color (Atares et al., 2016). These changes indicate that the addition of Cinnamon and CLO
made the films less bright and more opaque. The overall effect of adding CNO to the
developed composite film matrix was the production of films that were less dark and more
transparent. Wu et al. (2017) observed that adding CNO to biofilms caused a decline in
lightness and an increase in red tint, due to the natural pigments and phenolic compounds
in the EO. Similarly, He et al. (2021) found that incorporating EOs such as cinnamon
caused color shifts in films due to the oils’ natural colors, with higher concentrations
leading to more intense red tones. Color parameters are crucial in the production of
packaging materials because they influence both the functionality and the aesthetic appeal
of the packaging. These recent studies confirm that CNO can effectively alter the color

properties of films, which may be useful for creating visually distinctive packaging
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materials. However, the color changes could also be a drawback in applications where
minimal color alteration is preferred. Thus, the impact of essential oils on color should be

considered carefully in the layout of bio-based packaging substances.

Potato starch film Casein film Banana-fiber reinforced starch- Active film

casein blended film

Fig. 6.3 Appearance of developed films

6.3.4.3. Film solubility

Fig. 6.4 illustrates the solubility behavior of banana fiber-reinforced potato starch
blended films incorporated with different concentrations of CNO and CLO at 0.5, 1.0, and
1.5%. The results show that the film with 0.5% CNO exhibited the highest solubility
(approximately 16.5%), which was significantly different (p<0.05) from the other
concentrations. Films containing 1.0% and 1.5% CNO showed slightly lower solubility
values (around 16.3% and 16.2% respectively. The decreased solubility with increasing
CNO concentration can be attributed to the hydrophobic nature of essential oils and their
interaction with starch molecules (Khan et al., 2024). This finding aligns with research by
Acevedo-Fani et al. (2015) and Ghasemlou et al. (2013), who showed that EOs can form
cross-links with starch molecules and create a more hydrophobic network, thereby
reducing the film's water solubility. The slight decrease in solubility with increasing CNO
concentration (from 16.5% to 16.2%) follows a similar trend reported by Hafsa et al.
(2016) in chitosan films containing citrus EOs, where they observed reduced solubility due
to the formation of a more compact and hydrophobic matrix. Lower solubility often
correlates with improved barrier properties against gases and water vapor which can lead
to better preservation of food quality and extended shelf life (Dutta and Sit, 2024).

Similarly, Pelissari et al. (2009) demonstrated that incorporating oregano EO into starch-

227




based films decreased water solubility due to the enhancement of hydrophobic interactions
within the polymer network. The relatively high overall solubility values (>16%) observed
here are comparable to those noticed by Travalini et al. (2019) for natural fibers reinforced
cassava starch films, suggesting that the banana fiber reinforcement maintains film
biodegradability while providing structural support indicating a saturation point in the
polymer-oil interactions. Moreover, Kuorwel et al. (2013) reported similar findings with
starch-based films containing thymol, where the solubility reduction reached a plateau
after certain essential oil concentrations, suggesting an optimal loading capacity for

maintaining film functionality.
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|

0.5% CNO 1% CNO 1.5% CNO 0.5% CLO 1% CLO 1.5% CLO

Film sample

Figure 6.4. Film solubility (%) of active PS-CS blended film reinforced with BPF
(CNO-cinnamon EO, CLO-clove EO)

6.3.4.4.0Optical properties

Table 6.3 appears to show opacity measurements for active banana fiber-
reinforced PS-casein blended films with varying concentrations of cinnamon and CLO
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(EO). The opacity values decrease from 0.88 to 0.469 as the concentration of CNO is
presumably increased, suggesting that the incorporation of CNO makes the films more
transparent. This reduction in opacity can be attributed to the plasticizing effect of essential
oils, which can modify the polymer matrix structure and improve light transmission
through the film. This finding aligns with research by Souza et al. (2013) who observed
that essential oils can alter the internal structure of starch-based films, leading to better
light transmission. Additionally, the interaction between the hydrophobic essential oil
compounds and the hydrophilic starch-casein matrix may create a more homogeneous
structure that allows better light penetration, as demonstrated in similar work by Atarés
and Chiralt (2016) with essential oil-incorporated biopolymer films. Lower opacity values
facilitate better light transmission and can help in UV-based sterilization processes. It also
enables the use of active packaging technologies that require visibility. Studies by Singh
et al. (2021) have shown that transparent packaging can increase product sales by up to

40% compared to opaque alternatives.

6.3.4.5.Fourier-transform infrared spectroscopy (FTIR)

Fourier-transform infrared spectroscopy (FTIR) analysis is a crucial
characterization method used to identify surface functional groups and confirm the
formation of covalent bonds, providing concrete evidence of successful reinforcement and
modification (Dutta and Sit, 2024). From Fig. 6.5, the FTIR analysis revealed
characteristic peaks in the CNO and CLO spectrum, including -OH (3517 cm™), C=0
(1228 cm™), and C=C bonds (1619, 1523, and 1438 cm™) in the phenyl ring. The
developed active film exhibited distinctive stretching vibrations for hydroxyl groups (3278
cm™Y), aliphatic CH, and CH3 groups (2985, 2961, and 2895 cm™1), amide-I C=0 bonds
(1654 cm™?), amide-11 CN and N-H groups (1543 cm™), and amide-111 C-N bonds (1237
cm™Y). The active film with incorporation of CNO and CLO FTIR spectrum demonstrated
stretching vibrations corresponding to both PS, casein, and banana-fiber incorporation and
pure EO, encompassing amide I, I, and 111 groups along with phenyl ring C=C bonds and
C=0 bonds, confirming successful EO incorporation in the starch-casein matrix (Bertolo
et al., 2022). The pure PS film displayed distinctive peaks at 3462, 2928, and 1614 cm™,
representing -OH, CH, and H-O-H groups respectively, while peaks at 905, 986, and 1032
cm ™t indicated C-O-C bonds in the starch chain. The addition of CLO and CNO into the
PS-casein matrix developed alterations to the location and strength of peaks of pure starch,

indicating the successful integration of these nanoparticles into the bio-nanocomposite

229



films' structure. As illustrated in Fig. 6.5, the hydroxyl group peak at 3462 cm™* in pure
starch broadened and shifted to 3449 cm™ upon addition of EO-containing banana fiber
particles, suggesting hydrogen bond formation between the film matrix and banana fiber
particles (Chen et al., 2018). These findings align with previous research regarding FTIR
spectral changes. Alinaqgi et al. (2021) reported the disappearance of the amide-Il peak
when incorporating zein nanoparticles into starch-based films, attributing this to new bond
formation, while also noting hydroxyl group bond position changes due to new hydrogen
bonds. Moreover, Bertolo et al. (2022) observed increased hydroxyl group peak intensity
when studying FTIR spectra of poly (ethylene oxide)-based composite films containing
zein nanoparticles, confirming interaction and compatibility between zein and the PEO
matrix. The enhanced properties of the EOs incorporated PS-casein blended banana
pseudostem fiber-reinforced film can be attributed primarily to the interplay between
added EO-loaded fiber particles and PS and casein. This interaction strengthens the film's
structural network, as evidenced by both the film's morphological features shown in Fig.

10 along with the results obtained from FTIR analysis (Zhang et al., 2022).

60

55 4 —=— 1% CNO
—+— 1% CLO
—a&— 1.5% CLO
¥—0.5% CNO
+—1.5% CLO

4 1.5% CNO

50

45

40 4

%T

35+
30 A

25

20 - .
[ T T T I T T T I T T T T T T T I
4500 4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™)

Fig 6.5. FT-IR spectra of active PS-CS blended film reinforced with BPF

(CNO-Cinnamon EO, CLO-clove EO)

230



6.3.4.6.Water vapor permeability (WVP)

Fig. 6.6. displays the Water VVapor Permeability (WVP) values in g.mm/m2/h/kPa
for active banana fiber-reinforced PS and casein blended films with different
concentrations of cinnamon and clove (CNO/CLO) at 0.5, 1.0, and 1.5%. The WVP values
show slight variations across different CNO concentrations, ranging from approximately
0.15 to 0.288 g.mm/m?/h/kPa. The relatively stable WVP values despite increasing CNO
concentration suggest that the EO's hydrophobic nature may be effectively counter
balanced by the hydrophilic properties of starch and casein in the film matrix. This
observation aligns with research by Atarés and Chiralt (2016), who found that EOs can
create a tortuous path for water molecules without significantly altering the overall water
barrier properties of biopolymer films. Additionally, studies by Hosseini et al. (2015) have
shown that protein-polysaccharide matrices can maintain relatively stable water barrier
properties even with the addition of hydrophobic compounds due to their strong internal
network structure and the formation of stable emulsions with the EOs. The water vapor
transmission rate (WVTR) measures how quickly water in gas form passes through a film
or membrane. The interaction between lipid materials and the biopolymer matrix hinders
water molecule interactions, leading to lower WVTR (Xue et al., 2023). Films with
minimum WVTR are preferred for food packaging as they help prevent moisture migration
and reduce spoilage. The WVP values observed in the current study align well with
findings by Souza et al. (2013) for cassava starch films containing CNO (0.13-0.17
g.mm/m?/h/kPa) and de Moraes Crizel et al. (2018) for fiber-reinforced starch-based films
(0.14-0.19 g.mm/m?/h/kPa). Interestingly, while the current study shows relatively stable
WVP across different CNO concentrations, contrasting trends were observed by Dong et
al. (2019) and Lopez-Cano et al. (2023), who reported significant decreases in WVP with
increasing essential oil concentration in gelatin and starch films respectively. These
variations can be attributed to different matrix compositions, relative humidity conditions
during testing, film preparation methods, and complex interactions between multiple
components (starch, casein, pseudostem fiber, and CNO) that influence the barrier
properties. The relatively higher WVP values in the current study may be primarily
because of the dominant hydrophilic behaviour of both starch and casein in the film matrix,
which persists despite CNO addition.
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Fig. 6.6. Water vapor permeability (WVP) of developed active active PS-CS
blended film reinforced with BPF

(Cinnamon EO-CNO, Clove EO-CLO)

6.3.4.7. Mechanical properties

Incorporating EOs like cinnamon and clove in biopolymer films is a known
approach to enhance their properties. Fig. 6.7. (a and b) show the tensile strength (TS)
and EAB (%) of banana pseudostem fiber-reinforced potato starch-casein blended films,
which have been included with varied amount of CLO/CNO: 0.5%, 1%, and 1.5%
presenting significant differences (p<0.05). 1% CNO shows the highest tensile strength
among the samples, suggesting that this concentration may optimize the mechanical
reinforcement effect of CNO in the film. 1.5% CNO demonstrates a lower tensile strength
than the 1% CNO, implying that an increased concentration of CNO may not linearly

improve the tensile strength and may even have an adverse effect at higher concentrations.
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Ghasemlou et al. (2013) examined the effect of CNO on starch-based films, finding that
optimal concentrations improved mechanical properties due to enhanced intermolecular
interactions. Similarly, Alizadeh-Sani et al. (2018) explored the use of EOs in protein-
based films and observed improved tensile strength at certain oil concentrations due to the
plasticizing effect and hydrophobic interactions. The tensile strength values obtained in
this study are comparable to other biopolymer films, such as those noticed by Pelissari et
al. (2009) for banana starch-chitosan films (4-8 MPa), indicating that these films have
promising mechanical properties for potential packaging applications. The figure
demonstrates the elongation at break (EAB%) behavior of banana fiber-reinforced potato
starch-casein blended films with varying concentrations of CNO (CNO). The results reveal
that 1% CNO exhibits the highest elongation at break of approximately 3.5%, followed by
1.5% CNO at 3.1% and 0.5% CNO at 2.7%. This trend can be defined by the action of
plasticization of CNO at an optimal concentration (1% CNO), which enhances the
flexibility of the polymer matrix by reducing intermolecular forces and increasing the
mobility of polymer chains. However, the decrease in EAB% at higher CNO concentration
(1.5% CNO) could be attributed to the phase separation and structural discontinuities in
the polymer matrix, as observed in similar research by Atarés et al. (2010) in their study
on cinnamon-fortified sodium caseinate films. The EAB% values obtained in this study
align with those reported by Martelo-Guzman et al. (2022) for cassava starch films with
essential oils (2-4%), where they also found that excessive essential oil content led to
decreased film flexibility. The moderate elongation values suggest that while these films
maintain some flexibility, they are relatively rigid compared to conventional synthetic
packaging materials, which typically show EAB% values above 10%. This characteristic
rigidity can be attributed to the strong bond between banana fibers and the starch-casein
matrix, including the crystalline nature of the reinforcing fibers (Das and Kalyani, 2023).
Also, the results reveal that 1% CNO exhibits the highest elongation at break (EAB) of
approximately 3.5%, followed by 1.5% CNO at 3.1% and 0.5% CNO at 2.7%. This trend
can be explained by the action of plasticization of CNO at an optimal concentration (1%
CNO), which enhances the flexibility of the polymer matrix by enhancing polymer chain
mobility and decreasing intermolecular pressures (Xue et al., 2024). However, the
decrease in EAB% at higher CNO concentration (1.5 CNO) could be attributed to the phase
separation and structural discontinuities in the polymer matrix, as observed in similar
research by Atarés et al. (2010) in their study on cinnamon-fortified sodium caseinate
films. The EAB% values noticed in this study align with those reported by Valencia-Sullca
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et al. (2018) for cassava starch films with essential oils (2-4%), where they also found that
excessive essential oil content led to decreased film flexibility. The moderate elongation
values suggest that while these films maintain some flexibility, they are relatively rigid
compared to conventional synthetic packaging materials, which typically show EAB%
values above 10%. Furthermore, CNO was incorporated which changed the shape of oil
droplets, making them easily distorted, which increased the film's elongation (Mittal et al.,
2023). Improved mechanical properties could be also due to the even distribution of a huge
surface area of the matrix incorporated with EOs by hydrogen bonding improving the
interfacial adhesion and crystallinity between the polymer phases (Xue et al., 2024) also
discussed in FTIR and X-RD sections. Thus, it demonstrates that the reinforcement and
incorporation raise the ability of potato starch and casein matrix for absorption of energy
with applied force. Therefore, the bio-composites utilized in the study incorporated with

1% CNO are suitable for usage as functional packaging materials.
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6.3.4.8.Sealing properties

The Figs. 6.7 c) and d) have presented the seal strength (MPa) and sealing
efficiency (%) of banana fiber-reinforced potato starch-casein blended films with varying
concentrations of CNO and CLO varying significantly. The sealing efficiency shows a
decreasing trend with increasing CNO concentration, with the highest value of
approximately 52% at 0.5 CNO, followed by 45% at 1 CNO, and 42% at 1.5 CNO.
Similarly, the seal strength demonstrates a declining pattern, with values of about 3.7 MPa,
3.4 MPa, and 3.2 MPa for 0.5, 1, and 1.5 CNO concentrations, respectively. This decrease
in both sealing properties with increasing CNO could be ascribed to the hydrophobic
nature of EOs, which may interfere with polymer chain interactions at the sealing interface
(Mittal et al., 2023). Also, decrease in sealing efficiency can be attributed to possible
migration of CNO to film surface affecting seal integrity. This phenomenon is consistent
with research by Siripatrawan and Harte (2010) on chitosan films containing green tea
extract, where higher concentrations of hydrophobic components decreased film
sealability. The seal strength values obtained are in agreement to those reported by Shankar
et al. (2019) for alginate-based films (2.5-4.0 MPa), though lower than conventional
synthetic packaging materials. The statistical differences (p<0.05) suggest that CNO
concentration significantly affects the sealing properties, likely due to the oil's impact on
surface properties and polymer chain mobility during heat sealing. The moderate sealing
properties indicate that while these films can be heat-sealed, their performance might be
limited for high-barrier packaging applications requiring very strong seals. The sealing
properties obtained were similar to results by Roy and Rhim et al. (2019) for agar-based
films (3.0-3.8 MPa) and better than protein-based films by Gonzalez et al. (2019) (2.5-3.0
MPa). The results demonstrate promising sealing properties, particularly in applications
for dry food packaging where moderate seal strength is adequate. Also, the results provide
valuable insights for developing improved bio-based packaging materials with enhanced

sealing characteristics.

6.3.4.9.Thermal properties

Table 6.4 and Fig. 6.8 illustrate the thermal degradation stages of PS-casein
banana fiber-reinforced films incorporating 0.5%, 1%, and 1.5% CNO and CLO. The
thermal degradation data is organized into three stages with respective mass loss

percentages and peak temperatures. The thermal degradation behavior of banana fiber-
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reinforced PS-casein films with varying CNO concentrations (0.5%, 1%, and 1.5%) shows
distinct three-stage degradation patterns. The first stage (around 111-118°C) represents
moisture evaporation and volatile compounds loss, with 1.5% CNO showing the highest
mass loss (-96.62%) due to greater CNO content. The second stage (239-251°C)
corresponds to the decomposition of starch and protein components, showing mass losses
of -44.98%, -37.80%, and -42.34% for 0.5%, 1%, and 1.5% CNO respectively. The third
stage (506-599°C) represents the degradation of more thermally stable components and
char formation, with mass losses ranging from -27.22% to -34%. The residual mass varies
significantly, with 1.5% CNO showing negative residual mass (-88.05%) indicating
complete degradation, while 0.5% and 1% CNO retain about 13% mass. For the 0.5%
CNO concentration, the peak degradation temperatures are observed at 111.1°C, 251.0°C,
and 599.1°C, with a residual mass of 13.28%. At the 1% CNO concentration, the peak
degradation temperatures occur at 118.5°C, 239.7°C, and 507.2°C, and the residual mass
is similar to that of the 0.5% CNO sample at 13.03%. For the 1.5% CNO concentration,
the second and third stages show mass losses of 42.34% and 27.22%, with peak
degradation temperatures at 115.7°C, 250.8°C, and 506.8°C. The residual mass for this
concentration is -88.05%, indicating almost complete decomposition. This thermal
behavior aligns with research by Ghasemlou et al. (2013) who reported similar three-stage
degradation in essential oil-incorporated starch films. The degradation temperatures are
comparable to findings by Liu et al. (2017) for protein-based films, though showing higher
thermal stability in the second stage. The impact of CNO concentration on thermal stability
corresponds with the work by Zhang et al. (2015), who observed decreased thermal
stability with increasing essential oil content in composite films. The residual mass trends
can be compared to research by Wang et al. (2018) on fiber-reinforced biopolymer films,
though showing better thermal resistance at lower EO concentrations. From the results,
each sample exhibits distinct degradation patterns that correlate with the mass loss
percentages and peak temperatures in the table. The 0.5% and 1% CNO samples show
stable decomposition phases with clear degradation steps, while the 1.5% CNO sample
has a more unstable profile with rapid mass loss in the initial stage. After the incorporation
of CNO, an improvement in thermal stability was observed. The presence of CNO
generally enhances thermal stability due to the EO's hydrophobic nature and its potential
interactions with the polymer matrix. However, excessive EO concentration (as in 1.5%
CNO) can lead to structural instability and rapid mass loss at lower temperatures, which

agrees with similar findings in biopolymer films containing volatile compounds (Xu et al.,
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2018; Hosseini et al., 2022). Studies by Arfat et al. (2014) and Liu et al. (2020) report that
moderate essential oil levels improve stability, but higher concentrations can disrupt film
integrity, leading to premature degradation. The enhanced thermal properties of the CNO
banana-reinforced starch-casein films were also could be attributed to the homogeneous
dispersion of microfibers and increased interfacial hydrogen bonding, which restricted the

mobility of starch polymer chains at higher temperatures (Dutta and Sit, 2024).

237



0.5% CNO

Flow/
mi/min

e

| t-2
E tiso |
z ™ ls
H
2 f1oo |4

200
000 |
z
z w0 |
&30 =
] o |y
i
056
o |+

DTG/(%/min)

300 2
Tembsrsure C
OTG/(3%/min)
Flow/
ml/min Temp./C

sl2s0 o feoo

1% CNO

DTG/{%/min)

Flow/
mi/min
s—clif 250 0
E.o|a
f20 |
st | |2
= | |
z fiso |
z iP?
& i
b 100 |
g t4
= |
s
— le
o 10 20 30 40 50
Time /imin
. 0 [°
7 200
/
/ 2
/
h 150
h 3
s Change: 2852 %
100 |4
Man} Change: 6950 %
5
04 °C. 50,
= 5
————uly
0 10 20 40 50

Temp./*C

400

200

Heat flow {mw)

5

Heat flow {mW)

TG/(%/min)

Flow/

mfmin  TEPSC
= e e 20 |o 500
|
500
[ —— -
' 300
i Ry
i =
| s crorge 4234 200
]
i !
i 100
i 5
0
] 10 0 3 a0 0
Tirme fmn
OTG/(%/min)
Flow/
mifmin Temp./C
e | 250 io +600
4 o
™ |
? lao
w | |
ta |
rage ‘ fa00
w |, |
F200
o ||
F1oo
e
10 |t

Fig. 6.8 Thermo-gravimetric analysis of developed PS-casein blended BPF incorporated with CNO and CLO, (Cinnamon EO-CNO, Clove EO-
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Table 6.4 Thermal degradation stages of PS-casein BPF-reinforced film incorporated with
EOs

Film Mass changes (stage wise) Peak Residual
Sample mass (%)
15T (%)  2"9(%) 39(%) 1(°C) 2(°C) 3 (°C)
0.5CNO 9.60 -4498 -32.14 1111 2510 599.1 13.28
1 CNO -15.13 -37.80 -34 1185 239.7 507.2 13.03

1.5CNO  -96.62 -42.34  -27.22 11577 250.8 506.8 -88.05

05CLO  -18.02 -556.30  -86.31 127.7 343.0 593.3 13.54

1CLO -17.82 -59.62 -69.90 1355 3604 508.8 14.26

15CLO -16.14 -40.70  -7193 1495 350.0 599.1 1391
(CNO- Cinnamon EO, CLO- Clove EO)

6.3.4.10. Antioxidant properties

DPPH radical scavenging activity data for different concentrations of CNO (CNO)
in banana fiber-reinforced potato starch-casein films, showed a clear trend presented in
Fig. 6.9. The film with 1% CNO showed the highest DPPH radical scavenging activity at
approximately 330%, followed by 1.5% CNO at around 240%, while 0.5% CNO exhibited
the lowest activity at about 200% indicating statistically significant differences between
all concentrations (p>0.05). This trend in antioxidant activity can be explained by the
bioactive compounds present in CNO, particularly cinnamaldehyde and cinnamic acid,
which collectively contribute to its strong antioxidant properties known for their free
radical scavenging properties. The optimal activity at 1% CNO suggests there's an ideal
concentration for maximum antioxidant effectiveness. The lower activity at 1.5% CNO
might be due to the aggregation of essential oil components at higher concentrations,
potentially reducing their availability for free radical scavenging. Wang et al. (2024) also
reported optimal antioxidant activity in starch-based films at moderate essential oil
concentrations. Similarly, MO Syafiq et al. (2020) found that incorporating CNO in
biopolymer films enhanced their antioxidant properties, with peak activity observed at
intermediate concentrations. Yang et al. (2024) also documented comparable DPPH
radical scavenging patterns in similar composite films. The composite films produced
exhibit strong antioxidant properties, making them promising candidates for usage in
active packaging of foods. They could offer protection for foods prone to oxidation, aiding

in quality preservation and shelf-life extension (Zhang et al., 2022).
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Fig. 6.9 DPPH radical scavenging activity of developed active PS-CS blended film
reinforced with BPF (CNO-Films incorporated with cinnamon essential oil)

6.3.4.11. Antimicrobial activity

Table 6.5 shows the antimicrobial activity against three pathogenic bacteria (S.
aureus, and E. coli) for different concentrations of cinnamon EO (CNO) in banana
pseudostem fiber-reinforced potato starch-casein films. For S. aureus, the inhibition zone
increased significantly with increasing CNO concentration, showing the highest activity
(75 mm) at 1.5% CNO compared to 33 mm at 0.5% CNO. However, for E. coli, the trend
was the opposite - the inhibition zones decreased with increasing CNO concentration. E.
coli exhibited zones of 45 mm, 38 mm, and 32 mm. This differential antimicrobial
effectiveness can be attributed to the complex interaction between CNO's active
compounds (primarily cinnamaldehyde) and the different cell wall structures of gram-
positive (S. aureus) and gram-negative (E. coli) bacteria. The improved activity towards
S. aureus at higher concentrations aligns with previous research findings in antimicrobial
packaging materials. Sharma et al. (2020) highlighted the antimicrobial properties of CNO
(EO) in a PLA/PBAT blend for active food packaging. Brnawi et al. (2019) showed its
strong effectiveness against Salmonella typhimurium and Listeria monocytogenes. Zhang
et al. (2016) explored CNO's antibacterial mechanism in case of E. coli and S. aureus,
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revealing that it disrupts cell membranes at the minimum inhibitory concentration (MIC)
and Kkills cells at the minimum bactericidal concentration (MBC). Additionally, CNO
caused an early increase in electrical conductivity due to electrolyte leakage, raised protein
and nucleic acid levels in suspensions, and reduced bacterial metabolic activity by 3-5-
fold. The result found that films containing the incorporation of active ingredient
demonstrated strong antibacterial effects, though an excessively high concentration of
CNO reduced this inhibitory ability. Micropores in the films may enhance CNO diffusion.
Therefore, an optimal CNO (1%) is needed to improve the films' antimicrobial
effectiveness (Sun et al., 2020).

CNO S. aureus E. coli

0.5%

1%

1.5%

Fig. 6.10 Antimicrobial activity of developed active PS-CS blended film reinforced with
BPF film against S. aureus and E. coli (CNO-Films incorporated with cinnamon essential
oil)
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Table 6.5 Inhibition zone of cinnamon EO-incorporated potato starch-casein banana fiber-

reinforced films against S. aureus and E. coli

Film sample S. aureus E. coli
0.5% CNO 37 28
1% CNO 35 15
1.5% CNO 40 25

(CNO-Films incorporated with cinnamon essential oil)

6.3.4.12. Release behavior

Fig. 6.11 a), b), and c) demonstrates the release behavior of 0.5%, 1%, and 1.5%
CNO incorporated banana fiber-reinforced PS-casein blended films in different solvents
(ethanol, acetic acid, and distilled water) over 4 days with significant differences. In the
0.5% CNO concentration graph, ethanol shows the highest release percentage starting at
around 38% and gradually increasing to approximately 40% over the 4 days. Acetic acid
demonstrates an intermediate release profile, maintaining a relatively stable release
percentage of around 36%. The distilled water condition shows the lowest initial release
(around 35%) with a slight increase over time. For the 1% CNO concentration, the release
profiles appear more stable across all three conditions. Ethanol maintains the highest
release percentage at approximately 37%, while both acetic acid and distilled water show
similar release patterns around 35-36%. The 1.5% CNO concentration demonstrates the
most distinct separation between the three conditions. The release behavior observed are
affected by a number of variables, including as the structure of the polymer matrix, EO
concentration, and the nature of the release medium. Similar release patterns have been
observed in previous studies of EO-incorporated starch-based films (Alvarez-Pérez et al.,
2021). The incorporation of banana fiber likely affects the film's microstructure and
consequently the release behavior, as natural fibers can create a more indirect path for
compound diffusion (Pinto et al., 2020). The increasing CNO concentration enhances the
differentiation between release media, suggesting that higher EO content may affect the
film's interaction with different solvents. This could be attributed to changes in the film's
hydrophobic-hydrophilic balance and matrix organization (Wang et al., 2019). The stable
release behavior throughout simulant conditions over time suggests good structural
integrity maintained by the crosslinking between PS, casein, banana pseudostem fiber,
and, CNO, making these films suitable for food packaging applications requiring moisture

resistance.
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Fig. 6.11 Release behavior of Cinnamon EO (CNO) incorporated PS-casein blended film
reinforced by BPF

6.3.4.13. Biodegradability

The biodegradation of developed active films over 3 weeks period in soil is
illustrated in Fig. 6.12. The statistical differences (p<0.05) indicate significant variations
in degradation rates among different CNO concentrations, suggesting that CNO content
can effectively modulate the biodegradation rate for specific applications. Initially (day 0),
films with higher CNO concentrations showed greater weight loss (1.5% CNO ~0.64%,
1% CNO ~0.61%, 0.5% CNO ~0.54%), likely due to the volatile nature of EOs. However,
as degradation progressed, an interesting trend emerged: films with lower CNO
concentration (0.5 CNO) consistently showed higher weight loss percentages across weeks
1-3. By week 3, the weight loss stabilized at approximately 0.11%, 0.05%, and 0.07% for
0.5, 1, and 1.5% CNO respectively. The incorporation of EO accelerated the rate of
degradation, likely due to the formation of void spaces. These gaps increased the films'
brittleness, making them more susceptible to microbial attack and consequently facilitating
faster degradation (Mittal et al., 2023). This behavior can be compared to research by Mei
et al. (2013) on starch-based films with EOs, where similar degradation patterns were
observed. The slower degradation rate in films with higher CNO concentrations can be
attributed to the antimicrobial properties of CNO and its hydrophobic nature, which may
inhibit microbial activity and moisture absorption necessary for biodegradation. This
aligns with the research by Priyadarshi et al. (2018), who observed that incorporating EOs

in chitosan-based films reduced their biodegradation rate from 85% to 65% over 28 days.
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Fig. 6.12 Degradation of developed active PS-CS blended film reinforced with BPF

(CNO-Films incorporated with cinnamon essential oil)

6.4. Conclusions

The developed active films, made from modified potato starch/casein/banana-fiber
blends and active ingredients such as cinnamon and clove essential oils, exhibit enhanced
properties which qualifies them for use in food packaging. These properties include
improved optical clarity, mechanical strength, structural composition, crystallinity, and
thermal stability. The chapter finds that CNO particularly at a 1% concentration, enhances
the film’s antioxidant, antimicrobial, and mechanical properties. However, higher
concentrations (1.5%) of CNO negatively impact sealing efficiency and thermal stability,
indicating that optimal EO concentration is critical for performance. The addition of CNO
increases the film's transparency and reduces water vapor permeability, contributing to its
potential as a packaging material. Adding CNO, the thickness of the blended films was
considerably increased including active properties while reducing water solubility and
vapor permeation. SEM and FT-IR analyses confirmed the films' good compatibility and

strong internal interactions. The study emphasizes the need to optimize EO concentrations
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to balance mechanical, barrier, and sealing properties effectively. Films containing CNO
were also shown to be biodegradable, non-toxic, and eco-friendly, making them viable
alternatives to conventional synthetic packaging materials. The films' moderate
mechanical and barrier features support their usage in dry food packaging, with moderate
seal strength. Overall, the result identifies cinnamon essential oil (CNO) at a 1%
concentration as the most effective active ingredient, significantly enhancing the film’s
mechanical, antioxidant, and antimicrobial properties. Among the developed films, the
potato starch-casein-banana fiber blend incorporated with CNO demonstrated the best
overall performance in terms of structural integrity, barrier properties, and
biodegradability. These bio-composite films present a promising sustainable alternative to
conventional plastic packaging, with strong potential for extending food shelf life while
reducing environmental impact. Further research is recommended to explore the
scalability, cost-effectiveness, and long-term stability of these films in real-world food

packaging applications, as well as to evaluate their impact on shelf life and food safety.
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