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ABSTRACT

Plastics are considered to be the greatest invention of mankind. However, the
chemical structure of most of the synthetic polymers renders them resistant to many
natural processes of degradation and as a result these polymers have destroyed the
environment by contaminating land, water and the ecosystem around us. Polymers
used for food packaging contribute to nearly 35 % of the total plastic accumulation in
the environment. In this study, we investigated the fabrication of a novel biodegradable
nano biowrap from plant-based polymers for food packaging applications. The pectin
biowrap is enriched with selenium nanoparticles which improves the structural integrity
and the antimicrobial properties of the wrap. The biowrap had increased opacity,
swelling percentage with a comparatively lower moisture content. The biowrap was
also subjected to real time testing with corn and grapes, in a week’s time for weight
loss percentage and to study the morphological changes. The degradation assays
were carried out in soil and water and visual data sets were promising enough to prove
the biodegradable nature of the film. The DPPH radical scavenging activity assay
proved that the film had 94.6 % of scavenging activity which is high enough to counter
the free radicals that cause oxidation to spoil the food during the packaging process.
The antibacterial activity of the film was done against Pseudomonas aeruginosa and
Staphylococcus aureus, and the film displayed excellent biofilm inhibition properties
compared to the nanoparticle devoid film. Thus, these biowraps have the capacity to
replace the conventional plastic wraps in the industry and help to preserve foods in a

sustainable and efficient manner.
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1. INTRODUCTION

Plastics were considered to be the greatest invention of mankind mainly
because of their versatile functions. Plastics were able to substitute almost any
substance in a process, and were also able to improve the efficiency of that particular

process as well, because plastics were cheap and durable (Chandran et al., 2023).

Market Share of Packaging Material

Plastics

Paper & Board
Glass

Flexible Plastics
Beverage cans
Other metal
Other

pRganni

Fig 1.1: Contribution of plastics in food packaging
(Food Packaging Materials | Food Packaging Forum, n.d.)

From the figure, it is clearly visible that the majority of the packaging is done
with the help of single use plastics and rigid plastics, which do not easily degrade and
cause calamities to the environment. Nowadays, the accumulation of these plastic
poses a huge risk in all the natural environments (Meijer et al., 2021). Plastics are non-
biodegradable and hence they do not get degraded even after a hundred years (Weiss
et al., 2021). The most alarming issue that has to be addressed now is the over-
exploited usage of single-use plastics throughout the world. The below image depicts
the unchecked and overexploited status of plastic pollution in our country. This problem
has ranked India on a higher position amongst countries generating plastic wastes on
a daily basis.(Simon et al., 2021)

These plastics require specialized machinery and processes to degrade them,
but in reality, this is not the case. These types of plastics get accumulated in landfills
and water bodies and disrupt the ecosystem (Barnes et al., 2009). The major
contributor of single-use plastic pollution is the usage of polythene food wraps to

transport and store the food items (North & Halden, 2013). They are efficient in storing



the food items, as they have good tensile properties, act as an efficient barrier against

water vapor and gasses.

Plastic waste generation in major cities of India
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Fig 1.2 Estimated plastic waste generation by developing and developed cities
in the year 2019
(India Has a 26,000-Tonne Plastic Waste Problem | India News - Times of India,
n.d.)

From the above figure, it is clearly visible that the developed cities generate a
large amount of this menace, making it a big burden for the governments to handle
and dispose them safely.

The problem with these plastic wraps is that, they are not segregated and
degraded properly, and they end up in oceans and lakes and break down to form

microplastics.(Thompson et al., 2009)



Fig 1.3: Floating plastic wastes in ocean
The marine organisms mistake these microplastics as food, and consume
them. The plastic concentration follows an upward trend in the food chain due to
biomagnification (Wright & Kelly, 2017). When these food wraps are buried or thrown
on the land, they interfere and damage the niche in that area and intervene in the root
expansion of plants and also prohibit the rain water from reaching the water table as
well (Geyer et al., 2017).

Fig 1.4: Single use plastic pollution in the water bodies
Despite the fact that the biodegradable wraps have been around for a while,
breaking them out in the market has been an enormous undertaking. When it comes
to durability, plastic food wrappers usually outlast their biodegradable counterparts.
They may help keep food fresher for longer by creating a tighter seal around it. Better
clarity and transparency are typically provided by plastic wraps, making it easier for

customers to see what's within wrapped goods. This can be crucial for food products



in particular, as appearance counts. Due to its high level of moisture resistance, plastic
wraps can help keep food from rotting when it comes into contact with moisture. This
function is especially helpful for things that need to be kept in a refrigerator. Plastic
food wraps are a cost-effective choice for both customers and companies because
they are frequently less expensive than biodegradable substitutes. Plastic wraps are
easily accessible in a variety of shapes and sizes and have been used extensively for
decades. Compared to more recent biodegradable solutions, consumers may find
them more convenient to use because they are accustomed to using them. Plastic
wraps are used for a variety of food storage tasks, such as encasing specific food
items, covering dishes, and wrapping sandwiches. They provide a wide range of
applications. Generally speaking, plastic covers survive longer than their
biodegradable counterparts. They are appropriate for bulk purchasing and storage
because they don't deteriorate when kept for long periods of time. Plastic wraps can
be used for a greater variety of food storage applications since they often work better
in harsh environments like high temperatures or contact with oils and fats.

To get a solution for this problem, the introduction of sustainable food packaging
solutions was inevitable. The major component of these sustainable food wraps is
basically a plant polymer, which can be extracted from a sustainable natural resource
and the major advantage of these polymers is that, they are biodegradable and do not
require any specialized process to degrade them (Zareie et al., 2020). These wraps
can be successfully disintegrated by the scavenging microorganisms present in our
environment (Qin et al., 2013).

The introduction of these sustainable biowraps into the market could reduce the
infusion of plastics into the body in the form of microplastics, and with the added
advantage of antimicrobial properties, these food wraps could reduce the dependency
of the market on non-biodegradable substances, and increase the shelf life of the food

products on an eco-friendly note.



Fig 1.5: Biodegradable packaging solutions

The new age biodegradable packaging solutions aim to use crop wastes, and
other leftover biomass or material to fabricate novel packaging products. The problem
with the pilot scale implementation of these biodegradable wraps is that they’re unable
to match with the tensile and elastic properties of the available conventional plastic
films that are currently being used in the industry. The non-reacting behaviour of the
polyethene films with the food material is a vital property in the food packaging
industry. It is a huge task to find a biodegradable wrap to no interact with the food
material under varied environmental conditions. The cost for the production from the
petrochemicals is comparatively lower than the production of these bio-polymer wraps,
and this creates a huge gap in the market. The only way to beat these disadvantages
is to come up with a novel biodegradable film, that can be sustainably sourced to lower
the cost of production, and to compete with the polyethylene wraps on the grounds of
elasticity and stress and strain management. These biodegradable food wraps can
revolutionize the food industry as they have the potential to increase the shelf life of

the food material and protect the environment as well (X. Liu et al., 2022).



2. LITERATURE SURVEY

2.1 GELATIN AND ITS PROPERTIES

Gelatin is mostly employed in the preparation of medicine shells for accurate
drug delivery, while it is also utilised as a gelling agent in ice cream recipes (Ramos
et al., 2016). The urgent demand for an environmentally friendly packaging solution
propelled gelatin's invasion of the food packaging sector. The food packaging industry
has taken notice of it owing to its remarkable film-forming abilities, biodegradability,
and biocompatibility (Lu et al., 2022). Gelatin is an excellent addition to food packaging
wrap due to its many qualities, including its antibacterial activity, barrier qualities,
support for additive integration, and environmental sustainability. Since gelatin-based
materials can form films, are biodegradable, and are versatile, they present interesting
alternatives for sustainable food packaging (Mihalca et al., 2021). To enable broad
usage in the food sector, more research is necessary to solve issues including

enhancing barrier qualities and manufacturing scalability (Othman, 2014).

2.2 POLYVINYL ALCOHOL AND ITS PROPERTIES

Polyvinyl alcohol (PVA) has been used for several years as a key component
in producing water soluble films. It is the only affordable synthetic polymer with the
ability to dissolve in water and cause no harmful effect in it (Lee et al., 2009). PVA, or
polyvinyl alcohol, has shown great promise in the food packaging sector because of
its special mix of qualities, which include good film-forming ability, barrier qualities,
biodegradability, and compatibility with food items (B.; Liu et al., 2022). Several
scholarly articles have examined the multifarious uses of polyvinyl alcohol (PVA) in
food packaging, elucidating its capacity to tackle a range of obstacles within the sector
(Dutta et al., 2002). Scientists' manufacture and characterisation of PVA-based
nanocomposite films are explored in detail, with an emphasis on how these films
improved mechanical and gas barrier capabilities qualify them for use in food
packaging applications that demand longer shelf lives. Researchers are also looking
into adding nano clay to PVA films, which shows better barrier qualities against water
vapour and oxygen, which is important for preserving the freshness and quality of food
(Kim et al., 2015). In addition, the research highlights the potential of antimicrobial
compounds to suppress microbial growth and improve food safety during storage by

integrating them into PVA matrices to create active packaging films. All of these



studies highlight the flexibility and promise of PVA in tackling different packaging
issues in the food sector, opening the door for the creation of creative and
environmentally friendly packaging solutions that satisfy consumer expectations for

quality, safety, and environmental responsibility (Patil et al., 2020).

2.3 PECTIN AND ITS PROPERTIES

The polysaccharide pectin is hydrophilic, meaning that it has both carboxyl and
hydroxyl groups. This property contributes to its high biocompatibility, degradability,
and low toxicity. The hydrophilic groups in pectin enhance its chemical and physical
characteristics through the processes of esterification, transesterification,
coordination, and electrophilic addition (Li et al., 2021). Pectin can be helpful in
modifying the surfaces of implants and other medical instruments (Fullana et al.,
2010). However, Pectin is also known to have unfavourable corrosive and swelling
properties. Pectin is strongly advised for its packaging applications because it contains
Rhamnogalacturonan I, which is an essential component to enhance biocompatibility
(Li et al., 2021). The polysaccharides of pectin are recommended for packaging and
long-term storage uses as they lack toxicity, are affordable and possess anti-bacterial
and anti-inflammatory properties (Clifford et al., 2020). There is proof that when the
concentration of Pectin is increased in a Gelatin-Pectin-based colloidal solution, the
viability of cells increased to a greater extent (Nguyen et al., 2015). Pectin can be
subjected to degradation by microorganisms in the colon and hence can be used for

sustainable food packaging, as even its infusion would not result in any toxic reactions.

2.4 SELENIUM NANOPARTICLES AND ITS PROPERTIES

Selenium nanoparticles have recently been introduced into the industry, and
they are being used as a replacement for silver nanoparticles due to their cheaper cost
of production and feasible method of incorporation (Shoeibi & Mashreghi, 2017).
Selenium nanopatrticles, or SeNPs, have attracted a lot of attention from a variety of
industries, especially the food packaging and healthcare sectors, because of their
special antibacterial qualities and possible uses (Pérez-Soto et al., 2021). Studies
show that SeNPs have a variety of uses in the fight against microbiological diseases
and in maintaining food safety. Research looks on the synthesis and characterization
of SeNPs and emphasises how effective they are as natural antibacterial agents

against a variety of harmful bacteria and fungi (Sans-Serramitjana et al., 2023). The



integration of SeNPs into packaging materials is also being investigated by scientists
in an effort to create active packaging solutions that can prolong the shelf life of
perishable food items by preventing microbial development (Yuan et al., 2023).
Scientists are also looking at the safety and biocompatibility of SeNPs to make sure
they are suitable for usage in materials that come into touch with food (Filipovi¢ et al.,
2021). All things considered, these studies show how potential SeNPs are for the food
sector, especially in food packaging, where they work as powerful antimicrobials to

improve food safety and prolong shelf life (Shahbaz et al., 2023).

2.5 COMPOSITE FILMS

The growth of composite films in the field of active food packaging has been on
the rise for the past decade. Scientists have been storming the field by trying out
various polymer and nanoparticle combinations to produce a film that can compete
with the plastic film that's currently dominating the market (Azeredo et al., 2017).
Biodegradable composite films have drawn a lot of interest because of their many uses
in a variety of sectors, including the packaging and biomedical industries. Generally
made of natural polymers like chitosan, starch, or cellulose mixed with synthetic
polymers or reinforcement agents like nano clay or nanofibers, these films are superior
to conventional plastic films in terms of their mechanical, barrier, and biodegradability
gualities (S. Liu et al., 2021). Studies have indicated that the integration of
nanoparticles into biodegradable matrices improves their functionality and allows them
to fulfil particular application needs. These composite films also have outstanding
biocompatibility, which means that they can be used in biomedical applications like
scaffolds for tissue engineering and drug delivery systems (Khan et al., 2017).
Moreover, their eco-friendly attributes coincide with the increasing need for
sustainable substitutes for traditional plastics. Numerous studies highlight how
biodegradable composite films can help solve the environmental issues related to non-
biodegradable packaging materials, opening the door to a more sustainable and

environmentally friendly future (Xiao et al., 2022).

2.5.1 ANTIBACTERIAL PROPERTIES OF COMPOSITE FILMS
The main advantage of using these novel biodegradable composite films is their
flexibility to accommodate multiple facets of compounds which can increase its

durability and its antimicrobial characteristics as well. This makes the film more



efficient and helps us to preserve the food products for a longer period (Khubiev et al.,
2023). The antibacterial qualities of biodegradable composite films are promising,
which renders them very appropriate for a range of applications, including wound
dressings, medical equipment, and food packaging. Natural antimicrobial substances
that prevent the growth of bacteria, fungus, and other microbes are frequently used in
these films. Examples of these substances include chitosan, essential oils, and silver
nanoparticles (Espitia et al.,, 2012). Studies have indicated that the deliberate
discharge of these antimicrobial compounds from the composite matrix successfully
increases the shelf life of food goods that are packaged by averting microbial infection
and spoiling. Additionally, by modifying the composition and manufacturing
parameters, these films' antimicrobial activity can be customised to effectively combat
particular infections while preserving their biocompatibility and safety for human usage
(Figueroa-Lopez et al.,, 2019). Furthermore, these films' biodegradable nature
guarantees an eco-friendly disposal process after usage, reducing the possibility of
microbiological contamination. Numerous investigations have exhibited the capacity
of biodegradable composite films to function as efficacious antimicrobial barriers,
thereby catering to the increasing need for sustainable solutions across diverse
industries (Shen & Kamdem, 2015).

2.5.2 APPLICATIONS OF COMPOSITE FILMS

The application of these novel composite films worldwide is being conducted at
a rapid pace, and the results are promising too. Extensive research activities are being
planned to initiate the transition phase from petroleum-sourced polyethylene films to
sustainably sourced, eco-friendly biodegradable wraps. Biodegradable composite
films are proving to be adaptable materials with practical uses in a range of sectors,
demonstrating their ability to meet functional needs and address urgent environmental
issues (Leceta et al., 2013). These films provide efficient barriers against air, moisture,
and microbiological contamination in the field of food packaging, extending the shelf
life of perishable items. Additionally, they help with weed suppression, moisture
retention, and soil temperature moderation when used in agricultural operations like
mulching films, which supports sustainable crop production (Kaniuk & Stachewicz,
2021). Because of their controlled breakdown qualities and biocompatibility,
biodegradable composite films are potential options for drug delivery systems,

scaffolds for tissue engineering, and wound treatments in the biomedical area.



Additionally, the addition of these materials to consumer goods like hygiene items and
disposable cutlery helps to lessen the amount of plastic trash that ends up in landfills
and the ocean (Azeredo et al., 2016). Biodegradable composite films have the
potential to significantly contribute to the advancement of sustainable practices in a
variety of industries, resulting in favourable effects on the environment and society,
thanks to ongoing research and innovation.

10



3. AIM AND OBJECTIVE

To replace the commercial plastic films used in the market for the purpose of
food packaging.

To research and assess the qualities of the several bio-polymer combinations
that are available for the production of food packaging film.

To add the synthesised selenium nanoparticles to the film complex to get
distributed in a uniform manner in the colloidal condition of the gel-casting
solution.

To conduct tests for physical property characterisation using the synthesised
film to evaluate its durability and efficiency.

To examine the new synthetic film's biodegradability, food preservation

effectiveness, and antimicrobial characteristics.

11



4. MATERIALS AND METHODS

4.1 MATERIALS UTILISED FOR PROCESSING

Gelatin powder sourced from porcine skin supplied by Sigma-Aldrich, St. Louis,
MO, USA, was used as the primary gelling agent. Polyvinyl alcohol purchased from
Fisher Scientific, USA, served as the best polymer for improving the tensile
characteristics of the film as it readily dissolved in hot water and provided excellent
elasticity to the film. Sodium alginate and calcium chloride were added as additional
gelling agents and as stabilisers to improve the durability of the film. Pectin purchased
from Sisco Research Laboratories, India, is the key component, as it was used to
provide antimicrobial activity to the film, had the capacity to evenly disperse in the
solution, and provided a translucent look to the film. The starch powder was purchased
from Merck Specialities, India to be used as the cross-linking agent in the film’s matrix.
Sodium selenite purchased from Sisco Research laboratories in India was used as the

metal precursor for the selenium nanopatrticle synthesis.

4.2 SELENIUM NANOPARTICLE SYNTHESIS BY CHEMICAL SYNTHESIS
METHOD

A 1 mM sodium selenite solution was prepared by adding 0.17294 g of sodium
selenite as the metal precursor. It was dissolved in 100 mL of deionized water. This
solution was kept under stirring using a magnetic stirrer for 24 hours. A 1 % acetic acid
solution was prepared by adding 1 mL of acetic acid to 99 mL of deionized water. To
this solution, 0.5 g of chitosan was slowly added to prevent agglomeration. This acetic
acid solution was kept stirring for 24 hours (Sowmiya et al., 2023).

The 1 mM sodium selenite solution was added to the acetic acid solution while
the solution was maintained in the mixing regime. 10 ascorbic acid solution was
prepared by adding 0.17612 g of ascorbic acid to 100 mL of deionized water. This
solution was stored in an amber bottle to prevent it from getting denatured by light.

20 mL of ascorbic acid was added in a burette, and this was attached in a
position above the mixed solution while stirring using a magnetic stirrer. The ascorbic
acid was slowly mixed drop by drop with the metal precursor solution until a colour
change was observed from orange to brick red. An additional 30 mL of ascorbic acid

can be added to bring about the exact colour change.
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The prepared nanoparticle solution was centrifuged, and the pellets were
collected. The solution was transferred to tubes and spun for 20 minutes at 27°C and
at 7500 revolutions per minute. The pellets contain chemically synthesised selenium

nanoparticles.

4.3 CHARACTERIZATION
The UV absorbance of the synthesized selenium nanoparticles was measured

using UV-1800, Shimadzu Japan. The UV absorption spectrum was measured from
200 to 800 nm.

4.3.1 PARTICLE SIZE ANALYSIS AND ZETA POTENTIAL

The particle size analyser used was Nanopartica PSA, HORIBA, Japan. Zeta
potential measurement and particle size analysis are crucial methods for describing
colloidal systems and nanoparticles. By analysing the size distribution of the particles
in a sample, particle size analysis can reveal important details about the physical
characteristics and behaviour of the particles (Soares et al., 2014). Conversely, zeta
potential measurement measures the amount of electric charge surrounding particles
scattered in a liquid media in order to evaluate the electrokinetic stability of colloidal
suspensions. The repulsive forces between the particles are impacted by this charge,
which also has an impact on the particles' stability, aggregation, and interactions with
other parts of the system (Bourgeat-Lami et al., 2016).

4.4 METHODS FOR FILM FABRICATION

The gelatin powder was dissolved in deionized water at a temperature of 60°C
and placed on a magnetic stirrer with a hot plate. The deionized water was kept under
constant agitation, and the gelatin was allowed to completely dissolve.

Multiple combinations were tried out, using bio-polymers like gelatin, polyvinyl
alcohol, sodium alginate, calcium chloride, pectin and glycerol. The combinations were
carried out in different concentrations as mentioned in the table 4.1, and the best
combination was found out using trial and error method.

After the dissolution of gelatin, the polymers responsible for elasticity were
added, which are PVA, sodium alginate and calcium chloride was tried out as a stability

inducing agent. The resulting solutions were cast onto glass plates for drying. The
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synthesized films were dried for a period of 24 hours at standard room temperature
conditions (25°C). For a final touch, the films were dried in a Riviera Rivotek vacuum
oven at 50°C for 10 minutes to remove any wet spots and to preserve the films for a
longer period from potent fungal contamination.

This step was done with care, as longer exposure periods to such high
temperatures could lead to the charring of the films and make them stick to the

substrate in an irreversible manner.

Table 4.1: Concentration of different polymers for the film-casting solution

Sample | Gelatin | Polyvinyl | Sodium | Calcium | Pectin | Glycerol | Selenium
(%) Alcohol | Alginate | Chloride | (%) (mL) NP (mL)
(%) (%) (grams/
100 mL)

S1 1 0.5 - - 0.5 1.2 -

S2 1 0.5 - - 0.5 1.2 1

S3 4 0.5 - - 0.5 1.2 -

S4 4 0.5 - - 0.5 1.2 1

S5 4 - - - 1 1.2 -

S6 4 - - - 1 1.2 0.4

S7 - - 1 0.03 1 1.2 -

S8 - - 1 0.03 1 1.2 0.4

S9 - - 1 0.01 1 1.2 -

S10 - - 1 0.01 1 1.2 0.4

S11 - - 1.25 1 2.5 1 -

S12 - - 1.25 1 2.5 1 0.4

S13 - - 1.25 1 2.5 5 -

S14 - - 1.25 1 2.5 5 0.4

S15 - 0.5 0.5 0.03 1 1.2 -

S16 - 0.5 0.5 0.03 1 1.2 0.4

After the physical examination of all these combinations, the most favourable
combination was chosen to proceed with the final product. The concentration was

chosen on the basis of the film’s feasibility of getting separated from the glass
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substrate after complete drying without any tears or breaks. Some of the
concentrations did not yield positive results, as they dried up to become dehydrated,
brittle sheets with little or no elasticity. Those combinations were excluded, and based
on the method of trial and error, the best polymer concentration that offered the highest

elasticity and physical integrity was chosen and is given in the table 4.2

Table 4.2: Finalized concentration of the polymers in the gel casting solution

(Values are given for 1 litre)

Gelatin (g) | PVA(9) Pectin (g) | Glycerol (g) | Starch SeNP

solution | (mL)

2% (mL)
PG 8.333 4.166 4.166 6 166.666 | -
PGN 8.333 4.166 4.166 6 166.666 |2

Starch solution was added to act as a cross-linker to form bonds between the
polymers. The starch solution was prepared separately, as 3.333 g of starch powder
was added to 166.666 mL of deionized water at 60°C, such that the starch powder
dissolves completely and a clear, transparent solution is obtained. This solution was
then mixed with the volume of 833.334 mL of the polymer gel casting solution with all
the above-mentioned polymer powders mixed in a unform state before the addition of

the plasticizer (glycerol) to initiate the cross-linking activities.

4.4.1 PECTOGEL NANOBIOWRAP (PGN) FABRICATION

The synthesized film solution was kept in stirring at a temperature of 50°C to
60°C. The SeNP solution was vortexed and sonicated respectively for about 10
minutes, to remove any clots or agglomerations. The SeNP solution was taken in a
pipette and transferred to the gel casting solution, and this solution was cast onto glass
plates for drying.

The casting process was done by adding the solution as horizontal lines using
a 1 mL pipette. The gel solution was casted evenly on the glass plate with top care to
prevent the formation of air bubbles, as these bubbles would evaporate and create

holes, leading to the easy disintegration of the film during wear and tear activities. The
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films were dried for a period of 24 hours at standard room temperature conditions
(25°C). After complete drying of the films. the films were dried in a vacuum oven at
50°C for 10 minutes to remove any wet spots and to preserve the films for a longer
period from potent fungal contamination. The glass plates were retrieved from the
oven and the film was carefully peeled off the from the glass substrate and pasted
onto clean and wiped low density polyethylene support bases, for storage purposes.
The films along with their support bases were stored in a desiccator to prevent any

contaminations.

4.5 FTIR ANALYSIS

The Fourier Transformed Infrared Microscopy was performed with the Agilent
Cary 630-ATR FTIR instrument. The results were used to identify the functional
groups. Through FTIR spectroscopy, the chemical composition, molecular structure,
and interactions within the composite films can be thoroughly investigated.
Researchers have employed FTIR to study the incorporation of various additives such
as nanoparticles, antimicrobial agents, and natural extracts into polymer matrices,
elucidating their effects on the film's properties (Zolfi et al., 2014).

The films (PG and PGN) were cut into squares with sides of 2 cm. The films
were placed under the tip and the screws were tightened until the sample was held in
a firm position. The infrared ray passes through the sample, and the vibrations of the
chemical bonds in the structure of the films absorbs some of the radiation. This
absorbed amount is detected by the detector, across a series of wavelengths. This

produces a unique fingerprint like structure for every composite film.

4.6 PHYSICAL PROPERTIES OF THE FILM
The physical properties of the nanoparticle incorporated Pectogel nanobiowrap
was assessed, and was compared with the Pectogel biowrap and the results were

documented.

4.6.1 MOISTURE CONTENT EVALUATION ASSAY

An important analytical method for analysing composite films' water uptake
behavior which is critical for determining their stability and performance in humid
environments is the moisture content test. In this assay, the composite films are

exposed to regulated moisture levels, and the weight gain that results from water
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absorption is then measured. Studies reveal that a number of characteristics, including
structure, content, and processing settings, have a major impact on the kinetics of
moisture absorption. In practical applications, the resistance of the film to water
penetration and its shelf life can be improved by optimising material compositions and
processing conditions with the help of an understanding of the behaviour of moisture
content. The methodology was obtained from (Nufiez-Flores et al., 2012) and the
protocol was drafted and modified to accommodate the films.

The moisture content of the film was calculated by measuring the initial dry
weight of the film size of 2 cm x 2cm and placed it in a beaker containing 15 mL of
water for 15 minutes. The film was then collected, and the final weight was calculated.
Moisture content was calculated by;

Mi — Mf
- ]*100

Moisture content (%) = [

where,
Mi — initial weight of the film
Ms — final weight of the film

4.6.2 SWELLING PROPERTY EVALUATION ASSAY

The films were cut into squares with sides of 2 cm. They were immersed in 25
mL of distilled water at room temperature. The weight gain of swollen films (Ws) was
measured for 50 minutes by taking 5 readings at standard intervals of 10 minutes.
Undissolved films were removed with Whatman No. 1 filter paper (Scarfato et al.,
2017).

The Swelling Ratio (SR) was calculated using the following equation:

] ) Ws — Wd
Swelling ratio (%) = [W * 100

where,
Ws — weight of the swollen film

W4 — initial weight of the dry film

4.6.3 WATER SOLUBILITY ASSAY
The films were cut into squares with sides of 2 cm. They were placed in beakers

with 15 mL of distilled water, then sealed with parafilm and kept undisturbed for 4
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hours. The solution was then filtered with Whatman no.1 filter paper to recover the
remaining undissolved film. Water solubility (WS) of films was determined according
to the method described by Nunez-Flores et al. (2013).

Water Solubility was calculated by;

Wi — Wf
]*100

Water solubility (%) = [

where,
Wi — initial weight of the film
Wf — final weight of the film

4.6.4 OPACITY ANALYSIS

The absorbance of the films was calculated to incorporate the rate of absorption
into the formula for the calculation of opacity. The film was cut into dimensions of 5 cm
x 2 cm and fixed sternly onto a clear glass slide without the possession of air bubbles
and the glass slide was made sure that it was devoid of fingerprints or any interfering
obstacles.

The opacity analysis was done by measuring the thickness of the film using the
Stylus Prophilometer. The absorbance of the films was measured using the UV 1800
UV visible spectrophotometer and the valued were substituted in the formula.

The opacity of the film was measured by using the formula:

Absorbance @ 600 nm
Thickness

Opacity (i) =
um

4.6.5 TENSILE STRENGTH AND ELONGATION AT BREAK
The tensile strength analysis and elongation at break were performed on the
synthesised samples. Tensile strength analysis is vital to test the elasticity of the films
and make sure that they are on par with market standards. For composite films, tensile
strength and elongation at break are essential mechanical characteristics since they
dictate the film's capacity to tolerate external forces and deformations without
rupturing. Tensile strength, which reflects a material's structural integrity and
endurance under strain, is the highest stress it can withstand before breaking.
Elongation at break, on the other hand, gauges a material's ductility and flexibility by
indicating how far it can stretch before breaking. The film's ability to tolerate

mechanical loads during handling and use is guaranteed by its high tensile strength,
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and its adequate elongation at break allows for flexibility and distortion without
catastrophic collapse.

The mechanical properties (TS and Eb) of the films were investigated by the
Universal Testing Machine (Computer-Controlled Universal Testing Machine, M-
50,2022/81). The dimensions of the test films were 140 mm x 23 mm. The PG, PGN
and Commercial films were cut in the above given dimensions, and they were

subjected to testing in the universal testing machine.

4.7 CONTACT ANGLE MEASUREMENT AND SURFACE ENERGY:

The basic ideas in surface science, contact angle and surface energy are often
employed to describe the wetting behaviour and surface characteristics of materials.
The balance of intermolecular forces between the liquid, solid, and vapour phases is
represented by the contact angle, which is the angle created between the tangent to
the liquid-solid interface and the solid surface. The interaction between the surface
and its surroundings determines surface energy, which, on the other hand, measures
the energy needed to form a unit area of the surface.

The water contact angles of the commercial PG and the nanoparticle-
incorporated PGN wrap were measured. The film was cut into the size to fit inside a
glass slide (5 cm x 2 cm) and sealed on top of the glass slide without any air bubbles.
This setup was used to measure the contact angle and the surface energy of the films
using water as the standard. The water contact angle and surface energy were
measured using the Rame Hart Model 90 Goniometer, New Jersey, USA. Contact
angle measurements were done by using a 3 pl droplet of deionized water addition on

the surface of the samples.

4.8 DPPH RADICAL SCAVENGING ASSAY

DPPH (2,2-diphenyl-1-picrylhydrazyl) is a chemical which scavenges free
radicals. It is a dependable technique for determining antioxidant activity, and the food
packaging industry uses it widely (Atarés & Chiralt, 2016). Its use entails assessing
the effectiveness of antioxidants added to packing materials to stop oxidative
processes from causing food to deteriorate. This technique is frequently used to
assess the antioxidant potential of edible coatings applied to food surfaces and active

packaging films containing natural extracts (Samsudin et al., 2017). Additionally, the
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usefulness of antioxidant additives in prolonging the shelf life of packed goods is
assessed, and the antioxidant qualities of packaging materials infused with plant-
derived compounds are evaluated through the use of DPPH assays. All things
considered, the use of DPPH tests in the food packaging sector makes it easier to
create creative packaging solutions that improve food safety and quality by reducing
oxidative deterioration (Caleb et al., 2013).

The gel casting solution of the film was used to perform the DPPH radical
scavenging assay. The stock solution was prepared by dissolving 0.00394 g of DPPH
in 100 mL of methanol. The working standard was prepared by adding 10 mL of the
stock solution to 45 mL of methanol.

1.425 mL of the gel casting solutions were prepared according to the protocol
(PG and PGN films solutions) were taken in Eppendorf tubes, and 0.075 mL of the
prepared working standard DPPH was added to the tubes. This solution was incubated
for 30 minutes. The purple colour given by the DPPH chemical slowly begins to
disappear in the presence of antioxidants. It reacts with the antioxidants present in the
sample, and these samples are then transferred to a 96-well plate, and the absorbance
is measured at 517 nm. The readings were obtained and the scavenging activity was
calculated using the formula:

Ao — Ai

Scavenging Activity (%) = [ ] * 100

where,
Ao — value of the blank

Ai— optical density of sample at 517 nm

4.9 BIODEGRADABILITY ASSESSMENT ASSAY

Environmental elements including heat, light, moisture, and chemical agents
are frequently applied to composite films, and this can cause deterioration over time.
In addition to chemical modifications like polymer chain scission or cross-linking, the
degradation pathways could also involve physical changes like loss of mechanical
strength. Evaluating variables including degradation rate, mass loss, modifications to
mechanical characteristics, and surface morphological changes is part of studying the
behaviour of degradation. Studies have indicated that the kinetics and mechanisms of

composite film degradation are greatly influenced by variables such as the kind and
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concentration of additives, the composition of the polymer matrix, and the processing
parameters. Comprehending these attributes facilitates the creation of composite films
that exhibit enhanced resilience against deterioration, augmenting their robustness

and longevity in practical uses.

4.9.1 SOIL DEGRADATION ASSAY

The Biopolymer film PG and PGN were buried separately under red soil
collected from a nursery and beach soil from the coastal areas of Chennai. The film
was cut into a square with sides of 2 cm and the samples were buried at a depth of 5
cm from the surface and was observed for a period of 3 weeks. Two soil environments
were maintained, one was wetted regularly to maintain the moisture content and to
support the wild microorganisms and another was kept dry. Small holes were made in

a LDPE film and the film was placed on top of it, for easier retrieval and observation.

4.9.2 WATER DEGRADATION ASSAY

PG and PGN films were subjected to degrade in salt and RO water to check
their biodegradable nature in the open environment, as one of the batches was
conducted in an ideal state, while the other batch of samples were kept in an
environmental shaker throughout the day to mimic the environment. The film was cut
into squares of sides of 2 cm and was placed inside the beaker containing water
maintained at the natural environmental parameters. The experiment was carried out

for 2 to 3 weeks, until complete dissociation or degradation was observed.

4.9.2.1 SEA WATER DEGRADATION ASSAY

Two pairs of PG and PGN films were cut into squares of sides 2 cm were placed
inside the pair of beakers containing sea water. The sea water was mildly filtered using
cotton, and the diverse microbial environment in the water was maintained. One pair
of beakers is placed in the ideal state, without any disturbances to depict the natural
environments of stagnant water and another pair was kept in an environmental shaker

to mimic the turbid marine environment.

4.9.2.2 REVERSE OSMOSIS TREATED WATER DEGRADATION ASSAY
Two pairs of PG and PGN films were cut into squares of sides 2 cm were placed

inside the pair of beakers containing sea water. One pair of beakers is placed in the
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ideal state, to mimic the lakes and stagnant fresh water bodies and another pair is kept
in an environmental shaker to depict the vibrant dams and agitated water bodies.

4.10 COMPATIBILITY TESTING

The film was put into real-time testing using corn to check its preserving
efficiency in comparison with the control and commercial ones. These films are made
of two or more components, most frequently polymers along with additional
reinforcements or additives. They provide barrier qualities against gases like oxygen
and ethylene, which can hasten ripening and decay, among other uses in prolonging
the shelf life of perishable goods. Furthermore, composite films can reduce spoilage
brought on by microbial growth and physical damage by providing mechanical
strength, flexibility, and antibacterial qualities. To further improve preservation
efficacy, they can also be engineered to release active substances like antioxidants or
antibacterial agents.

The synthesized film was used to wrap baby corn (Zea mays) purchased freshly
from the market. The corn’s dry weight was calculated, and one piece was kept
uncovered; another was wrapped with the commercial biodegradable wrap purchased
from the market; another with the Pectogel biowrap; and another with the Pectogel
nanobiowrap. The protocol was adopted from the research work (Long et al., 2022)
and modified according to the need. The packed samples were kept in an environment
to study their resistance against environmental microbes at room temperature. The
samples were handled with sterile hands every day, and the weight of the samples
was measured. The weight loss was computed, and a weight loss bar diagram was

drawn to study the weight loss percentage for every alternate day. The corn was then

finally unwrapped after 7 days, and photographs were taken to study the effects.

Fig 4.1: Baby corn wrapped with the films
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4.11 ANTIBACTERIAL ACTIVITY

Nanoparticle-infused composite films have strong antibacterial activity, making
them intriguing materials for a range of uses, especially in the biomedical and food
packaging industries. When bacteria come into touch with the distributed nanopatrticles
inside the polymer matrix of the composite films, they release ions or produce reactive
oxygen species, which causes oxidative stress, damage to the bacterial cell
membrane, and eventually bacterial death. The protocol was obtained from the
research works and modified to accommodate the films (Welch et al., n.d.).

P. aeruginosa and S. aureus broth cultures in the ratio of culture: broth = 1:100
was introduced to freshly prepared medium, rinsed with phosphate-buffered saline,
and incubated for a full day at 37 °C in an orbital shaker. Figure 4.9 depicts the
configuration of the films arranged in a 24-well plate. The first two rows from the top
were meant for the assay using P. aeruginosa and the next two rows were used to
recognize the activity against S. aureus. The wells were filled with plain media, the
square films along with media to understand their dispersion and the other wells
hosted the bacterial cultures and the films respectively. The film was cut into squares
with sides of 1 cm and placed firmly at the bottom of the 24-well plate in a sterile
manner. The films were placed in the assigned wells and 2 mL of the bacterial cultures
were added. The plate was sealed in a sterile manner using parafilm and was covered

on all the four sides to prevent contamination.

Fig 4.2: Films placed inside the 24-well plate for biofilm inhibition assay
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After incubating for 24 hours, the films and the bacterial culture was discarded.
Phosphate buffer saline was used to rinse the left-over film and media components.
The biofilm was fixed to the surface using 70% ethanol for 20 minutes, to conserve it
from disintegrated from further processes. The ethanol was removed and 200 pl of
crystal violet was added to the wells and incubated for 20 minutes for staining the
biofilm forming bacteria. Crystal violet is a cationic dye that has the ability to attach
itself to the bacteria and extracellular polymeric substances (EPS) in the biofilm matrix,
staining the entire biofilm and enabling measurement and visualisation. The crystal
violet was removed and the wells were washed with phosphate buffer saline for three
times. 30% acetic acid was prepared and added to the wells and incubated for 10
minutes for dissolving the crystal violet from the adhering biofilm, for quantifying
purposes. 200 pl of the incubated acetic acid was recovered from each well, and
transferred to a sterile 96-well plate for measuring the absorbance at 570 nm.

Using a Synergy H1 Biotek, USA microplate reader, the adhering cells' optical

density was measured. and the antimicrobial activity was assessed.

4.12 BIOCOMPATIBILITY ANALYSIS

The product film contains selenium nanoparticles, a slightly toxic metal to the
human body if consumed beyond the recommended limits. A research study
conducted on P. caudatum revealed that up to 800 mg/L of selenium nanoparticles
are non-toxic to the organism(Badgar et al., 2021). For correlating this, the amount of
nanoparticle that can be potentially infused into the food product has to be calculated.
The surface area that is potentially required to cover a food material, in our case study,
baby corn (Zea mays. L) was calculated and this amount has to be compared with the
safety regulation limit. The films were prepared by drying up droplets of 0.5 mL, 0.25
mL and 0.125 mL of the film casting solution onto glass plates and were dried and
recovered. The weight of these films was measured, to infer with the amount of
possible nanoparticle infusion into the food product.

The amount of biomagnification should also be taken into account, as the

consumption rate can increase the deposition of the metal inside the body.
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5. RESULTS AND DISCUSSION

5.1 SELENIUM NANOPARTICLE CHARACTERIZATION
5.1.1 UV-VISIBLE SPECTROSCOPY

UV-Vis Spectroscopy (also known as Spectrophotometry) is a quantitative
method for calculating how much light an individual molecule absorbs. This is
accomplished by comparing the amount of light that passes through a sample to the
amount of light that goes through a reference sample or a blank. It is a common
practise to measure selenium nanoparticles (SeNP) using its UV absorption, which
commonly occurs at 200 - 300 nm (Jayavardhini et al., 2022). The absorption peak
was observed at 250 nm. The absorbance maxima of Se nanoparticles fabricated with
reducing agents, including carboxylic groups are predicted to be in the 200-300 nm

range and this confirms the presence of selenium nanoparticles.
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Fig 5.1: UV-visible spectroscopy of Selenium Nanopatrticle

5.1.2 PARTICLE SIZE ZETA POTENTIAL

The phrase particle size analysis refers to a variety of technical approaches
used in laboratories to estimate the size distribution and/or average or mean size of
the particles in a powder or liquid sample. The particle size analysis results are shown
in Figure 5.2. The average size of the particle is found to be around 164 nm. The

selenium nanoparticles are reduced during the synthesis process, which can introduce
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several functional groups such as carboxyl, hydroxyl and epoxy groups, which could

have possibly resulted in the particle size band of 150 — 200 nm.
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Fig 5.2: Particle size and zeta potential of selenium nanoparticles

The stability of nanoparticles in suspension depends on the zeta potential,
which also plays a significant role in the initial adsorption of nanoparticles onto the cell
membrane. The mobility is counted positive if the particles move toward lower potential
and negative in the opposite case.(Rasmussen et al., 2020). Zeta potential of selenium
nanoparticles is found to be 59.6 mV, as shown in Figure 5.2. The zeta potential of
nanoliposomes directly relates to their stability; a value of +30 mV or less than -30
mV is regarded as appropriate for the vesicle's stability. The more the nanoliposomes
oppose and resist the formation of aggregates, the higher the absolute value of zeta

potential.

5.2 FILM FABRICATION

The film was prepared by casting the gel-casting solution onto clear glass
plates. They were completely dried, and were peeled from the glass surface without
any breaks or tears. The elasticity and the similarity of the film to the plastic wraps that
are being used in the market, were clearly visible while peeling the film from the glass
plate (Bierhalz et al., 2012). The films were synthesized by modifying the protocol from
the publication and the extraction process yielded supportive and similar results. The
films were peeled and stuck onto sterile and stern low density polyethylene support
and were stored in an airtight chamber or in a desiccator to protect it from

environmental fungi.
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Fig 5.3: Pectogel Nanobiowrap

5.3 FTIR ANALYSIS
5.3.1 FTIR OF COMMERCIAL FILM

FTIR is used in the characterization of unknown materials. The FTIR peaks
were compared with the peaks of the stored polymers in the library. It was found that
the FTIR had a close relation with the Polyethylene peaks obtained in the research
work (D’amelia et al., 2016). The film’s FTIR reading also had a close relation with the
polyethylene readings stored in the Agilent polymer handheld ATR library as seen in
Figure 5.4. The peaks at 2850 cm™ and 2910 cm™" are the indicators of polyethylene,

and these peaks were obtained in close relation with the library pre-stored modules.
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Fig 5.4: FTIR results of Commercial film
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5.3.2 FTIR OF PECTOGEL BIOWRAP

The peaks at 3278.2 cm™' signifies O-H stretching signifies the presence of
polyvinyl alcohol, and the 2953 to 2883 cm™' depicts the presence of polyvinyl alcohol’s
C-H stretching vibration of the alkyl groups (Sun et al., 2022). The peaks at 1638.2
cm-! represent the C=0 stretching carbonyl bonds giving the presence of pectin and
the peak at 1545.9 cm- depicts the C=0 stretching, denoting the presence of gelatin
(Zhang et al., 2013). The peak at 1239.3 cm™! signifies the aliphatic C-C stretching of
the bonds. The peak at 1019.4 cm™' gives states the presence of N-H amide (I)
stretching denoting the presence of cross-linking bonds formed by the starch polymer
(Zhang et al., 2013), and the final peak at 851.7 cm' denotes N-H bending. The peaks
at 2931 cm™' — 2935 cm-! depict the C-H stretching vibrations of the methylene groups
of pectin (Asfaw et al., 2023).
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Fig 5.5: FTIR results of Pectogel biowrap

5.3.3 FTIR OF PECTOGEL NANOBIOWRAP

The peaks at 3278.2 cm™! signifies O-H stretching signifies the presence of
polyvinyl alcohol, and the 2953 to 2883 cm' depicts the presence of polyvinyl alcohol’'s
C-H stretching vibration of the alkyl groups (Sun et al., 2022). The peaks at 1638.2
cm' represent the C=0 stretching carbonyl bonds giving the presence of pectin and
the peak at 1545.9 cm™' depicts the C=0 stretching, denoting the presence of gelatin
(Zhang et al., 2013). The peak at 1239.3 cm™' signifies the aliphatic C-C stretching of

the bonds. The peak at 1019.4 cm™' gives states the presence of N-H amide (I)
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stretching denoting the presence of cross-linking bonds formed by the starch polymer
(Zhang et al., 2013), and the final peak at 851.7 cm™' denotes N-H bending. The peaks
at 2931 cm™' — 2935 cm-! depict the C-H stretching vibrations of the methylene groups
of pectin (Asfaw et al., 2023). The peak at 672.8 cm™' denotes the vibrations of the
metal selenium nanoparticles, signifying the presence of selenium nanoparticles in an

active nature inside the film.
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Fig 5.6: FTIR results of Pectogel nanobiowrap

5.4 PHYSICAL PROPERTIES ANALYSIS

The physical property tests for the synthesized samples were carried out, and
the results were promising.
5.4.1 MOISTURE CONTENT EVALUATION ASSAY

On a comparison study of the PG film and the PGN film, the PGN film had a
lower moisture content, which is ideal as a higher moisture content would invite a
range of microorganisms, leading to contamination of the food material. The PG film
displayed a moisture content percentage of 251.235%, which might serve as a
breeding ground for microorganisms. The PGN film had a comparatively lower
moisture content percentage of 204.955%, which signifies its unsaturated nature, and
its ability to shield itself and the food material to be packaged inside from potent
microorganisms. A lower moisture content also signifies that the film can
accommodate more water vapours in its complex until it gets saturated, and this helps
in the prevention of water vapour exchange between the environment and the product

microsystem.
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Fig 5.7: Moisture content percentage of the films

5.4.2 SWELLING PROPERTY EVALUATION ASSAY

The swelling ratio of the PGN film increases as it has higher water holding
property compared to the PG film. Both the films displayed a good swelling rate until
30 minutes, as the PG film displayed a mean value percentage of 395% increase in
its mass and the PGN film displayed a whopping 412.35% increase in mass. The
values started to decrease after 30 minutes, as the film began to solubilize in the water,
signalling its breakdown and disintegration. PGN film could absorb water at a better
rate when compared to the PG film, serving ideal for food preservation. This shows
that the film can act as a barrier between the food material and the environment. The

film also has the ability to preserve the microenvironment inside the food material.
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Fig 5.8: Swelling percentage of the films
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5.4.3 WATER SOLUBILITY ASSAY

The solubility of edible film in water is an essential asset, and water resistance
is typically mandatory for commercial applications of food packaging. After 15 minutes
of being submerged in distilled water, the PG loses its shape. While the selenium
nanopatrticles incorporated PGN film, they were found to retain their integrity. The PG
film had a solubility percentage of 104.92%, indicating its weak stability. The PGN film
displayed a greater resistance to getting solubilised with water and had a
comparatively lower solubility percentage of 83.33%. The addition of selenium

nanoparticles to film caused a pronounced decrease in film solubility.
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Fig 5.9: Water solubility percentage of the films

5.4.4 OPACITY ANALYSIS

The opacity results were promising enough to prove the barrier properties of
the film. The nanoparticle incorporated film was opaquer compared to the control film,
and this infers that the Pectogel Nanobiowrap can protect the food material from
external radiations in a better and efficient manner, including sun light etc. which can
damage the natural characteristics of the food material that is packed inside. While the
Pectogel biowrap film could only offer 2.227 A/um opacity, the Pectogel nanobiowrap
offered 5.052 A/um opacity. This displays the increased opacity of the film after the

addition of the selenium nanoparticles.
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5.4.5 TENSILE STRENGTH AND ELONGATION AT BREAK

PG film had an elongation at break at 12.564 mm and a tensile strength of 0.013
N/mm?, whereas the PGN film had an elongation at break of 21.004 mm and a tensile
strength of 0.233 N/mm2. The tensile strength of PGN film improved significantly due
to the selenium nanoparticle addition. The PG film had several breaking points as the
load was increased, as the transition periods in the graph clearly give away the break
or tear points. On the other hand, the PGN film had a suitable and efficient load
management physical structure, as no break or tear was obtained until the load value
reached 1.4 N. The commercial film also exhibited high load bearing capacities, due
to the linear alignment of composed of long chains of ethylene monomer units (-CH2-
CH2-). The chemistry behind stretching polyethylene bags lies in the arrangement of
these polymer chains and the intermolecular forces within them. The bonds also result
in the permanent deformation of the plastic film, while our product film had the ability

to retract and heal if it is stretched and released until a certain point.
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Fig 5.12: Tensile strength analysis of film PG
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Fig 5.13: Tensile strength analysis of film PGN

5.5 CONTACT ANGLE MEASUREMENT AND SURFACE ENERGY ANALYSIS

Any value between 70° and 90° is considered to be hydrophobic, and a value
below is considered to be hydrophilic (Latthe et al., 2014). It was found that the
commercial film had a water contact angle of 86.56° the PGN film had a contact angle
of 74.98°, and the PG film had a contact angle of 48.29°. The water repelling rate of
the PGN film was commanding enough to prove its hydrophobic nature, and this
proves its ability to repel moisture from the surface of the food material and increase
the shelf life of the packed food material.

The surface energy of the commercial film was 31.37 J/m?, the PGN film was
38.62 J/m?, and the PG film was 54.75 J/m?. The lower surface energy of the PGN film
competing in line with the commercial film is a standing point to prove the hydrophobic
capacity of the film. The film interacts with the water molecules at a lower rate, which

proves its barrier nature against the environmental moisture content.
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Fig 5.14: Droplet of water placed on commercial film
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Fig 5.15: Droplet of water placed on PGN film
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Fig 5.16: Droplet of water placed on PG film

35



100

80—

Average Contact Angle (%)

)

=3 Commercial Film

= PG
=1 PGN

60 -1
40
20

Films

surface Energy ( J/m?)

60

40+

204

|

=1 Commercial Film
= PG
=1 PGN

Films

Fig 5.17: Average contact angle and the surface energy values of the films

5.6 DPPH RADICAL SCAVENGING ASSAY

The results obtained were promising enough to prove the preserving the nature
of the film. The PGN film had a higher free radical scavenging rate, which proves that
it could consume the free radicals that emerge from the packaged food material, and
increase its shelf life. The PGN film had a scavenging activity percentage of 94.69%
and the PG film had a scavenging activity percentage of 69.56%. The higher
scavenging activity of the film assures its ability to preserve the food for a longer life

span, a property that is lacked by the plastic films that are currently being used in the

market.
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Fig 5.18: DPPH radical scavenging assay of the films

5.7 BIODEGRADABILITY ASSESSMENT ASSAY

5.7.1 DRY SOIL

The tests were performed in dry soil, and the results were promising enough to

prove the biodegradable nature of the films.
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5.7.1.1 DRY RED SOIL

The film on the first day buried in red dry soils exhibited no change except a
little discoloration after 24 hours in the soil. On the second day, after being buried for
48 hours, The film shrunk but has its characteristics. On the 215t day, parts of the film
were visually disintegrating and had broken down into pieces. Even in the harsh red
soil dry conditions, biodegradable films demonstrate a capacity for eventual

degradation.

DAY 11

Fig 5.19: Degradation assay of PG film in dry red soil
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Fig 5.20: Degradation assay of PGN film in dry red soil

5.7.1.2 DRY BEACH SOIL

The test was conducted to analyse the degradation of biodegradable films over
a period of 21 days in dry beach soil conditions. On day 1, there was no significant
change in its structure. The prolonged exposure to dry beach soil led to the film
becoming brittle. The low humidity in the soil environment caused the film to undergo
structural changes, resulting in a loss of elasticity and an increase in fragility. This
brittleness was evident through the formation of cracks and fissures on the surface of
the film.
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DAY 12

Fig 5.22: Degradation assay of PGN film in dry beach soil
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5.7.2 WET SOIL
The film was completely degraded and consumed by the scavenging fungi at
the end of the assay, as the moisture content made the environment completely

habitable for many microorganisms.

5.7.2.1 WET RED SOIL

The film is buried in the wet red soil, water is sprayed on it every day to maintain
moisture content. The film on the first day buried in wet soil swelling of films were
observed. On the second day swelling of the film was observed. On the 10th day 50%
of the films were disintegrated. On day 12, only traces of the film were observed where
a few chunky pieces, extremely sticky and almost semi-solid, were observed. On the
twentieth and twenty-first day the film getting degraded was visible clearly as the
pieces went missing and started completely disintegrating to nothing. By the end of
the 3" week, the film was completely gone with no traces, and it was almost like there
was no film there. It was observed that the film produced had impeccable degradation

properties.

Fig 5.23: Degradation assay of PG film in wet red soil
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Fig 5.24: Degradation assay of PGN film in wet red soil

5.7.2.2 WET BEACH SOIL

The biodegradable films exhibited a remarkable degree of degradation, with
complete degradation occurring by the conclusion of the 21-day period. The wet beach
soil environment, rich in moisture and microbial activity, provided optimal conditions
for biodegradation to occur. The film lost its structure after 5" day and starts to
denature. In moist condition the soil sticks along with the film and reduced the

degradation time of the film.
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Fig 5.26: Degradation assay of PGN film in wet beach soil

5.7.3 SEA WATER

The below results show PG and PGN films are disintegrating from the 8th day
and completely degraded after the 20th day. This proves that PG and PGN are
degradable in sea water. After immersing biodegradable films in seawater for 21 days,
significant degradation was observed. The combination of saltwater's corrosive
properties and microbial activity led to visible deterioration of the films. Additionally,
prolonged exposure to seawater results in changes in the chemical composition of
biodegradable films, as the salt content and other dissolved ions interact with the
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polymer matrix. This interaction led to alterations in the mechanical properties, such
as tensile strength and elasticity, of the film. Furthermore, the presence of sunlight and
waves in the marine environment can exacerbate the degradation process through

photochemical and mechanical degradation mechanisms, respectively.

17 DAYS 21 DAYS

8 DAYS

Fig 5.27: Degradation assay of PG film in idle sea water

4 DAYS

8 DAYS 17 DAYS 21 DAYS

Fig 5.28: Degradation assay of PGN film in idle sea water
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24 HRS

8 DAYS 14 DAYS 23 DAYS

Fig 5.29: Degradation assay of PG film in agitated sea water

s —

8 DAYS 14 DAYS 23 DAYS

Fig 5.30: Degradation assay of PGN film in agitated sea water

5.7.4 REVERSE OSMOSIS TREATED WATER

The results show PG and PGN films are disintegrating from the 4th 9% and

completely degrading after the 9th day. This proves that PG and PGN are degradable

in RO water, which contains fewer microbes compared to salt water. The study

progressed day by day, the degradation of the biodegradable films in RO water

became increasingly apparent. Daily observations revealed a gradual decline in the
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structural integrity of the films, accompanied by noticeable
texture and appearance.

changes in their surface
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Fig 5.31: Degradation assay of PG film in idle Reverse Osmosis treated water
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Fig 5.32: Degradation assay of PGN film in idle reverse osmosis treated water
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8 DAYS 9 DAYS 13 DAYS

Fig 5.33: Degradation assay of PG film in agitated reverse osmosis treated

water

24 HRS

8 DAYS 9 DAYS 13 DAYS

Fig 5.34: Degradation assay of PGN film in agitated reverse osmosis treated

water

5.8 COMPATIBILITY TESTING

The results obtained were documented and segregated as data sets for every
alternative day (Long et al., 2022). The corn lost a good amount of moisture, as it was
left in the open environment. The commercial film composed of plastic had a very good
moisture retention capacity, as it acted as a strong barrier between the corn
microenvironment and the external environment. The Pectogel nanobiowrap had a
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better moisture conservation rate compared to the Pectogel biowrap and the
uncovered ones. This was due to its high moisture conservation property, and
increased integrity. As the experiment progressed, the uncovered corn lost moisture
at a vigorous rate. At the end of day 1, the uncovered one had a weight loss
percentage of 17.52%, the Pectogel biowrap covered corn had a weight loss
percentage of 17.80%, the Pectogel nanobiowrap covered corn had a weight loss of
14.84% and the commercial film covered corn had a weight loss percentage of 0.53%.
At the end of day 3, the uncovered one had a weight loss percentage of 39.52%, the
Pectogel biowrap covered corn had a weight loss percentage of 36.26%, the Pectogel
nanobiowrap covered corn had a weight loss of 31.84% and the commercial film
covered corn had a weight loss percentage of 1.28%. The Pectogel biowrap now offers
better protection compared to the uncovered one, as the harsh humidity conditions
have now rendered the natural preservation processes of the corn ineffective. The
Pectogel nanobiowrap stands tall with its preservation capacity, as it maintains a good
barrier property against the environment. At the end of day 5, the uncovered one had
a weight loss percentage of 60.16%, the Pectogel biowrap covered corn had a weight
loss percentage of 61.48%, the Pectogel nanobiowrap covered corn had a weight loss
of 53.69% and the commercial flm covered corn had a weight loss percentage of
1.43%. The Pectogel nanobiowrap still maintained a good conservation rate as the
corn was now becoming a breeding ground for several environmental microorganisms.
At the end of day 7, the uncovered one had a weight loss percentage of 75.20%, the
Pectogel biowrap covered corn had a weight loss percentage of 75.30%, the Pectogel
nanobiowrap covered corn had a weight loss of 66.80% and the commercial film
covered corn had a weight loss percentage of 2.20%. Even though the Pectogel
nanobiowrap couldn’t compete with the commercial film in the preservation grounds,

it stands as a decent barrier against the open environment.
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Fig 5.35: Weight loss percentage of corn: (a) Day 1 - weight loss percentage of
corn, (b) Day 3 - weight loss percentage of corn, (c) Day 5 - weight loss

percentage of corn and (d) Day 7 - weight loss percentage of corn

The commercial film has an excellent conservation capacity, but it has another
leading disadvantage too. Since the plastic incorporated film couldn’t exchange air
between the corn and the environment, the respiratory gas of corn (carbon dioxide)
got trapped inside the microenvironment. This led to the formation of blisters in the
corn due to the trapped heat and gases, and made it unfit for consumption. This also
denatured the natural properties of the corn, and might have also led to plastic infusion
into the food samples. The uncovered corn sample suffered severe fungal attacks,
and the infection was visible to the naked eye. The corn covered with the Pectogel
biowrap was devoid of any heat exchange problems, but had black fungal spots which
had infected the corn as the film could not survive against the fungi due to the lack of
antimicrobial properties. The Pectogel nanobiowrap had the best results of not
producing blisters on the corn’s surface, thus ensuring fair air permeability and was
devoid of any fungal contaminations or bacterial infusions. The Pectogel nanobiowrap
acted as an excellent mechanical and anti-microbial barrier against the potent

environmental threats to perishable foods.
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Fig 5.36: First and final day of uncovered corn

Fig 5.37: First and final day of corn wrapped with commercial film
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Fig 5.38: First and final day of corn wrapped with Pectogel biowrap

Fig 5.39: First and final day of corn wrapped with Pectogel nanobiowrap

5.9 ANTIBACTERIAL ACTIVITY
The film incorporated with the selenium nanoparticles had a higher capacity to
prevent the bacteria from forming the biofilm. The PG film also had a considerably

good antibacterial activity, probably due to the presence of active antimicrobial

50



compounds in the biopolymers. Gelatin, which is a byproduct of collagen, has
antimicrobial peptides and amino acids like proline and glycine that have been
demonstrated to stop the growth of fungus and bacteria. Plant cell walls are rich in
pectin, a complex polysaccharide that has antibacterial properties like galacturonic
acid, which has inhibitory effects on a variety of bacteria and fungus. Antimicrobial
substances found in starch, a polymer of carbohydrates, include a-amylase inhibitors
that hinder the enzymatic activity of bacteria, and amylose-lipid complexes that
possess antimicrobial effects against specific pathogens. To this arsenal of
antimicrobial compounds, the nanoparticles act as an added advantage to tackle the
food-spoiling microorganisms and helps us to extend the shelf life for longer periods.
The plastic films available on the market cannot display this property, as they provide
a suitable and habitable environment for the contaminating microorganisms, leading
to easy spoilage and unhealthy packaging. The results obtained were documented
(Ma et al., 2020).

Gram negative bacteria: While the control media with the inoculated cultures of P.
aeruginosa had an optical density value of 1.04, the PG film had a reduced value of
0.4 acting against the bacterial culture. The PGN film had the lowest optical density of
0.28 proving its antibacterial nature against the bacterium, exposing its combinatorial
potential of antimicrobial compounds in the plant polymers and the active
nanoparticles. The PGN film displayed its efficiency by bringing down the optical
density of the film incubated bacterial culture by 73.04%.

Gram positive bacteria: Yet again, the film with the SeNP had greater antibacterial
efficacy compared to its non-reinforced counterpart. The results are clearly evident
from Figure 5.40, and this serves as standing evidence for the active preservation
properties of the film and its ability to counter the dominant microbial species that can
infuse food and cause diseases and infections in the human body. While the control
media with the inoculated cultures of S. aureus had an optical density value of 1.15,
the PG film had a reduced value of 0.42 acting against the bacterial culture. The PGN
film proved its enhanced antimicrobial property by having the lowest optical density of
0.22, bringing about a drop of 80.87% in the optical density in the film incubated

bacterial culture.
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Figure 5.40: Antibacterial activity against P. aeruginosa & S. aureus

5.10 BIOCOMPATIBILITY ANALYSIS

The product film is incorporated with selenium nanoparticles, which can be toxic
to humans on a greater scale (Badgar et al., 2021). The weight of the film prepared
with the volumes of 0.5 mL, 0.25 mL and 0.125 mL was measured and the values are
18 mg, 9 mg and 4.5 mg respectively. The amount of film casting solution used to
cover the subject — baby corn (Zea mays. L) was 25 mL. On cross calculations, the
film casted with the help of 25 mL of film casting solution weighed 0.9 grams. By
concluding with the calculations, if 1 Kg or 1000 grams of the solution holds 2000 mg
of selenium nanoparticles. So, the film used to wrap the corn possesses 1.8 mg of
selenium nanoparticles. If we assume that the entire amount of 1.8 mg of selenium
nanoparticle infuses inside the baby corn, it falls well under the toxicity limits. The
concept of biomagnification may also be nullified, as selenium is a micronutrient
utilised by the human body. Among the proteinogenic amino acids, selenium (often
referred to as the 21st amino acid) is distinct. It is the only amino acid that is
synthesised on its tRNA across all domains of life, the only amino acid encoded by a
UGA codon, and the only amino acid that contains the crucial dietary element selenium
as a constitutive component. The 1.8 mg of selenium has a good chance of getting
metabolized in the body, and get converted into selenocysteine and end up in a non-
toxic cycle (Schmidt & Simonovic¢, 2012).
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6. SUMMARY AND CONCLUSION

The synthesised film was subjected to characterization studies, and the results
were promising enough to reveal stable molecular binding, and the active nature of
the selenium nanoparticles was also evident. The successful incorporation of the
selenium nanoparticles was proven by the morphological colour change and
absorbance spectroscopy. The physical characterization tests and the durability tests
against moisture and water have also yielded positive results, proving the film’s nature
against moisture and thereby producing a standing statement for its shelf-life-
increasing capacity. The water contact angle and the surface energy analysis were
also in favour of the product, as it repelled water from its surface naturally, proving its
hydrophilic nature. The results of the tensile strength analysis using the UTM stated
that the film was durable against shear stress and had a greater capacity to withstand
strain before tearing. The free radical scavenging assay was a testament to the film’s
capacity to increase the life-span of the food material packed inside as it consumed
the food-spoiling free radicals at a fabulous rate. The results of the swelling assay also
proved the water retention capacity of the film, as the film excelled by holding a good
amount of water, thereby acting as a barrier between the moist environment and the
food material packed inside. The degradation assays were carried out in an open
environment to mimic the natural ecosystem, and the film was completely consumed
by the wild microorganisms, stage by stage. This is an added advantage to the
product, as it proves that it doesn’t require any special processes to degrade, unlike
its market competitors. The final stage and the purpose of the product were fulfilled
when it was put into real-time product testing using baby corn (Zea mays. L). The film
conserved the corn from losing its integrity and also protected it from the potent
microorganisms prominent in the environment. The statistical data suggests the safety
boundaries of the selenium nanoparticles and justifies their addition to enhance the
fortified properties of the product. These results imply that the proposed novel
biodegradable film has the capacity and potential to replace and overrule the plastic
wraps present in the market to pack and preserve food on a healthier and more eco-
friendly note. Furthermore, in vivo studies and product testing on a pilot scale are
required for full-time market implementation of the product. The focus of the project
falls under program outcome 7 (PO7), as it understands the impact of

engineering/technological solutions in the society. The Pectogel Nanobiowrap stands
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as a proof for the need of sustainable solutions to revive the environment to its pure
state. The program specific outcome 1 (PSO1) also correlates with the project’s goal
of conceptualizing and implementing the solution of sustainable wraps to solve the
problem of plastic solution. The project focus was formulated keeping in mind the
sustainable development goals SDG 11 (sustainable cities and communities), SDG 12
(responsible consumption and production), SDG 13 (climate action), SDG 14 (life
below water) and SDG 15 (life on land). The Pectogel nanobiowrap aims to fulfil these

goals scripted by the Unites Nations to conserve nature.
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Fabrication of nano selenium incoporated blodegradable food packaging film

Abstract Book: The 11% International Conference on the Integration of Science and
Technology for Sustainable Development 2024 organized by Sathyabama Institute of Science
and Technology, Tamil Nadu, India during 1-3, February 2024 (ISBN: 978-93-83409-84-6)
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Ramesh Kumar V*
sDepartment of Biotechnology, Sathyabama Institute of Science and Technology, Chennai
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Plastics are considered to be the greatest invention of mankind. However, the chemical
structure of most of the synthetic polymers renders them resistant to many natural processes of
degradation and as a result these polymers have destroyed the environment by contaminating
land, water and the ecosystem around us. Polymers used for food packaging contributes to nearly
35 % of the total plastic accumulation in the environment. In this study, we investigated the
fabrication of a novel biodegradable nano biowrap from plant based polymers for food packaging
applications. The pectin biowrap is enriched with selenium nanoparticles, which improves the
structural integrity and the antimicrobial properties of the wrap. The biowrap had increased
opacity, swelling percentage with a comparatively lower moisture content. The biowrap was also
subjected to real time testing with com and grapes, in a week's time for weight loss percentage
and study the morphological changes. The degradation assays were carried out in soil and water
and visual data sets were promising enough to prove the biodegradable nature of the film. The
DPPH radical scavenging activity assay proved that the film had 94.6 % of scavenging activity
which is high enough to counter the free radicals that cause oxidation to spoil the food during the
packaging process. Thus, these biowraps have the capacity to replace the conventional plastic
wraps in the industry and help to preserve the foods in a sustainable and efficient manner,

Keywords: Pollution, Biopolymers, Food Packaging, Pectin, Antimicrobial.
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