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evaluation of bioactive cellulose
acetate films from Musa acuminata

Achuth Jayakrishnan, *a Shirin Shahanab and Reshma Ayswariac

Natural biodegradable polymers can be utilized in place of synthetic materials used in food packaging, as

they are more effective from an economic and environmental standpoint. Cellulose acetate, derived

from the esterification of cellulose with acetic anhydride, possesses inherent properties that can be

enhanced by incorporating essential oils, thereby strengthening its antioxidant and antimicrobial

properties. In this study, cellulose acetate films were fabricated using extracts from Musa acuminata

(banana) leaves, with varying concentrations (25%, 50%, and 75%) of tea tree oil. Efficient cellulose

extraction from Musa acuminata leaves was achieved after a 30 min incubation period, with optimal

cellulose acetate production obtained following a 30 min delignification process and subsequent 15 min

bleaching treatment. Among the cellulose acetate films produced, designated as CAT1 (25% tea tree oil),

CAT2 (50% tea tree oil), and CAT3 (75% tea tree oil), CAT1 exhibited reduced opacity while CAT3

displayed the lowest water uptake capacity. Notably, CAT3 demonstrated pronounced antibacterial and

antifungal activities, along with substantial phenolic content and antioxidant potential, surpassing CAT2

and CAT1. The environmental sustainability of the cellulose acetate films was demonstrated by their

notable biodegradability and significant swelling in water and chloroform solvents. Moreover, the films

exhibited varying solubility in organic solvents. Remarkably, the developed films effectively extended the

shelf life of fruits, resulting in significantly reduced weight loss and deterioration compared to both

unpacked fruits and those wrapped in polyethylene packaging. These findings underscore the potential

of cellulose acetate-based films as sustainable alternatives for food packaging, offering enhanced

functionality while minimizing environmental impact.
Sustainability spotlight

The research emphasizes the sustainability potential of cellulose acetate-based lms for food packaging. Through the utilization of natural, biodegradable
polymers and integrating tea tree oil, we have developed lms with improved antioxidant, antimicrobial, and biodegradable characteristics. The efficient
extraction of cellulose fromMusa acuminata leaves and the environmentally friendly fabrication process further contribute to the sustainability of our approach.
These lms signicantly prolong the shelf life of fruits while minimizing environmental impact. These ndings advocate for the use of cellulose acetate-based
lms as sustainable solutions for food packaging, ensuring functionality while prioritizing environmental responsibility.
1. Introduction

The ubiquity of petroleum-based plastics in everyday life,
spanning consumer goods, industrial applications, and elec-
tronics, underscores their unparalleled utility. Despite their
commendable attributes such as excellent processability, cost-
effectiveness, and lightweight nature, the persistent challenge
of non-biodegradability remains a pressing concern.1 Driven by
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the imperative to achieve carbon neutrality and curb the detri-
mental effects of plastic pollution, there is growing momentum
behind initiatives aimed at advancing sustainable alternatives.2

The allure of renewable and biodegradable materials derived
from biomass lies in their potential to serve as viable substitutes
for non-biodegradable petrochemical plastics, embodying
a shi towards eco-friendly and sustainable material choices.3

As the most abundant renewable and biodegradable
biopolymer, cellulose is seen to be one of the most promising
substitutes for plastic.4 While cellulose holds promise as
a renewable and biodegradable alternative to fossil-based
plastics, its thermo-processing performance is hindered by
the presence of robust intermolecular hydrogen bond interac-
tions. These interactions limit chain mobility, thereby posing
challenges to the efficient conversion of cellulose into plastic
materials.3 Cellulose acetate is produced through homogeneous
RSC Sustainability, 2024, 2, 2335–2347 | 2335
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or heterogeneous acetylation of the biopolymer cellulose.
Diverse biomass sources, including cotton wastes,5 recycled
paper,6 agricultural waste,7 and woods,8 are used in the gener-
ation of cellulose acetate. The cellulose acetate structure is
signicantly less crystalline and hencemore soluble in common
organic solvents than cellulose.9,10 Additionally, cellulose
acetate is more easily processed than cellulose, and typical
processing techniques include electrospinning, melt mixing,
and solvent casting.11 The unique characteristics of cellulose
acetate include extensive transparency, tensile strength, heat
resistance, low water absorption, and ease of biodegradation.
Thus, these attributes of cellulose acetate nd profound utility
in multiple sectors, including coating, lms, ber textiles,
plastics, LCDs, photo lms,12 packaging, membranes and
cigarette manufacturing.13 The amount of acetyl and the degree
of substitution have a signicant impact on the quality of
cellulose acetate as they may affect the nal product and the
solubility of cellulose acetate in solvent. Their acetyl content is
inuenced by several factors such as acetylation time, interac-
tion between treatment factors and cellulose to anhydride acetic
ratio.14 The cellulose acetate generation necessitates varying
acetylation time depending on the cellulose source to obtain
substantial acetyl concentration. The synthesis of cellulose
acetate from nata de soya takes around 5–10 h, while from the
pineapple waste requires about 2 h and straw needs 2–3 h.15

The potential of biopolymers derived from renewable
resources to preserve and then release the incorporated active
compounds is particularly a signicant property that nds
application in the packaging sector.16 The development of anti-
microbial active packaging lms using these biopolymers can
extend the shelf-life of packaged products, meanwhile simulta-
neously encouraging the use of sustainable resources. The
cellulose acetate polymer has undergone extensive research in
preparation for application as an active packaging material.16

Active compounds like antioxidants and antimicrobials are
introduced into the polymeric matrix of cellulose acetate, which
could facilitate the shelf life through controlled release of the
compounds during the storage.17 Due to their constant contact
with the surface of packed materials, they also signicantly
contribute tominimizing food deterioration.18 Additionally, there
is a rising trend in the food packaging sector to switch out
synthetic additives for natural ones, including tocopherol, cate-
chols, essential oils, and plant extracts, in both petrochemical-
based and bio-based biodegradable polymers.19,20

Essential oils are substances obtained from plants that have
a unique fragrance with even potential antimicrobial proper-
ties.21 They are volatile liquids with a high concentration of
phenolic compounds that are produced by plants as secondary
metabolites.22,23 Additionally, they are approved for contact with
food-grade materials because they are regarded as “Generally
Recognized as Safe” (GRAS) by the Food and Drug Administra-
tion (FDA).24 Different essential oils comprise distinctive
compounds and their combination could give rise to potential
synergistic effect that can facilitate an increased antimicrobial
activity.25,26 Their antimicrobial strategy encompasses disrup-
tion of the enzyme system, interaction with membrane phos-
pholipids and interference with the genetic material.27
2336 | RSC Sustainability, 2024, 2, 2335–2347
Therefore, their use in food preservation is on the rise and they
are swily replacing the synthetic alternatives. However, due to
their potent avoring ability, their direct use as food preserva-
tives is limited. The incorporation of these substances into an
appropriate polymer matrix, such as cellulose acetate, could
reduce the sensory impact and facilitate a slow, sustained
release of the active components.

Recognizing the imperative to mitigate the environmental
impact of packaging materials, the current investigation
endeavors to pioneer a natural polymeric lm endowed with
antimicrobial properties for food packaging applications. To
accomplish this, cellulose extracted from Musa acuminata leaf
samples underwent transformation into cellulose acetate serving
as a sustainable foundation for the ensuing lm formulation.
Further, through incorporation of varying concentrations of tea
tree oil, lms are expected to offer robust protection against
microbial contamination while extending the shelf life of pack-
aged food products. Therefore, the study tries to harness the
inherent properties of natural polymers and essential oil in order
to develop lms that could ultimately result in shi towards
environmentally responsible packaging solutions with enhanced
functionality and reduced environmental footprint.
2. Experimental
2.1 Materials

The Musa acuminate plant leaves samples were collected from
the foothills of Western Ghats and transported to the laboratory
in sterile bags for further processing. Acetic acid, acetic anhy-
dride, concentrated sulphuric acid, hydrochloric acid, sodium
hydroxide, 20-azino-bis 3-ethylbenzothiazoline-6-sulfonic acid
(ABTS, Cat. No. RM9270), 2,2-diphenyl-1-picrylhydrazyl (DPPH,
Cat. No. MB263) solution and all the other analytical-grade
reagents were supplied by HiMedia chemicals and used as
received without further purication. Tea tree oil (Cat. No.
W390208) was purchased from Sigma-Aldrich and gelatin (Cat.
No. GRM019) was procured from HiMedia chemicals.
2.2 Extraction of cellulose

The extraction of cellulose from Musa acuminata samples was
commenced through ne shredding of the leaves and thereaer
subjecting to shade drying for 72 h at room temperature. Then,
10 g of shade dried leaves were added to 200 mL of 17.5%
sodium hydroxide solution and boiled at 90 °C for varying
durations (30 min, 60 min, 90 min, 120 min and 150 min).
Following the alkaline treatment, the material underwent
rigorous washing with deionized water until achieving neutral
pH, ensuring the removal of residual alkali and other impuri-
ties. Subsequent treatment with a 10% hydrogen peroxide
solution, under a controlled temperature of 80 °C, further
facilitated the purication process. The varying durations of
treatment (15, 30, 45, 60, and 75 min) allowed for optimization
of the extraction process. The resulting cellulose was then
carefully ltered to separate it from the solution, followed by
thorough washing with deionized water to remove any residual
chemicals. Finally, the puried cellulose was dried in an oven at
© 2024 The Author(s). Published by the Royal Society of Chemistry
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105 °C for 6 hours to achieve the desired low moisture content,
ensuring its suitability for subsequent processing and
applications.24

2.3 Production of cellulose acetate

The synthesis of cellulose acetate commenced by combining
glacial acetic acid and cellulose at a ratio of 1 : 20 (w/v), initi-
ating a controlled activation process of the cellulose substrate.
Subsequently, the activated cellulose was subjected to reaction
with acetic anhydride, with the addition of the sulfuric acid
(H2SO4) catalyst to facilitate the acetylation reaction. Following
the addition of acetic anhydride, the ratio of cellulose to acetic
anhydride was adjusted to 1 : 10 ratio. The resulting solution
underwent stirring for varying durations (30, 45, 60, 75, and 90
min) to initiate and control the acetylation process. Upon
completion of the acetylation reaction, the addition of deion-
ized water in a ratio of 5 : 1 (water : glacial acetic acid) served to
terminate the acetylation process and initiate hydrolysis. The
solution was stirred for an additional 30 min to ensure the
cessation of acetylation. Subsequent to the termination of the
reaction, the cellulose acetate product was carefully ltered to
separate it from the solution and washed thoroughly with
deionized water. Finally, the puried cellulose acetate was dried
in an oven at 105 °C for 6 hours to remove residual moisture and
ensure product stability.28

2.4 Preparation of cellulose acetate lms

A cellulose acetate (CA) based membrane was meticulously
prepared using the conventional casting evaporation technique,
employing gelatin and glycerol as critical facilitators. Initially,
a 0.6% (w/v) gelatin solution was hydrated in 10 mL of distilled
water for 1 hour, followed by heating at 70 °C for 10min to ensure
complete dissolution. Subsequently, 4 mL of glycerol was care-
fully added to the solution and stirred slowly for 10 min to
prevent the formation of bubbles. Following the preparation of
the gelatin–glycerol solution, 1 g of cellulose acetate was
dispersed in 25 mL of acetone and mixed with the gelatin–glyc-
erol solution to form the lmogenic solution. Tea tree oils were
then incorporated into the lmogenic solutions at nal concen-
trations of 25%, 50%, and 75% (v/v), resulting in the develop-
ment of four distinct lms: cellulose acetate tea tree oil 1 (CAT 1,
25%), cellulose acetate tea tree oil 2 (CAT 2, 50%), cellulose
acetate tea tree oil 3 (CAT 3, 75%), and cellulose acetate without
tea tree oil (CA). Subsequently, each acetate lm-forming solution
was cast onto Petri dishes and allowed to dry at room tempera-
ture for 72 h. Following drying, the membranes were gently
separated and rinsed with 20 mL of distilled water to remove any
residual solvents or impurities. Finally, the membranes were
affixed to clean glass supports using clamps and le to dry at
room temperature for an additional 24 h, ensuring the formation
of stable and uniform membranes suitable for subsequent
characterization and application.

2.5 Characterization of cellulose acetate lms

2.5.1 SEM analysis. The surface morphology of the CA lms
and tea tree oil incorporated CA lms was observed under
© 2024 The Author(s). Published by the Royal Society of Chemistry
a scanning electron microscope (FEI, model no.: Quanta 200)
operated at a voltage of 5 kV. The samples were subsequently
subjected to gold sputter coating in order to avoid sample
charging and the emergence of contrasting structures.

2.5.2 Water uptake. The lm samples were placed in
distilled water and incubated for 150 min in order to facilitate
the equilibrium swelling condition. Then the membrane was
ltered off, carefully anchored onto a lter paper and weighed
to determine the amount of water uptake (%). The following
equation was employed to obtain the water uptake percentage,

Water uptakeð%Þ ¼ ½M �Mo�
Mo

� 100

where M is the weight swelled sample weight and Mo is the
weight of the dried sample.29

2.5.3 Opacity. The lms were trimmed into rectangles
measuring 400 mm long and 100 mm wide, and the pieces were
then affixed to the quartz cuvette of the spectrophotometer. The
visible light absorption pattern for each sample was measured
between 400 nm and 700 nm. The spectrum was calibrated
employing a cuvette without any affixed sample as 100% trans-
mittance. The area under the curve divided by the thickness of
the lm was used to determine the lm's opacity and the same
was expressed as absorbance units/nanometers (A nm−1).30

2.6 In vitro antimicrobial activity of the developed lms

2.6.1 Antibacterial activity. The antibacterial activities of CA
lms and tea tree oil incorporated CA lms were determined
according to previous reports. In brief, Staphylococcus aureus,
Escherichia coli, Pseudomonas aeruginosa and Klebsiella pneumo-
niaewere cultured overnight in Luria Bertani at 37 °C. Thereaer,
0.1 mL of the overnight cultures was added onto 10 mL of
peptone medium and 50 mg of the lms were added to the
culture medium. The samples were incubated for 24 h at 37 °C
and their optical density values were recorded at 620 nm. The
inhibition percentage of the bacterial samples by the developed
lms was calculated with the following equation

Inhibitionð%Þ ¼ ½ODb �ODs�
ODb

� 100

where ODb and ODs correspond to the optical density of the
bacterial cultures with and without the test lms, respectively.31

2.6.2 Anti-fungal activity. The yeast cells were cultured on
Sabouraud Dextrose Agar (SDA) for 24–48 h at 35 °C and
thereaer, the grown cells were suspended in 2 mL of sterile
distilled water (SDW). This suspension density was set to
McFarland standard tube 1, and it was serially diluted in SDW
to a concentration of 2 × 103 CFU mL−1. Thereaer, 0.1 mL of
the inoculum was plated onto SDA and the CA lms were placed
at the center, followed by incubation at 35 °C. The diameter of
the fungal growth inhibition halo surrounding the lm placed
on the surface of the agar was measured to assess the culture
growth. The inhibition percentage was calculated with the
following equation

Inhibitionð%Þ ¼
�
øno growth

�

øtotal
� 100
RSC Sustainability, 2024, 2, 2335–2347 | 2337
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where ø total corresponds to the diameter of the Petri dish.32

2.7 Estimation of phenolic compounds in CA lms

The total phenolic content of the developed CA lms was
determined by the method of Navajas et al., 2013.33 5 mL
ethanol was added to the CA lms weighing 50 mg to facilitate
the phenolic compound extraction. Subsequently, 2 mL of
2.0 mL Folin–Ciocalteu reagent (10%, v/v) and 2 mL of sodium
bicarbonate solution (7.5%; w/v) were added to 0.5 mL of the
extract. The samples were incubated at 50 °C for 5 min and
optical density values were measured at 700 nm. The standard
curve was developed with gallic acid solution (10–100 mg) and
the estimated phenolic content was expressed as microgram
gallic acid equivalent per gram lm (mg GAE per g lm).

2.8 Antioxidant assay of the CA lms

2.8.1 ABTS assay. The free radical scavenging activities of
the CA lm and tea tree incorporated CA lms were estimated
by the ABTS radical cation decolonization assay. Concisely,
ABTS (7 mM) was dissolved in deionized water to which potas-
sium persulfate (2.45 mM) was added to facilitate the ABTS free
radical production. The solution was kept in the dark for 12–
16 h before use. The ABTS solution was diluted to an absor-
bance value of 0.7 OD at 700 nm. The CA lms were extracted as
given in Section 2.7, and 3mL of the ABTS solution was added to
100 mL of the extract. The solution was incubated at 30 °C for
10 min and the absorbance values were recorded at 700 nm. The
percentage of inhibition of ABTS radicals was calculated with
the following equation

Inhibitionð%Þ ¼ ½Ab � Ae�
Ab

� 100

where Ab and Ae correspond to the absorbance values of the
blank sample and lm extract sample, respectively.34

2.8.2 DPPH assay. The DPPH free radical scavenging
activity of the lms was also determined. 3 mL of DPPH solution
was added to 100 mL of the CA lm extracts and the mixture was
incubated at 37 °C in a water bath for 20 min. The blank
comprised 100 mL methanol and 3 mL of DPPH solution. The
samples were then proceeded for absorbance measurement at
515 nm.35,36 The percentage inhibition of DPPH radicals was
calculated with the equation given in Section 2.8.1.

2.9 Environmental compatibility assessment of the CA lms

2.9.1 Biodegradability assessment of the CA lms. The
generated CA lms were cut into 100 × 150 mm in size in order
to perform the biodegradation test. For all four samples (CA,
CAT1, CAT2, and CAT3), the initial weight of the lm was
recorded. 10 cm of garden soil was added to four 500 mL
beakers. Following their clamping between two nylon meshes,
the lm samples were buried at a depth of 5 cm within the
corresponding beakers. Weekly samples were collected, and the
attached debris was gently removed with deionized water. In
order to assess the level of degradation, the weight loss of each
sample was calculated by measuring consistent weight loss
every 2 days for a period of 10 days.37
2338 | RSC Sustainability, 2024, 2, 2335–2347
2.9.2 Swelling index. The swelling studies were conducted
employing three different solvent systems water, methanol and
chloroform, separately. The samples (CA, CAT1, CAT1 and
CAT3) were sliced into uniform pieces (2 × 2 cm2) and their
initial weight was recorded. The pre-weighed samples were
submerged into the solvent medium for about 2 h. The samples
were then assessed for the weight gain at an interval of 20 min
and the percentage gain was determined through pre weighed
observation.38

Swelling indexð%Þ ¼ Fw � Iw

Iw
� 100

where Fw and Iw are the weight of the swollen lm and initial dry
weight of the sample (g) respectively.

2.9.3 Solubility test. The samples (CA, CAT1, CAT1 and
CAT3) were cut into small pieces and placed in a test tube
containing different solvents for a duration of 2 h. The solubility
of these samples was then assessed wherein their soluble,
partially soluble or insoluble nature was determined. The
solvents employed include acetic acid, acetone, ammonia,
chloroform, methanol, orthophosphoric acid, sulphuric acid,
ethanol and water.39
2.10 Application of the CA lms

A packaging bag (about 10 by 10 cm in size) was developed by
adhering two sheets of cellulose lm together. The same-sized
plastic packaging bags were also made utilizing polyethylene
wrap that was obtained commercially. The mango fruits were
bought at a nearby fruit market, then washed under tap water
for a duration of 1 min and allowed to air dry. Thereaer, the
fruits were individually packed into the developed cellulose
acetate lms (CA, CA1, CA2 and CA3) as well as the polyethylene
lm bags and incubated at room temperature or in an incubator
set at 11 °C. Unpacked fruits samples served as the control and
each group consisted of 5 fruit samples. The color index to
determine the process of fruit peel degreening was assessed
using the equation

Colour index ¼

X colour score� fruit number

the highest colour score� total number of fruits
� 100

wherein the following scoring system was adopted: 0 point for
all green; 1 point for a yellow fruit pedicel; 2 points for localized
parts turning yellow; 3 points for most parts turning yellow; 4
points for all yellow.

The disease index was determined through assessing the
total decayed area using the following equation

Disease index ¼

X disease score� fruit number

the highest disease score� total number of fruits
� 100

where the following scoring system was adopted: 0 point for no
visible decay; 1 point for less than 1% decay spots; 2 points for
less than 20% decay spots; 3 points for more than 20%, but less
than 50% decay spots; 4 points for more than 50% decay spots.
© 2024 The Author(s). Published by the Royal Society of Chemistry
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The proportion of fruits that have reduced their total weight
is known as the weight loss ratio. The total percentage of fruits
that obtain a score of 1–4 is referred to as the “diseased fruit
rate”.40

3. Results and discussion
3.1 Extraction of cellulose

The cellulose extraction was processed from the leaves of Musa
acuminate plant through delignication followed by a bleaching
process with variation in processing time. Delignication
represents a critical step in the purication of cellulose,
enabling the removal of undesirable components such as
hemicellulose and lignin. The utilization of a sodium hydroxide
concentration of 17.5% optimally facilitates the dissolution of
these impurities, ensuring the retention of high cellulose
content and purity. The delignication is followed by bleaching
with hydrogen peroxide, wherein the remaining impurities are
dissolved and removed. The obtained result substantiates that
the yield is maximum within 30 min treatment for delignica-
tion and 15 min for bleaching, beyond which the yield was
observed to remain constant as shown in Fig. 1a and B. The
extracted cellulose samples are displayed in Fig. 1d.

3.2 Preparation of cellulose acetate

Cellulose acetate was thereaer prepared from the puried
cellulose obtained from Musa acuminata plant leaves through
acetylation with glacial acetic acid. Glacial acetic acid activates
cellulose, inating its structure to increase the surface area
while reducing intermolecular hydrogen bonds. Consequen-
tially, the cellulose reacted rapidly and established a bond with
the acetyl groups. Acetyl sulfate, produced by the catalytic
reaction between acetic anhydride and sulfuric acid, combines
with cellulose to produce cellulose acetate. The color of the
solution shis from clear brown to turbid white during the
hydrolysis process, which is directly associated with the
formation of cellulose acetate. The processing time of 90 min
produced the highest yield of cellulose acetate at 92% as
established in Fig. 1c and the acetylated sample is shown in
Fig. 1e. The prepared cellulose acetate lm is exhibited in
Fig. 1f.

3.3 Characterization of cellulose acetate lms

3.3.1 SEM analysis. The morphology of cellulose acetate
lms and the corresponding oil incorporated lms were inves-
tigated under scanning electron microscopy (Fig. 2). The cellu-
lose acetate lm exhibited highly fused spherical structures
uniformly dispersed through the surface (Fig. 2a), whereas the
oil incorporated lms revealed considerably more ne struc-
tures distributed uniformly throughout the surface (Fig. 2b).

3.3.2 Water uptake. The water content uptake of the lms
was found to decrease upon incorporation of the tea tree oil.
The results depicted in Fig. 3a reveal that as the percentage of
tea tree oil increases, the water uptake capacity begins to
decline. This is substantiated by the water uptake percentage of
6% for CAT3, whereas those of CAT2 and CAT1 are 19% and
© 2024 The Author(s). Published by the Royal Society of Chemistry
25%, respectively. The cellulose acetate lm without tea tree oil
showed water uptake capability of about 29%. This could be
ascertained to the fact that the oil incorporation leads to an
increased hydrophobicity of the lms, thereby decreasing their
inherent capacity to take up water.

In addition, water molecules should disperse mostly through
the uninterrupted polymeric phase, but the existence of EO
droplets acts as discontinuities that cause an efficient, increase
in the tortuosity parameter for water transfer in the matrix and
so hydrophobicity increases. This effect relies on various
factors, such as the polymer kind, the amount and composition
of the oil added and the interactions between the oil and the
matrix.29

3.3.3 Opacity. The opacity values for the cellulose acetate
lms and the oil encompassing lms are shown in Fig. 3b. The
CAT1 tea tree oil incorporated samples exhibited opacity values
closer to the control lms with corresponding values of 4.29 and
3.91, respectively. However, the CAT2 and CAT3 tea tree oil
incorporated lms revealed considerable opacity of 5.89 and
7.91, respectively. Opacity contributes signicantly to the lms
that are considered for food packaging. The physical appear-
ance of packaged food products can be inuenced by their
transparency, which also impacts the extent to which they get
accepted by consumers. The transparency of the lms is
signicantly inuenced by the presence of additional
substances that are incorporated. This could be ascertained to
the differences in refractive indices between concentration, size
and phases of the dispersed particles.41 As an alternative, this
could possibly have been affected by the interaction of the
molecules of cellulose acetate with tea tree oil, which potentially
reduced the amount of light that can transit through the
lm.42,43
3.4 In vitro antimicrobial activity of the developed lms

3.4.1 Antibacterial activity. The antibacterial activity of the
developed lms was assessed to evaluate their efficacy in
inhibiting pathogenic organisms. Our results demonstrated
that the tea tree oil-incorporated lms exhibited signicantly
higher activity against Escherichia coli, Pseudomonas aeruginosa,
and Klebsiella pneumoniae compared to Staphylococcus aureus.
Furthermore, the study revealed a dose-dependent increase in
antibacterial activity with increasing concentrations of tea tree
oil (Fig. 4a). Conversely, the cellulose acetate lm without tea
tree oil showed no signicant antibacterial activity. The
enhanced antibacterial activity of the tea tree oil-incorporated
lms can be attributed to the presence of phenolic
compounds in the oil. These bioactive compounds have been
shown to interact with bacterial cell membranes, ultimately
inhibiting bacterial growth.36 The antibacterial activity observed
in our study aligns with previous ndings, conrming the
potent activity of tea tree oil against different bacterial
pathogens.44–46

3.4.2 Anti-fungal activity. The cellulose acetate lms
incorporated with different concentrations of tea tree oil (CAT1,
CAT2, and CAT3) demonstrated signicant antifungal activity,
as evidenced by the considerable inhibition percentages
RSC Sustainability, 2024, 2, 2335–2347 | 2339
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Fig. 1 Cellulose Acetate Film preparation. (A) Incubation duration of Musa acuminata leaf extract for delignification, (B) incubation duration of
the delignified sample for bleaching, (C) incubation duration for acetylation of the extracted cellulose, (D) extracted cellulose sample fromMusa
acuminata, (E) acetylated cellulose sample and (F) cellulose acetate film.
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Fig. 2 Scanning electron microscopy of cellulose acetate films. (A) Cellulose acetate film and (B) tea tree oil incorporated cellulose acetate film.

Fig. 3 Characterization of cellulose acetate films. (A) Water uptake activity of the cellulose acetate films and (B) opacity analysis of the cellulose
acetate films.
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observed. In contrast, cellulose acetate lms without tea tree oil
showed negligible inhibition, as illustrated in Fig. 4b. The
efficacy of the lms varied depending on the fungal species
tested, with Saccharomyces cerevisiae exhibiting the highest
sensitivity, followed by Candida albicans and Penicillium sp. The
incorporation of tea tree oil into the lms resulted in a notable
enhancement of the inhibition percentages, effectively delaying
the onset of fungal growth.
Fig. 4 Antimicrobial activity of cellulose acetate films. (A) Antibacterial
cellulose acetate films.

© 2024 The Author(s). Published by the Royal Society of Chemistry
Aer seven days of incubation, cellulose acetate tea tree oil 3
(CAT3) demonstrated remarkable antifungal activity, with
inhibition percentages of 89% against Saccharomyces cerevisiae,
75% against Candida albicans, and 73% against Penicillium sp.
Similarly, cellulose acetate tea tree oil 2 (CAT2) exhibited
substantial inhibition, with percentages of 76%, 63%, and 61%
against Saccharomyces cerevisiae, Candida albicans, and Penicil-
lium sp., respectively. In comparison, cellulose acetate tea tree
activity of the cellulose acetate films and (B) antifungal activity of the
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Fig. 5 Estimation of Phenolic content and antioxidant potential. (A) Total phenolic content determination of the cellulose acetate films, (B)
antioxidant potential of cellulose acetate films by the ABTS assay and (C) antioxidant potential of cellulose acetate films by the DPPH assay.

Table 1 Weight and size reduction analysis of the CA films

S. No. Sample

0th day 2nd day 4th day 6th day 8th day 10th day

(g) (mm) (g) (mm) (g) (mm) (g) (mm) (g) (mm) (g) (mm)

1 CA 0.331 200 0.291 150 0.189 106 0.081 41 0.021 21 0.003 1
2 CAT1 0.359 200 0.312 159 0.213 111 0.091 49 0.032 26 0.005 1
3 CAT2 0.374 200 0.339 161 0.221 115 0.093 51 0.039 31 0.006 1
4 CAT3 0.388 200 0.341 169 0.235 118 0.098 58 0.042 34 0.009 2

RSC Sustainability Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

7 
Ju

ne
 2

02
4.

 D
ow

nl
oa

de
d 

on
 3

/1
2/

20
26

 4
:3

3:
17

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
oil 1 (CAT1) showed slightly lower inhibition percentages, with
values of 59% against Saccharomyces cerevisiae, 55% against
Candida albicans, and 52% against Penicillium sp. These nd-
ings underscore the dose-dependent antifungal efficacy of tea
tree oil-incorporated cellulose acetate lms, with higher
concentrations resulting in greater inhibition of fungal growth.
The antifungal activity demonstrated by our tea tree oil-
incorporated lms is consistent with previous research, high-
lighting the effectiveness of tea tree oil against a range of fungal
pathogens.47–49
3.5 Estimation of phenolic compounds in CA lms

The CA lm extracts demonstrated an increased total phenolic
content with higher tea oil concentration determined through
the Folin–Ciocalteu method as shown in Fig. 5a. This reveals
that soaking of the generated lms in ethanol for the phenolic
compound extraction resulted in expansion of their structural
integrity and liberation of the oil content. The CAT1 extracts
showed a phenolic content of 2485.52 mg GAE per g of the
sample, while those of CAT2 and CAT3 were 4340.31 mg GAE
Fig. 6 Swelling index profile of cellulose acetate films. (A) Swelling index
index of films in chloroform.

2342 | RSC Sustainability, 2024, 2, 2335–2347
per g and 6827.51 mg GAE per g, respectively. The CA lm
without oil incorporation exhibited the total phenolic content of
138.65 mg GAE per g, which is substantially very low in
comparison with the tea tree oil-incorporated lms. Our results
indicate that the incorporation of tea tree oil into cellulose
acetate lms signicantly enhances their phenolic content. This
observation is consistent with prior research and highlights the
potential of tea tree oil-incorporated cellulose acetate lms as
an effective carrier of phenolic compounds.50 These ndings
underscore the versatility of tea tree oil-incorporated cellulose
acetate lms, which offers a promising platform for the
controlled delivery of phenolic compounds. The presence of
phenolic groups contributes towards their antioxidant poten-
tial.51,52 This could be attributed to the characteristic structure
of the phenolic compounds that facilitates them to act as
antioxidants and scavenge free radicals.53 The presence of
monoterpenoid ketones and oxygenated monoterpenes in the
oil has signicant antioxidant potential,54,55 having signicant
implications for various applications in food packaging and
other industries.
of films in water, (B) swelling index of films in methanol and (C) swelling

© 2024 The Author(s). Published by the Royal Society of Chemistry
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3.6 Antioxidant assay of the CA lms

3.6.1 ABTS assay. The ABTS cation scavenging activity assay
that primarily assesses water soluble antioxidants with the
single electron transfer mechanism was measured for the tea
tree oil comprising CA lms and is displayed in Fig. 5b. The CAT
1 lms exhibited 44.93% inhibition, while CAT2 and CAT3
exhibited 67.9% and 84.28% inhibition, respectively. We
observed a proportional increase in the percentage of inhibition
with higher concentrations of tea tree oil, with cellulose acetate
tea tree oil 3 (CAT3) exhibiting the highest antioxidant activity,
followed by CAT2 and CAT1. The CA lms without tea tree oil
produced 13.77% inhibition, which could be due to the pres-
ence of polysaccharide hydroxy groups. These results corrobo-
rate previous studies, further substantiating the role of tea tree
oil concentration as a key determinant of the antioxidant
activity exhibited by cellulose acetate lms.56

3.6.2 DPPH assay. The DPPH assay of the tea tree oil
incorporated CA lms exhibited an activity of 40.55% for CAT1,
61.08% for CAT2 and 80.61% for CAT3 as shown in Fig. 5c. The
CA lms without oil incorporation produced 10.58% inhibition.
Table 2 Solubility analysis of the CA filmsa

Solvent Sample Insoluble

Acetic acid CA −
CA1 −
CA2 −
CA3 −

Acetone CA −
CA1 −
CA2 −
CA3 −

Ammonia CA −
CA1 −
CA2 −
CA3 −

Chloroform CA −
CA1 −
CA2 −
CA3 −

Methanol CA −
CA1 −
CA2 −
CA3 −

Orthophosphoric
acid

CA −
CA1 −
CA2 −
CA3 −

Sulfuric acid CA −
CA1 −
CA2 −
CA3 −

Ethanol CA −
CA1 −
CA2 −
CA3 −

Water CA −
CA1 −
CA2 −
CA3 −

a − Negative, + positive.

© 2024 The Author(s). Published by the Royal Society of Chemistry
The color of the diphenyl-picrylhydrazine radical changed from
violet to yellow upon acceptance of free radicals from the anti-
oxidants released from the CA lms.57 The observed correlation
between tea tree oil concentration and antioxidant activity
aligns with the existing literature56,58 and further emphasizes
the importance of oil concentration for development of lms
with enhanced properties.
3.7 Environmental compatibility assessment of the CA lms

3.7.1 Biodegradability assessment of the CA lms. The
changes have been discernible since the rst day of the exper-
iment, suggesting that the biodegradation of CA lms is
happening concurrently. During the initial stages of degrada-
tion, there was minimal mass loss of cellulose acetate lms;
however, as the degradation progressed, the mass loss rate
increased. Over the course of the period, the compactness of CA
lms has decreased, resulting in an overall loss of thickness and
form that has driven the lms to shrink in size. The parameters
thus assessed to signify these changes were the loss of weight as
well as size of the lms that were allowed to decompose. The
Partially soluble Completely soluble

− +
− +
+ −
+ −
− +
+ −
+ −
+ −
− +
− +
− +
+ −
− +
− +
+ −
+ −
− +
+ −
+ −
+ −
− +
− +
+ −
+ −
− +
− +
− +
+ −
+ −
+ −
+ −
+ −
+ −
+ −
+ −
+ −
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Fig. 7 Application of cellulose acetate films in fruit preservation. (A) Color index of the films at room temperature, (B) color index of the films
under refrigeration, (C) disease index of the films at room temperature, (D) disease index of the films under refrigeration, (E) weight loss
percentage of the films at room temperature, (F) weight loss percentage of the films under refrigeration, (G) diseased fruit percentage at room
temperature and (H) diseased fruit percentage under refrigeration.
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results provided in Table 1 depict the successive loss of weight
and size of these lms over a period of 10 days. The data ob-
tained demonstrate that substantial degradation was recorded
on the fourth and sixth day of incubation, with all samples
exhibiting a loss ranging from 0.110 g to 0.160 g. Simulta-
neously, a 60 mm decline in size had been observed in each
sample during the same time period.

It is an established fact that even under ideal laboratory
exposure conditions, barely 0.1% of the carbon in the PE poly-
mer is transformed into CO2 annually by biodegradation. The
conditions in the natural environment are not ideal for the
breakdown of polymers, and thus the degradation processes
occur even more slowly.59 As technology advances, it becomes
apparent that the most effective packaging materials must have
both durability to keep the contents intact and biodegradability,
which allows the components to break down or decompose
aer utilization. In the interim, it shouldn't contaminate or
pollute the air, water, or soil. It is interesting to note that the
present attempts to develop an ideal packing material have
demonstrated good ecological sustainability.

3.7.2 Swelling test. The swelling percentage study revealed
that samples treated with water and chloroform have shown
a highest percentage of 51% and 53%, respectively for CAT3 and
the lowest of 48% and 50% respectively for CA. Moreover, the
swelling percentages were found to have reached a saturation
point from the 80 min incubation duration. This was observed
to be the same case with the swelling index of samples treated
with methanol, however, an increased value was observed for
CA (38%), followed by CAT1 (35%), CAT2 (34%) and CAT3
(33%). The results are shown in Fig. 6. The lm's swelling
activity indicates the extent to which it can absorb liquids, such
as water. This is important because it establishes the lm's
capacity to hold moisture from the food item or its surround-
ings. Films with high water absorption capacity can help
maintain the moisture content of perishable foods, thereby
extending their shelf life. While lms used for food preservation
should have the ability to absorb water to some extent, they
should also possess adequate moisture barrier properties to
prevent excessive moisture ingress.

3.7.3 Solubility test. Another crucial factor to take into
account when applying lms for food preservation is their
ability to dissolve in various solvents. The lm samples CA,
CAT1, CAT2 and CAT3 were found to be partially soluble in
water and ethanol. Acetic acid, chloroform, and orthophos-
phoric acid displayed partial solubility for CAT2 and CAT3,
whereas complete solubility for CAT1 and CA. Alternatively, the
solvents acetone and methanol exhibited partial solubility for
CAT1, CAT2 and CAT3 and complete solubility for CA. The
solvents ammonia and sulphuric acid showed partial solubility
only for CAT3, whereas complete solubility for CA, CAT1 and
CAT2. The data for the solubility test are provided in Table 2.
Food preservation lms should not be very soluble in fatty or
watery food matrices since this could cause the components of
the lm to diffuse into the food product. Soluble lm compo-
nents may impart off-avors, odors, or undesirable character-
istics to the food, compromising its quality and safety.
© 2024 The Author(s). Published by the Royal Society of Chemistry
3.8 Application of the CA lms

The investigation of mango fruit preservation demonstrated
that cellulose acetate lms were far superior to polyethylene
ones both at room temperature as well as during refrigeration
(Fig. 7). Among the samples held in cold conditions, poly-
ethylene and no packaging showed nearly comparable values in
the disease index analysis, however the samples without pack-
aging displayed the highest value at room temperature. The
cellulose acetate lms have been found to exhibit relatively low
disease index values, with CAT3 possessing the lowest value and
CAT2, CAT1, and CA following in order. In comparison to the
samples kept in cold storage, it was determined that the
samples kept at room temperature had elevated disease index
values.

The fruits packed in cellulose acetate lms had a reduced
rate of yellowing, according to the color index study. Despite not
meeting the higher color index values displayed by the
unpacked samples, the fruits packed in polyethylene demon-
strated a notably elevated rate of yellowing. According to the
disease fruit investigation, fruits that were unpacked and
wrapped in polyethylene exhibited 100% deterioration, while
fruits packed in cellulose acetate lms showed less than 50%
loss at room temperature. In comparison to the above instance,
the cold storage samples wrapped in cellulose acetate lms
exhibited an even lower percentage of diseased fruit level.
Concurrently, the weight loss percentage analysis showed that
the cellulose acetate lms continued to have substantially
reduced levels while the unpacked and polyethylene-wrapped
samples had higher measurements. It can be concluded, then,
that preventing the intensity of respiration by lowering the
temperature can postpone the onset of disease and the ripening
of fruit. Nevertheless, cellulose acetate lm wrapping can help
to increase the fruit shelf life rate and lengthen the preservation
term under room temperature storage circumstances, when
cold storage technology is scarce.
4. Conclusion

The successful production and characterization of Musa acu-
minata derived cellulose acetate lms have been accomplished.
The presence of phenolic compounds and exhibition of
substantial antimicrobial and antioxidant activity by the
generated lms suggest towards their potential application in
the food packaging sector. Besides boosting food safety and
maintaining its quality, active packaging based on cellulose
acetate incorporated with essential oil reduces the environ-
mental impact of traditional packaging since it is made from
renewable resources. As a result, synthetic chemical preserva-
tives directly incorporated into foods can be replaced with such
antimicrobial active packaging.
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