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The present work deals with the development of cellulose-reinforced starch-based bioactive thermoplastic
packaging films, from complete recycling of banana peel waste. The nanocellulose fibers, starch and bioactive
compounds from banana peel were extracted and reconstituted to produce cellulose-reinforced starch-based
bioactive thermoplastic packaging films. The banana peel starch was examined to have an abundance of
amylopectin (88.55 + 0.28% (w/w)) and high thermal stability (~295 °C maximum degradation temperature),
to serve as a matrix for the thermoplastic films. The ethanolic extract of the banana peel with major active
compounds of f-sitosterol, and 1, 2 Benzenedicarboxylic acid mono (2-ethyl hexyl ester) was examined to be
having high antioxidant (74.43 + 0.26% DPPH inhibition) and antimicrobial properties, to serve as a potential
bioactive ingredient for the development of bioactive thermoplastic films. The addition of banana peel-based
nanocellulose fiber improved the mechanical (6-fold increase in tensile strength) and barrier properties (0.6-
fold reduction in Oy permeability) of banana peel thermoplastic films (BPT). The developed bioactive BPT films
were examined to have a UV blocking capacity of ~98%. The produced Bioactive BPT films were found to be
effective in the shelf life extension of bread by 10 days. The proposed methodology for the complete recycling of
banana peel will take the state of research in agro-waste management one step closer to a green bio-circle

economy.

1. Introduction

Generally, plastic wastes are difficult to dispose of due to their non-
degradable nature. Furthermore, massive amounts of plastic waste are
dumped into the environment every year, causing environmental
pollution. In recent years, numerous researchers worked on the treat-
ment of petro-plastics accumulation, but a complete solution to waste
plastic disposal has not been found (Yuliana et al., 2012). Researchers
are very much focused on finding eco-friendly biodegradable plastics to
replace petroleum plastics as a solution to environmental pollution
(Hassan et al., 2020). Biodegradable plastics will have more demand in
the forthcoming years. Raw materials such as proteins, polyesters, lipids,
and polysaccharides can be used for biodegradable plastic production.
They are abundantly available in different agricultural resources. The
compositions may be varied among the agricultural resources, which
may result in variations in bio-thermoplastic properties.

Polysaccharides are a vital driving force in bioplastic research. Cel-
lulose and starch are important bio-macromolecules in bioplastic

production and research, because of their high abundance in nature
(Czaikoski et al., 2020). The starch molecules consist of both crystalline
linear polymer in amylose and amorphous branched polymer in
amylopectin. Therefore, it can be a potential matrix for the development
of bio-thermoplastics (Wilpiszewska & Czech, 2014). The cellulose
molecules, mainly consist of a highly crystalline linear arrangement of
- glucose; thus, it can be a potential reinforcing material for starch-based
bio-thermoplastic films. Recent studies in the blending of cellulose with
synthetic polymers have revealed its superior reinforcing capacity,
improving its synergistic thermal properties (Deepa et al., 2016; Iyer
et al., 2016; Maya et al., 2017). In recent years, the extraction of
nanocrystalline has gained a profound interest among researchers. It is
due to the possible wide variety of industrial applications that can be
developed from the unique physical and chemical properties of nano-
crystalline cellulose fibers (Khalil et al., 2012; Kumar et al., 2014; Li
et al., 2015). These unique characteristics of nanocrystalline cellulose
fibers have influenced cellulose-reinforced starch-based
bio-thermoplastics. We have recently developed and optimized a
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sustainable method for nanocrystalline cellulose fibers extraction
(Harini et al., 2018). Bananas are a vital fruit plant in the world. Every
part of the banana is beneficial, and they are also rich in bio-
macromolecules (starch and cellulose) (Tibolla et al., 2014). The banana
processing industries produce tons of banana peels as waste and disposal
of these wastes are problematic. Peels of Banana are rich in cellulose and
starch, which can be utilized as a potential resource to extract nanofibers
of starch and cellulose (Tibolla et al., 2014, 2018). Furthermore, these
wastes are also rich in many bioactive compounds (Nagarajaiah et al.,
2011). These bioactive compounds are a potential active ingredient to
develop active bio-thermoplastic packaging materials.

As a part of developing Bio circle economy from Banana Peel (BP).
We hypothesize that the separation and reconstitution of biopolymers
(starch and cellulose) from BP with BP active compounds will facilitate
the production of Bioactive thermoplastics. Therefore, this study aims to
extract the bioactive compounds, and starch from banana peel and
explore the possibility of developing cellulose-reinforced starch-based
bioactive thermoplastic packaging films (BPT). The effectiveness of the
Bioactive BPT films were evaluated with shelf-life analysis of bread
samples.

2. Materials and methods
2.1. Raw materials

Banana peels were collected from the banana processing industries in
Chennai, Tamilnadu, India. For the preparation of banana peel powder,
a fluidized bed dryer was used to dry the sample at 50 °C and then
milled. The chemical compositions of raw banana peel powder were
investigated as per the methods used in our previous studies. The
nanocrystalline cellulose fibers produced from the banana peel in a
previous study were used in this study for the reinforcement of BP starch
films (Harini et al., 2018). The chemicals are supplied by Merck Milli-
pore (Merck Specialties Pvt. Ltd.). Purity: EMPARTAAS grade was used
for the experiments. Materials required for microbial culturing were
procured from Hi-media laboratories.

2.2. Extraction of active compounds

Finely powdered banana peel (15 g) was separately blended for 2
min with a quantity of 100 mL solvents [Ethanol (E) and Hexane (H)].
These mixtures were kept in a shaker (Sub Zero, India) at room tem-
perature for 16 h, then filtered using Whatman no. 1 filter paper. The
filtered residues were collected and stored separately for starch/cellu-
lose extraction. The filtrate was further centrifuged at 6000 rpm
(Thermo Scientific, USA) for 10 min to remove micro residues. Then the
clear extracts were membrane filtered (0.45 pm) and then concentrated
in the rotary evaporator. The dried banana peel extracts of ethanol (E)
and hexane (H) stored were at —20 °C for further analysis.

2.2.1. Characterization of active compounds

2.2.1.1. Antioxidant analysis of active extracts. Antioxidant capacities of
the banana peel extract were evaluated by DPPH, TPC, ABTS, and FRAP
analysis, as reported in our previous studies (Harini et al., 2018).

2.2.1.2. Antimicrobial analysis of active extracts. The paper disk diffu-
sion method was used to assess the antimicrobial efficiency and mini-
mum inhibition concentration of the ethanol and hexane extract of the
banana peel. For antibacterial activity, bacterial cultures were adjusted
to 0.5 McFarland turbidity standards. The Muller Hinton (MH) agar
media was poured and solidified in Petri plates. The 100 pL of inoculum
was spread onto the solidified media using a sterile spreader. Then the
paper discs were impregnated with 100 pL solution having 1 mg/mL of
extract and placed on agar plates. Paper discs impregnated with 100 pL
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of solvents were used as a negative control. The plates were stored for
18 h at 37 °C to evaluate antimicrobial properties by measuring the zone
of inhibition around each paper disk.

2.2.1.3. Gas chromatography and mass spectroscopic analysis of active
extracts. GC-MS analysis of banana peel extract was performed using an
Agilent-6890 N gas chromatographer with an HP 5973 mass spectrom-
eter detector (Radha Krishnan, 2015). The identification of compounds
in the extracts was made by correlating mass spectra and retention times
with that of pure compounds. Furthermore, the NIST (National Institute
of Standards and Technologies, USA), mass spectra library, was also
used for this analysis.

2.3. Extraction of starch and nano cellulose from banana peel

2.3.1. Extraction of starch

Isolation of the Starch was performed using the procedure reported
in a previous study (Yuliana et al., 2012). The banana peel powder and
water were mixed in a 1:5 ratio (w/w); soaked at 30 °C for 3 h and then
blended for 5 min. This mixture was screened via a 60-mesh sieve to
separate the filtrate and the residue. The collected residue was further
mixed with 50 mL of ethanol (70%) for 5 min and filtered to separate the
residue. The collected residue was blended for 5 min in 50 mL 0.1 M
NaOH solution and again screened to collect the solid residue. This solid
residue was used for nanocellulose extraction, as described in Section
2.3.2. The mixture of filtrates collected from all steps was centrifuged at
11,000 rpm in a centrifuge (Thermo Scientific, USA) for 15 min. The
supernatant was decanted carefully, and the resultant was mixed with
water (100 mL), filtered twice using a 200-mesh screen and Whatman
filter paper (2.5 um pore size & no.5). Further, it was washed consecu-
tively with 0.1 M sodium hydroxide and deionized water. The filtered
residue was dried in a freeze drier and dried starch was stored at —5 °C
for further analysis.

2.3.2. Extraction of nanocellulose

The dried residue of banana peel powder after starch extraction was
used to extract nanocrystalline cellulose fiber. As mentioned above in
the materials section, we used the nanocrystalline cellulose extracted in
our previous study.

2.4. Characterization of banana peel starch

The amylose and amylopectin composition of banana peel starch was
examined as per the method defined in our previous study (Chandra
Mohan et al., 2018).

2.4.1. Scanning electron microscopic analysis

The microstructure of starch and BPT film was observed by scanning
electron microscope (HITACHI-S3400N, Japan). Before the analysis,
samples were positioned on a stub with double side adhesive tape,
positioned horizontally at an angle of 90° The sample was assessed using
an accelerating potential of 20.0 kV (Sudharsan et al., 2016).

2.4.2. FTIR analysis

FT-IR spectra of banana peel starch were recorded using the Perkin
Elmer FT-IR spectrometer (Perkin-Elmer Co., USA). Sample (0.3-0.5
mg) was mixed with potassium bromide (~ 0.5 g), and pressurized to
make pellets (13 mm dia). The spectrum of samples was examined at the
wavelength between 4000 and 400 cm ™! with a resolution of 4 cm™!
(Weligama Thuppabhige et al., 2023).

2.4.3. X-ray diffraction analysis

The wide-angle X-ray diffraction measurement was carried out using
D8 Advance Bruker AXS X-ray powder diffraction using a one-
dimensional Debye-Scherr camera, Cu Ka radiation (wavelength
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0.1542 nm) operating at 40 kV and 35 mA. The crystallinity index (CI)
was calculated using Eq. (1), by measuring the peak height of the
crystalline region (Icry) and the amorphous region (Im) (Acharya et al.,
2017; dos Santos et al., 2016).

L,

CI(%) =~ x 100% )

total

Where, Itota — Total area under XRD peaks [Iotal = Iery + Tam]

2.4.4. Thermal analysis

TGA analyses were performed on Universal V4.4A TA Instruments
(CLRI, Chennai, Tamil Nadu). About (10 + 3) mg of starch was placed in
alumina pans. Samples were heated in a nitrogen atmosphere (sample
flow - 60 mL/min and balanced flow - 40 mL/min) from ambient tem-
perature to 800 °C, to create pyrolysis conditions. A heating rate of 5°C/
min was used to heat the sample.

DSC measurements were carried out on Perkin Elmer Pyres 1 DSC.
Each sample (5-10 mg) was first heated to 200 °C under the protection
of nitrogen at a flow rate of 20 mL/min. Then, it was immediately cooled
with liquid nitrogen to —50 °C. The sample is then scanned at a heating
rate of 10 °C/min. The results were recorded from —50 °C to 300 °C. All
samples used in the experiments were in powdered form. DSC of the
samples was carried out in CLRI, Chennai, Tamil Nadu (Warren et al.,
2016).

2.5. Preparation of banana peel starch thermoplastic packaging films

The film-forming solution containing banana peel starch (7.5%),
citric acid (1.2%), varying concentrations of nanocellulose (1% - 5%),
and distilled water (100 mL) was stirred in a shaker for 20 mins. All the
films were made by casting method, 30 mL of film matrix solution was
poured onto Petri dishes (15 cm in diameter) and dried at 40 °C for about
24 h in an incubator. The dried films were peeled off from Petri plates
and stored for further analysis.

2.6. Characterization of banana peel starch thermoplastic films

2.6.1. Mechanical properties

The tensile and elongation properties of the films were determined in
a Texture Analyzer TA. XT Plus (Stable Micro Systems) with a tensile
grip probe. The film samples were cut as rectangular strips (3 cm x 7 cm)
and positioned in the film-extension grips of the texture testing machine.
Film samples were stretched at a rate of 50 mm/min until breaking. A
microcomputer was used to log the stress-strain curves. For each film, a
minimum of three replicate tests were performed. Results of Tensile
strength were expressed in Mpa and elongation at break as in% (Saberi
et al., 2017). Young’s modulus/elastic modulus of the material was also
calculated.

2.6.2. Oxygen transfer rate

The rate of oxygen transmission was estimated using an Ox-Tran
modular system at 50 £ 1% RH and 23 °C. Before testing, samples
were equilibrated for 48 h at 50 + 1% RH (23 + 1 °C). The film samples
were positioned on a stainless-steel mask with an open test area of 5 cm?.
The film was exposed to oxygen gas (100%) on one side and 98% N3 and
2% H on the other side. Nitrogen gas was connected to the colorimetric
sensor, and measurements were taken when a steady state was reached.
To control the relative humidity of both gases, a humidifier was used and
RH varied between 50 and 90%. At low RH levels (below 50%),
permeability analysis was not performed as starch films begins to crack.
The rate of oxygen permeation was estimated by dividing the O2
transmission rate by the difference in O partial pressure on both sides of
the film (101 kPa) and multiplying by the average thickness of the film
(pm) (Ghasemlou et al., 2013a).
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2.6.3. Color and light transmission analysis of banana peel packaging films

The color parameters (L, a, and b) of the film samples were measured
using a Hunter Lab colorimeter (Radha Krishnan, 2015). The tests were
performed with an opening of 14 mm and a 10° standard observer. The
calibration of colorimeter was done using a standard white tile (L* =
93.49, a* = —0.25, b* = —0.09). At three different points (randomly)
samples were analyzed in colorimeter.

The transparency of the film samples was measured in a spectro-
photometer method explained by Han and Floros (1997). The rectan-
gular film (4 x 10 mm) was placed in a spectrophotometer cell and
recorded the film’s light transmittance at 600 nm. The following equa-
tion calculated transparency:

log%T

Transparency = b

(2)
Where%T was the light transmittance at 600 nm, and b was the thick-
ness of the film (mm).

2.6.4. Moisture content of films
The moisture content of films was calculated based on weight loss in
films after drying them in an oven at 110 °C until a constant dry weight
was attained.
Wi —Wo

% Moisture = 100X ——— 3
W2 — W()

Where,

W; = weight in g of a dish with the powdered sample; Wy = weight in
g of a dish with ash

Wy = weight in g of the empty dish

2.6.5. Solubility test for films

The film solubility was determined by a method adapted from
Ghasemlou et al. (2013a). The initial weight of film samples was
recorded after cutting them into small pieces (4.0 cm? size). The samples
were immersed in distilled water (100 mL) and shaken for 10 min at 180
rpm at 25 °C. Finally, films were taken and dried in a hot air oven at
110 °C till constant weight was reached. The solubility of the film (%)
was calculated by using the following equation,

WS(%) = [(Wo— W) / Wo] x 100 @

Where,
Wo - The initial film weight expressed as dry matter
Wy - The weight of the final desiccated un-dissolved film

2.6.6. Atomic force microscopy

Atomic force micrographs (AFM) of developed film samples were
taken at contact mode using Park XE-100 AFM (Park Systems, Korea).
Multiple measurements were taken for the area over the film surface (50
x 50 um). Statistical parameters: Average maximum roughness valley
depth (Rvm), root mean square roughness (Rq), average roughness (Ra),
and Average maximum height of roughness (Rtm) were taken up to
estimate the roughness of films quantitatively.

2.6.7. UV transmission analysis

The UV transmission spectra of BPT films were analyzed using
UV-VIS Spectrophotometer in the wavelength range between 200 and
400 nm. The samples were cut into 1 x 3 cm size films for analysis. The
UV protection percentage of the films for UVA (315-400 nm) and UVB
(280-315 nm) were calculated using the following formulae (Shao et al.,
2022).

00

UVA blocking (%) = 100 — M

315

x 100 )
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315
T(A)d(A
UVB blocking (%) = 100 — M
50 A(4)

280

x 100 (6)

2.7. Shelf-life analysis of bread

The bread samples were made from the freshly prepared dough
without adding any chemical preservatives and baked at 180 °C for 40
min. The samples were cooled, sliced and packed into the Polyethylene
(PE), BPT and Bioactive BPT films. Then the packed bread samples were
stored at 4 °C (Fig. 1). The samples stored inside PE films were taken as
control.

The packed samples were analyzed for its Moisture Content (Oven
method), Water Activity (AquaLab water activity meter, Meter Group
Inc., USA) (Chang et al., 2023), Texture (TA.XTplus, Stable Micro Sys-
tems, UK equipped with 36 mm cylinder probe and 5 kg for estimation of
bread firmness), Color (Hunter colorimeter, HunterLab, USA), Acidity
(Titration method), Total Plate Count and (Yeast and Mold) Count
(Chang et al., 2023; Petchwattana et al., 2021).

2.8. Statistical analysis

All the analyses were performed in triplicates, and average values
with standard deviation values are reported. The One-way Analysis of
the Variance (ANOVA) test and Duncan’s multiple range test were
performed for the mean values of analyses to evaluate the statistically
significant differences, with a confidence level of 95% (P < 0.05).
Microsoft Excel Data Analysis centre (2010) and IBM SPSS software
(version 22) were used for the statistical data analysis.

3. Results and discussions

3.1. Extraction and characterization of active compounds from banana
peel

The yield of active compounds from banana peel was estimated to be
20.17 £+ 0.43 and 15.31 + 0.29% (w/w) in the solvents of ethanol and
hexane.

3.1.1. Antioxidant and antimicrobial properties of banana peel extract
The antioxidant and antimicrobial characteristics of banana peel
extracts are shown in Table 1. The ethanolic extract of banana peel was
examined to have considerably (P < 0.05) high antioxidant and anti-
microbial capacity compared with hexane extract. This high antioxidant
and antimicrobial activity of ethanolic extract may be attributed to the
high phenolic content present in banana peel, which is polar (Hassan
et al., 1970; Mordi et al., 2016). Sakkas and Papadopoulou extensively
studied the mechanism of active phenolic compounds against microbes
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(Sakkas & Papadopoulou, 2017). They stated that the antimicrobial
activity of phenolic compounds could not be accredited to a single
mechanism but to several different mechanisms at different locations in
bacterial cells, external and internal components that affect enzymes,
ions, cytoplasm, cell membranes, proteins, fatty acids, and metabolites.
The overall minimum inhibitory concentration (MIC) of the BP ethanolic
extract was examined to be 150 pg/mL, estimated against the growth of
Pseudomonas aeruginosa. The observed high MIC could be because of the
high resistance of Pseudomonas aeruginosa to active compounds present
in the banana peel extract. Since the BP ethanolic extract’s overall ac-
tivity was examined to be high, it was subjected to further chemical
composition analysis through gas chromatography-mass spectrometry.

3.1.2. Chemical composition of banana peel extract

Fig. 2, illustrates the GC-MS chromatogram of banana peel ethanolic
extract. Table 2, tabulates the chemical composition of banana peel
ethanolic extract, estimated using peak area calculation from GC-MS
chromatogram. The chemical constituents of the BP ethanolic extract
were examined to be rich in - sitosterol (31.30%), and 1, 2-Benzenedi-
carboxylic acid mono (2-ethyl hexyl ester) (12.47%). Ododo et al.
(2016) and Sen et al. (2012) studied the antimicrobial capacity of f-
sitosterol and stated that the mechanism of action for its superior anti-
microbial activity could be ascribed to the disruption of microbial cell
walls to induce cell death. Jafari et al. (2017) stated that the antimi-
crobial mechanism of 1,2-Benzenedicarboxylic acid mono (2-ethyl hexyl
ester) might be because of the release of protons to affect the receptors
present in the cell wall of microbes. Other compounds, such as
B-tocopherol (10.33%) and Estragole (10.18%), were also examined to
be present in BP extract.

3.2. Extraction and characterization of BP starch

Table 3, tabulates the composition of raw banana peel powder and
extracted banana peel starch. The banana peel was rich in cellulose and
starch content. The extraction yield of starch was 28.24 + 0.68% (w/w).
The extracted banana peel starch was observed to be rich in amylo-
pectin. Therefore, it was observed to be moderate amylose starch (10 —
30% amylose content). Amylopectin plays a significant role in binding
linear polymers to give flexible packaging material (Ferreira et al.,
2020). The presence of a higher percentage of branched amorphous
amylopectin in BP starch may be suitable for the development of stable
thermoplastic material. The nanocellulose fibers extracted in our initial
study were used to produce bioactive thermoplastic films (Harini et al.,
2018).

3.2.1. Thermal analysis of BP starch
Fig. 3, shows the thermogravimetric assessment of extracted banana

Fig. 1. A) Bread sample packed in PE films, B) Bread sample packed in BPT film, C) Bread sample packed in Bioactive BPT film.
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Table 1
Antioxidant and antimicrobial analyses results for banana peel extracts.
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Banana peel Antioxidant analyses

Antimicrobial analyses

extracts DPPH TPC ABTS FRAP LM SA EC PA Kp SE
Units % Inhibition =~ mg of GAE/ umol TE/g umol TE/g Zone of inhibition (mm)
g

Ethanol (E) 74.43 £ 82.27 + 9.54 + 12,55 + 12.26 + 8.24 + 16.32 + 5.68 + 16.34 + 20.47 +
0.26 0.31 0.62 0.35 0.13 0.25 0.31 0.29 0.38 0.52

Hexane (H) 31.22 + 25.17 + 2.14 + 231+0.26 311+017 262+ 3.27£0.24  1.61 + 4.34£0.23  4.23+0.27
0.51 0.37 0.23 0.14 0.18

MIC-E (ug/mL) - - - - 50 100 50 150 50 50

MIC—H (ug/mL) - - - - 100 100 150 200 150 100

Abbreviations: DPPH - 2,2-diphenyl-1-picrylhydrazyl scavenging activity; TPC — Total phenolic content; ABTS - 2,2’-azino-bis(3-ethylbenzothiazoline-6-sulphonic
acid) scavenging activity; FRAP - Ferric reducing antioxidant power; LM - Listeria monocytogenes; SA - Staphylococcus aureus; EC - E. coli; PA - Pseudomonas aeruginosa;

KP - Klebsiella pneumonia; SE - S. enteritidis.
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Fig. 2. GC-MS chromatogram of banana peel ethanolic extract.

peel starch. The initial mass loss of banana peel starch occurred below
100 °C; this could be because of the initial dehydration of starch
(Eyholzer et al., 2010; Sahoo et al., 2005). The thermal degradation
occurred with the most significant loss in weight (~41.99%) between
229.65 °C and 362.96 °C. This degradation may be caused by the
breakdown of glucose rings in the polymer composition (amylose/a-
mylopectin) of starch (Puncha-Arnon & Uttapap, 2013; Sui et al., 2016).
The constant decomposition of banana peel starch was noted between
362.96 °C and 800 °C, after the second decomposition. The derivative
weight loss curve of banana peel starch denoted the peak decomposition
temperature of 295.69 °C. Fig. 4, depicts the differential scanning
calorimetric curve of banana peel starch. Two endothermic peaks were
observed on the DSC analysis of banana peel starch. The first endo-
thermic peak at around 95.22 °C, corresponds to the evaporation of
water molecules from the sample (Alamri et al., 2012). The main
endothermic peak with energy absorption of 253.56 J/g was observed to

be between 173.23 to 300 °C. This energy is required to degrade the
banana peel starch molecules to break the linkages among and within
glucose molecules (Weligama Thuppahige et al., 2023). Consecutively,
the thermal analysis results of banana peel starch reveal that the BP
starch molecules can be subjected to various processing conditions
under 229.65 °C, with intact stability.

3.2.2. FTIR spectroscopic analysis of BP starch

FTIR spectra examine interactions between monomers to form
polymers. Fig. 5, shows the FTIR spectrum of banana peel starch, which
have a broad, intense band at 3287 m™! corresponding to Hydrogen
bonded polymeric OH stretch vibrations of starch (Coates, 2006; Czai-
koski et al., 2020). The peak at 2917 cm! illustrates the occurrence of
—CH, groups with C—H stretch (Wulandari et al., 2016). The fingerprint
region of starch is between 600 and 1500 ecm ™! (Weligama Thuppahige
et al., 2023). The characteristic peaks of starch overlapped with each
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Table 2
Chemical composition of banana peel ethanolic extract.
Chemical component Retention Peak Molecular Molecular
time (min) area formula weight (g/
(%) mol)
Estragole 5.923 10.18 C10H120 148.20
4H-pyran-4-one 7.751 0.28 CsH404 96.08
Benzoic acid 9.631 0.92 CcHsCOOH 122.12
Hexadecanoic acid ethyl 17.539 9.77 C18H3602 284.5
ester
Epicatechin 17.816 9.98 C15H1406 290.27
Gallocatechin 18.120 8.59 C15H1407 306.27
Octadecanoic acid 19.863 1.65 C18H3602 284.50
p-coumaric acid methyl 19.979 4.29 C10H1003 178.18
ester
9-Tricosene 23.423 0.24 C10H120 322.60
1,2 24.630 12.47 C16H2204 278.34
Benzenedicarboxylic
acid mono (2-
ethylhexylester)
Beta-tocopherol 32.861 10.33 CogHyg0o 416.70
Beta- sitosterol 34.357 31.30 CaoHs500 414.71

Table 3

Composition of raw banana peel powder and banana peel starch.
Sample Unit
Banana peel % (w/w)
Raw powder
Cellulose 44.04 £1.15
Starch 30.18 £ 1.22
Protein 1.10 £ 0.31
Lignin 8.08 £ 1.05
Hemicellulose 5.17 + 1.03
Ash 7.85+1.14
Others 2.58 + 0.04
Extracted banana peel starch % (w/w)
Amylose 11.45 + 0.28
Amylopectin 88.55 + 0.28

other in the fingerprint region and bands were observed at 1365, and
1005 cm ™! corresponding to the ring C—C stretch, and C—O-C glycoside
linkages, respectively (Coates, 2006; Ferreira et al., 2020). The band at
1624 cm™ corresponds to N—H primary amine bends of proteins asso-
ciated with banana peel starch (Weligama Thuppahige et al., 2023). The
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codex standards accept the moisture (10 — 13.5%) and protein (3%)
content of starch for its excellent quality (Algar et al., 2019).

3.2.3. Crystallinity of BP starch

Amorphous and crystalline layers are arranged in concentric rings
inside the granule architecture of starch. The double helices of the
amylopectin side chain are found in the crystalline domains. Some of the
longer amylose chains may potentially interact with amylopectin
through double helix interactions (Pérez & Bertoft, 2010). The crystal-
line polymorphs of starch molecules are classified into three types A, B
and C (A mixture of A and B types) (Pozo et al., 2018). The diffractogram
of banana peel starch showed distinctive peaks at 13.84, 21.88, 38.84,
and 42.84° (Fig. 6). These characteristic peaks showed that isolated
banana peel starch is a B-type starch. Hizukuri et al. (1983) stated that
the degree of polymerization in branched amylopectin chains is related
to the type of polymorphism in starch. Type B starch usually has a high
percentage of long-chain polymers (Degree of Polymerization > 37),
which correlates with the high intensity of the 1005 cm™! band,
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Fig. 4. Differential scanning calorimetric curve of banana peel starch.
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Fig. 5. Fourier transform the infrared spectral pattern of banana peel starch.

13.84  21.88 33.84 42.84

Intensity (a.u.)

10 20 3 4 5 60 70
Angle (26)

Fig. 6. X-ray diffractogram of banana peel starch.

corresponding to glycosidic linkages between glucose subunits (Huang
etal., 2021). Van Soest et al. reported that the intensity of the 1022 cm ™
band in starch is inversely proportional to the amorphous state of starch
(van Soest et al., 1995). Thus, the intensity ratio between the FTIR bands
of 1044 and 1022 ecm™! is being used as an indicator for starch crys-
tallinity (Pérez & Bertoft, 2010). The starch crystalline ratio of BP starch
estimated using FTIR band intensities is 0.621. The crystallinity index of
BP starch estimated through XRD is 22%, which indicates a high
quantity of amorphous regions. This result is in agreement with the high
amount of amylopectin noted in the proximate analysis of BP starch.
This also attributes to the deformation of the starch structure during
gelatinization, which may facilitate the formation of stable
bio-thermoplastic material combined with other linear polymers and
reinforcing agents (dos Santos et al., 2016; Veiga-Santos et al., 2005).
The crystalline ratio of starch calculated from IR band intensities cannot
be collaborated with the crystalline index of starch calculated from XRD,
as the long-range order structures in starch (crystalline order) depend
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not only on short-range order interactions of double helices (Warren
et al., 2016). Similar to BP starch molecules, potato starch molecules
were also reported to have B-type starches, with CI ranges between 20
and 23% (dos Santos et al., 2016; Zobel, 1988).

3.2.4. Surface morphology of BP starch

Fig. 7 illustrates the scanning electron micrographs (SEM) of banana
peel starch molecules. The starch molecules have an irregular globular
structure. The size of the starch molecules was ranging from 1 um to 3
um in diameter. The starch molecule size plays a significant place in
proper gelatinization and proper blending with the reinforcing agent
(Ghasemlou et al., 2013b). Being small in molecular size, banana peel
starch molecules may facilitate the proper gelatinization and blend for
the development of thermoplastic packaging films.

3.3. Preparation and characterization of BPT starch films

The initial optimization studies have shown that less than 5% of
starch is insufficient to produce stable packaging films. The reason may
be inadequate interactions between amylopectin and amylose or less
quantity of linear polymers in the film-casting solution. It has been
found that even films formed with higher starch concentrations are
brittle, attributed to the lack of plasticizing property in banana peel
starch. So the optimized glycerol concentration (1.25%) was mixed into
the film matrix solution, to increase their plasticization. The nano-
cellulose fibers from the banana peel were examined for their reinforc-
ing capacity in the banana peel starch film. The BP starch-cellulose
composite films were formed using cellulose treated with citric acid.
Citric acid functions as a binding/cross-linking molecule between starch
and cellulose to produce visually homogenized film solutions without
any evidence of phase separation (Hassan et al., 2020).

3.3.1. Mechanical and physical properties of BPT starch films

The physical properties, oxygen transfer rate and mechanical char-
acteristics of banana peel thermoplastic films are shown in Table 4.
Oxygen permeability is the barrier property of the packaging films
which is necessary to extend the shelf life of food products. A minor
reduction in the banana peel starch film’s oxygen transfer rate was
observed with an increase in the concentration of starch (5 to 7.5%(w/
v)) in the film matrix solution. The tensile strength of the BPT films
increased considerably (P < 0.05) with an increase of starch concen-
tration from 5 to 7.5%(w/v), a further increase in the concentration of
starch has no significant effect on the tensile strength of the film. This
reduction in OTR and tensile strength increase could be because of an
increase in total solids of film matrix solution that may reduce

Fig. 7. Scanning electron micrographs of banana peel starch.
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Table 4
Oxygen transfer rate, physical, and mechanical properties of BPT films.

Carbohydrate Polymer Technologies and Applications 5 (2023) 100328

Film Composition Oxygen transfer rate

Tensile strength

Elongation at break Young’s modulus Moisture uptake

Units em®umm—2d~'kPa~! MPa % MPa %
5% BP starch (BPS-5) 13.24 +1.13 3.76 + 0.31 98.53 + 2.00 3.81 + 0.47 17.11 £ 0.13
7.5% BP starch (BPS-7.5) 12.70 + 1.19* 5.10 + 0.24° 101.51 + 2.06* 5.02 + 0.58 17.73 + 0.35%¢
10% BP starch (BPS-10) 12.50 + 1.10 5.29 + 0.23 103.74 + 1.63 5.09 + 0.62 18.36 + 0.31
BPS —7.5 + 1% BP-NCF (BPS - BP-NCF 1) 11.45 + 1.38>° 16.69 + 0.59° 97.81 + 2.68° 17.06 + 0.68 16.96 + 0.35¢
BPS —7.5 + 2% BP-NCF (BPS - BP-NCF 2) 10.58 + 1.35>P 24.69 + 0.85° 97.25 + 2.58° 25.38 + 0.72 15.99 + 0.24°
BPS —7.5 + 3% BP-NCF (BPS - BP-NCF 3) 9.52 + 1.22" 30.71 + 0.61° 99.86 + 3.22° 30.75 + 0.76 14.95 + 0.31°
BPS —7.5 + 4% BP-NCF (BPS - BP-NCF 4) 9.44 +1.35" 30.53 + 0.45" 92.19 + 2.67° 33.11 + 0.53 14.89 + 0.35"
BPS —7.5 + 5% BP-NCF (BPS - BP-NCF 5) 9.43 + 1.43° 30.89 + 0.81° 90.29 + 2.56° 34.21 + 0.46 14.85 + 0.29°
Solubility Color parameters Light transmittance
% L a b %
5% BP starch (BPS-5) 44.45 + 0.56 66.22 + 0.35 5.94 + 0.46 33.25 + 0.41 9.53 + 0.27
7.5% BP starch (BPS-7.5) 48.52 + 0.35° 63.37 + 0.24 5.98 + 0.16 33.44 + 0.35 9.23 + 0.22
10% BP starch (BPS-10) 43.76 + 0.36 65.25 + 0.31 5.99 + 0.11 34.35 + 0.36 8.54 + 0.14
BPS —7.5 + 1% BP-NCF (BPS - BP-NCF 1) 53.38 + 0.36° 71.15 + 0.23 5.38 + 0.16 32.89 + 0.79 9.45 + 0.58
BPS —7.5 + 2% BP-NCF (BPS - BP-NCF 2) 53.56 + 0.85" 69.96 + 0.57 5.95 + 0.24 33.98 + 0.94 9.87 + 0.41
BPS —7.5 + 3% BP-NCF (BPS - BP-NCF 3) 53.75 + 0.27° 73.63 + 0.51 4.77 £0.11 31.17 + 0.56 9.44 + 0.85
BPS —7.5 + 4% BP-NCF (BPS - BP-NCF 4) 54.28 + 0.38" 72.26 + 0.28 5.19 £ 0.17 32,13 + 0.77 8.37 + 0.57
BPS —7.5 + 5% BP-NCF (BPS - BP-NCF 5) 54.53 + 0.86" 74.27 + 0.68 5.27 +0.15 29.55 + 0.49 8.97 + 0.24

Results are expressed in Mean + S.D.
a- b, represents significant differences (P < 0.05) between values.

€ d, represents no significant differences (P > 0.05) between values.

micropores in starch-based films to enhance its strength and barrier
properties. Consecutively, a 7.5%(w/v) concentration of the BP starch
solution, was selected for further reinforcement with nanocellulose fi-
bers. The oxygen transfer rate of banana peel starch films considerably
(P < 0.05) reduced when nanocrystalline cellulose was added. A sig-
nificant reduction in OTR was noted with the further addition of
nanocellulose fibers to 3%(w/v) reinforcement. The tensile strength of
the BPT films also considerably (P < 0.05) increased from 5.10 + 0.24 to
16.69 + 0.59 MPa at 1%(w/v) BP-NCF reinforcement, 24.69 + 0.85
MPa at 2%(w/v) BP-NCF reinforcement, and 30.71 & 0.61 MPa at 3%
(w/v) BP-NCF reinforcement. This significant improvement in OTR and
mechanical characteristics of BPT films may be the deformation of low
crystalline (~22% CI) amorphous regions of BP starch during gelatini-
zation, which improves the interactions between starch, citric acid, and
BP Nano cellulose molecules at a specific concentration (Wilpiszewska &
Czech, 2014). Further increase in the concentration of nanocellulose
may not have enough amorphous amylopectin molecules in starch to
form stable BPT films. This may be the reason for the insignificant (P >
0.05) effect in OTR and mechanical properties above 3%(w/v) of Nano
cellulose reinforcement. Upon the addition of nanocrystalline cellulose
fibers, the moisture uptake of BPT films was examined to be significantly
reduced. The reason may be the high crystalline nature of nanocellulose

100} pm|

fibers. The solubility of BPT cellulose fibers was examined to be signif-
icantly increased with the addition of nanocellulose fibers. This phe-
nomenon could be attributed to the improved interactions between
cellulose, citric acid, and starch molecules to form a stable homogenized
solution with the solvent. The color parameters and light transmittance
of BPT films have no significant effect on the addition of nanocellulose
fibers. There was only a slight reduction in the value towards the origin
of the scale to indicate the addition of whiteness through cellulose, but
the films remained pale yellow. It was evident from the above study that
BPT starch films produced with a combination of 7.5%(w/v) BP starch
and 3%(w/v) BP-NCF have a superior barrier and mechanical proper-
ties. Consecutively, BPS-BP-NCF 3 formulation of BPT film was selected
for the infusion of banana peel active compounds.

3.3.2. Surface morphology of BPT starch films

Fig. 8, shows the scanning electron micrograph (A) and atomic force
micrograph (B) of BPT films produced from a combination of 7.5%(w/v)
BP starch and 3%(w/v) BP nanocellulose fiber. The scanning electron
micrograph of the BPT film showed smooth surface morphology; this
could be because of nanocellulose fiber in the nano range size facili-
tating proper interaction with amorphous regions of starch. The AFM of
BPT films revealed the surface roughness parameters of BPT starch. The

nm
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150

100

Fig. 8. Surface morphology of banana peel thermoplastic films [A — Scanning electron micrograph of BPT films; B — Atomic force micrograph of BPT films].



C.M. Chandrasekar et al.

values of Rtm, Rvm, Ra, and Rq of BPT starch film were 149.57 + 1.34,
40.42 + 1.28,9.00 £ 1.14, and 14.08 + 1.21 nm, respectively.

3.3.3. XRD morphology and FTIR functional characteristics of
thermoplastic films

The interaction between starch and nanocellulose molecules is
responsible for improved mechanical and oxygen barrier properties of
the BPT films. These interactions were analyzed by FTIR and X-ray
diffraction analysis and their respective spectral and diffraction patterns
are depicted in Fig. 9A and 9B. Apart from the characteristic peaks of
native BP starch, the film (BP S) sample showed an increase in the in-
tensity of the 1022 cm ™! band, which corresponds to the gelatinization
of starch during the preparation of film matrix solution (Huang et al.,
2021; Pozo et al., 2018). The increase in intensities of superimposed
bands in 1046 and 1019 cm-1, were also noted in BP S films, which
corresponds to the retrogradation of starch (Warren et al., 2016). The
retrogradated starch films showed characteristic crystalline XRD
diffraction peaks at 17.2, 20 and 22.3°, conforming to the B-type starch
polymorph (Huang et al., 2021). The nanocellulose reinforced starch
films (BP S + C) showed further increase in the intensity of characteristic
band at 1022 ecm ™! (Corresponding to glycosidic linkages), which may
also be attributed to the high crystalline nature of nanocellulose fibers.
The XRD diffraction pattern of cellulose reinforced films also emulated a
similar result with high intensity crystalline peak around 22°. The
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Fig. 9. A) FTIR spectroscopic pattern of BPT films; B) X-ray Diffraction pattern
of BPT films [BP S — Banana Peel starch Film; BP S + C — Banana Peel cellulose
reinforced starch film].
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reinforcement of nanocellulose fibers increased the overall crystallinity
index of BP starch films from 20% to 48%.

3.4. Production and characterization of bioactive BPT films

The optimized film matrix solution of 7.5%(w/v) BP starch and 3%
(w/v) BP-NCF activated by 1.25%(w/v) citric acid was mixed with 150
pg/mL (MIC) of ethanolic extract of peel samples to produce bioactive
BPT films. The bioactive BPT films were analyzed for antioxidant and
antimicrobial properties. The DPPH inhibition assay of bioactive BPT
films was examined to be 61.34 &+ 0.71%. The antimicrobial inhibition
zones of bioactive BPT films were 8.38 + 0.24, 6.57 + 0.12, 14.28 +
0.14, 3.11 £ 0.12, 13.17 + 0.21, and 18.22 + 0.16 mm against Listeria
monocytogenes, Staphylococcus aureus, Escherichia coli, Klebsiella pneu-
monia, and Salmonella enteritidis, Pseudomonas aeruginosa, respectively.
From the above results, it is evident that the antimicrobial and antiox-
idant potential of bioactive BPT films is significantly lower than the
innate potential of banana peel ethanolic extract. The starch molecules
are prone to microbial contamination since they serve as a good carbon
source for microbial growth. Consecutively, the antioxidant and anti-
microbial potential of banana peel ethanolic extract was reduced in BPT
films, which could be because of starch in BPT film (Harini et al., 2018).

Ultraviolet radiation from the sun can penetrate the packaging films
and can initiate the oxidation of lipids in food. This leads to the rancidity
of food products, especially in fat-rich food. Therefore, the UV-blocking
property of the packaging films needs to be evaluated and enhanced to
protect food products from UV radiation (Mehta & Kumar, 2019).
Fig. 10A depicts the ultraviolet transmission spectra of BPT films. The BP
starch-based film showed less UV blocking capacity with a transmittance
percentage of 10.52 + 0.85 and 8.47 + 0.54%, respectively against UVA
and UVB radiations. The nanocellulose reinforced BPT films showed a
moderate UV blocking capacity of 95.31 + 0.48% against both UVA and
UVB radiations. The addition of bioactive compounds into BPT films
significantly improved the UV blocking capacity of the films to ~98%.
This may be attributed to phenolic components present in BP bioactive
extract incorporated into the BPT films. Similar observations were noted
by the addition of tea extracts in cellulose-based films by Shao et al.
(2022).

The packaging materials should have good thermal stability to be
used in harsh temperature conditions. Thus, the thermal stability of the
BPT films was analyzed by thermogravimetric analysis, and the results
are depicted in Fig. 10B. The initial weight loss till 150 °C corresponds to
the removal of associated moisture content in the films (Weligama
Thuppahige et al., 2023). The maximum degradation temperature for BP
starch films was examined to be 290 °C, which is low compared to native
BP starch. This may be attributed to the gelatinization and retrograda-
tion of starch molecules in high water content for the production of BPT
films (Huang et al., 2021). The citric acid crosslinking of cellulose into
starch matrix has improved the thermal stability of the films, with 12 °C
increases in maximum degradation temperature (302 °C). The addition
of bioactive compounds didn’t show much of an impact on the
maximum degradation temperature of cellulose reinforced starch-based
films, but there was a 5 °C reduction in starting point of degradation.
This may be attributed to the dissociation of active compounds from the
films.

3.5. Effect of bioactive BPT films on the shelf life of bread

Bread is one of the stable foods all over the world, freshly made bread
without preservatives has very less shelf life (Dopazo et al., 2023). The
effect of developed Bioactive BPT packages on the shelf-life parameters
of bread stored at 4 °C is tabulated in Table 5. The initial moisture
content of the sample was estimated to be 27.86 + 0.53%. The moisture
content of the bread significantly decreased throughout the storage
period for all the samples. The reduction in moisture content of the
samples packed in BPT and Bioactive BPT films was examined to be
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Fig. 10. A: Ultraviolet transmission spectra of BPT films; B: Thermogravimetric pattern of BPT films.

Table 5
Effect of Bioactive BPT packaging films on the Shelf life of bread stored at 4 °C.
Moisture Bread Day 0 Day 5 Day 10 Day 15
content (%) Samples
PE 27.86 + 0.53 23.65 £+ 0.24 19.44 + 0.52 16.34 + 0.29
BPT 27.86 + 0.53 22.04 + 0.41 17.83 + 0.28 14.21 + 0.31
Bioactive 27.86 + 0.53 22.32 £ 0.33 17.95 + 0.37 14.33 £ 0.25
BPT
Water activity PE 0.87 £+ 0.02 0.85 £+ 0.01 0.81 £+ 0.06 0.79 + 0.03
BPT 0.87 £ 0.02 0.82 £ 0.05 0.78 £ 0.03 0.73 + 0.02
Bioactive 0.87 £ 0.02 0.83 £ 0.04 0.78 £ 0.06 0.74 + 0.04
BPT
Texture/ PE 207.93 £+ 0.54 226.35 + 0.32 251.63 + 0.41 270.41 + 0.48
Firmness BPT 207.93 £+ 0.54 237.12 £ 0.28 260.16 + 0.37 286.32 + 0.29
[Fmax (N)] Bioactive 207.93 + 0.54 234.48 + 0.35 256.83 + 0.27 280.54 + 0.62
BPT
Color L a b L A b L a b L a b
PE 84.27 2.86 19.32 82.12 -1.01 + 16.22 80.36 —-1.57 + 14.31 78.26 —-1.91 12.68
+ 0.16 + 0.22 + 0.28 + 0.12 0.19a + 0.23 + 0.25 0.34a + 0.22 + 0.37 + 0.18 + 0.25
BPT 84.27 2.86 19.32 78.37 -1.12 + 17.64 74.28 —-1.82 + 15.43 71.41 —2.64 13.23
+0.16 + 0.22 + 0.28 + 0.27 0.16a + 0.28 + 0.31 0.37a + 0.36 + 0.41 + 0.22 + 0.31
Bioactive 84.27 2.86 19.32 82.69 2.57 £ 18.26 80.26 211 £ 16.75 75.15 -1.97 13.50
BPT +0.16 + 0.22 + 0.28 + 0.23 0. 25b +0.14 + 0.28 0.21b +0.18 + 0.33 + 0.28 + 0.37
Acidity (%) PE 1.35+£0.31 1.54 £ 0.27 1.78 + 0.31% 2.57 +0.35%
BPT 1.35+£0.31 1.55+0.18 1.80 + 0.29% 2.55 +0.19%
Bioactive 1.35 + 0.31 1.39 + 0.26 1.47 + 0.37° 1.98 + 0.33"
BPT
Total Plate PE 3.81 £0.43 4.92 £0.38 5.81 £ 0.26 6.93 £ 0.33
Count (Log BPT 3.81 £0.43 5.14 £ 0.29 5.98 +0.21 7.44 + 0.29
CFU/g) Bioactive 3.81 £0.43 4.25 £ 0.35 5.16 £ 0.32 6.55 + 0.37
BPT
Yeast and Mold PE <1 4.21 +£0.18* 6.62 + 0.26% 7.86 + 0.22%
(Log CFU/g) BPT <1 4.39 + 0.25% 6.56 + 0.22% 7.93 +0.31%
Bioactive <1 <1® 1.82 + 0.31° 5.41 + 0.28"
BPT

Results are expressed in Mean + S.D.
a - b, represents significant differences (P < 0.05) between values.
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significantly (P < 0.05) high in comparison with samples stored in PE
films. This may be attributed to the low moisture barrier properties of
the starch-based thermoplastic films. Water activity is the measure of
free moisture present in food and it is one of the main parameters, which
defines the shelf life of food products. The growth of microorganisms in
food is directly proportional to the water activity of the food, since
microorganisms depend on the free water molecules in food for their
growth (Chang et al., 2023; Dopazo et al., 2023). The initial water ac-
tivity of bread samples was estimated to be 0.87 £ 0.02, which attri-
butes to the initial bacterial count (total plate count) of 3.81 + 0.43 Log
CFU/g and (yeast and mold) count of < 1 Log CFU/g. Both PE and BPT
packed bread samples showed similar growth patterns for bacterial and
(yeast and mold) counts. The growth pattern of both bacteria and (yeast
and mold) were examined to be significantly (P < 0.05) low for bread
samples stored in Bioactive BPT packages. This significant reduction in
microbial growth may be attributed to the high antimicrobial properties
of active compounds present in Bioactive BPT packages. The shelf-life of
bread depends on the visual observation of mold growth (Chang et al.,
2023; Petchwattana et al., 2021). The bread samples packed in PE and
BPT packages showed visual mold growth on the 5th day of storage, and
the bread samples packed in Bioactive BPT packages showed visual mold
growth on the 15th day of storage. Thus, the shelf life of bread is
extended to a conservative estimate of 10 days in Bioactive BPT pack-
ages, without any addition of chemical preservatives. All the bread
samples showed a significant (P < 0.05) increase in titratable acidity
with storage days. This may be attributed to the growth of lactobacillus
in bread samples (Dopazo et al., 2023). The texture and color of the food
products are driving factors for consumer acceptance. The initial color
and firmness of the bread samples were examined to be [84.27 + 0.16 (L
- Light), 2.86 + 0.22 (a - red), 19.32 + 0.28 (b - yellow)] and 207.93 +
0.54 N, respectively. The firmness of all the samples was examined to
significantly (P < 0.05) increase with storage days, attributing to the
reduction in moisture content of the bread. All the bread samples
showed significant (P < 0.05) reduction in Lightness, redness and yel-
lowness with storage days. Both PE and BPT packed bread samples
showed an increase in greenness after 5th day of storage. Similarly,
bread samples packed in Bioactive BPT films also showed greenness on
the 15th day of storage, attributed to the visual growth of molds.

4. Conclusions

The active compounds present in banana peels showed high anti-
oxidant and antimicrobial properties. Consecutively, they serve as a
potential replacement for synthetic active compounds to develop food
packaging aids. The banana peel starch molecules were examined to be
rich in amorphous amylopectin molecules, which serve as a potential
matrix for the development of starch-based thermoplastic films. The
nanocellulose fibers produced from banana peel exhibited superior
reinforcing capabilities that influence the mechanical and barrier
characteristics of BPT films. In conclusion, the banana peels collected
from the banana processing industries have the potential to produce
bioactive thermoplastics packaging films. We believe that this work will
give a positive impact on the journey to achieve bio circular economy in
banana processing industries. The bioactive BPT packages were exam-
ined to be effective in increasing the shelf-life of bread up to 10 days at a
storage temperature of 4 °C, without any chemical preservatives. In
future research perspectives, the produced bioactive BPT films have to
be subjected to degradation kinetic studies in the soil to serve as organic
content enhancers (nutrients for beneficial soil microbes).
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