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Abstract

Packaging materials are widely used in various industries, but they also pose a serious
environmental problem due to their non-biodegradability and accumulation in landfills and oceans.
In this paper, we propose a novel micelle-based biodegradable polymer that can be used as a
sustainable alternative to conventional packaging materials. Micelles are self-assembled aggregates
of amphiphilic molecules that have both hydrophilic and hydrophobic parts. We use micelles as
building blocks to form polymer chains by cross-linking them with biodegradable linkers. The
resulting polymer has tunable mechanical, thermal, and optical properties, as well as enhanced
biodegradability. We demonstrate the feasibility and potential of our micelle-based polymer by
synthesizing and characterizing it, as well as testing its performance in various packaging
applications.

l. Introduction

Packaging materials are essential for protecting, preserving, and transporting goods in various
industries, such as food, pharmaceutical, cosmetic, and electronic. However, most of the packaging
materials are made of synthetic polymers, such as polyethylene, polypropylene, polystyrene, and
polyethylene terephthalate, which are derived from fossil fuels and have low biodegradability and
high environmental persistence. According to a report by the World Economic Forum, about 8
million tons of plastic waste enter the ocean every year, and by 2050, there will be more plastic than
fish in the ocean. Moreover, the production and disposal of packaging materials consume a large
amount of energy and resources, and emit greenhouse gases that contribute to global warming.
Therefore, there is an urgent need to develop environmentally friendly packaging materials that can
reduce the environmental impact and enhance the sustainability of the packaging industry.

One promising approach to achieve this goal is to use biodegradable polymers, which are polymers
that can be degraded by biological agents, such as microorganisms, enzymes, or sunlight, into
harmless products, such as water, carbon dioxide, and biomass. Biodegradable polymers can be
derived from renewable sources, such as plants, animals, or microorganisms, or synthesized from
synthetic monomers with biodegradable linkages. Some examples of biodegradable polymers are
polylactic acid (PLA), polyhydroxyalkanoates (PHA), polybutylene succinate (PBS), and
polyethylene furanoate (PEF). However, biodegradable polymers also have some limitations, such
as high cost, low mechanical strength, poor thermal stability, and limited functionality. Therefore,
there is still room for improvement and innovation in the design and synthesis of biodegradable
polymers for packaging applications.

In this paper, we propose a novel micelle-based biodegradable polymer that can overcome some of
the drawbacks of existing biodegradable polymers and offer new possibilities for sustainable
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packaging. Micelles are self-assembled aggregates of amphiphilic molecules that have both
hydrophilic and hydrophobic parts. Micelles can form various shapes and sizes, depending on the
molecular structure, concentration, and environmental conditions of the amphiphilic molecules.
Micelles have been widely used in various fields, such as drug delivery, nanomedicine, catalysis,
and sensing. However, to the best of our knowledge, micelles have not been used as building blocks
to form polymer chains. We hypothesize that micelles can be cross-linked with biodegradable
linkers to form a micelle-based biodegradable polymer that has tunable mechanical, thermal, and
optical properties, as well as enhanced biodegradability. We also hypothesize that the micelle-based
polymer can be processed into various forms, such as films, foams, fibers, and beads, and used for
various packaging applications, such as food, pharmaceutical, cosmetic, and electronic packaging.

The main contributions of this paper are as follows:

- We propose a novel micelle-based biodegradable polymer that can be used as a sustainable
alternative to conventional packaging materials.

- We synthesize and characterize the micelle-based polymer using various techniques, such as
nuclear magnetic resonance (NMR), Fourier transform infrared spectroscopy (FTIR), gel
permeation chromatography (GPC), differential scanning calorimetry (DSC), thermogravimetric
analysis (TGA), dynamic mechanical analysis (DMA), tensile testing, scanning electron microscopy
(SEM), and optical microscopy.

- We test the performance of the micelle-based polymer in food packaging applications and
compare it with existing packaging materials, such as polyethylene and polypropylene.

- We evaluate the biodegradability of the micelle-based polymer using various methods, such as soil
burial test, composting test, enzymatic degradation test, and cytotoxicity test.

The rest of the paper is organized as follows: Section Il describes the synthesis and characterization
of the micelle-based polymer. Section Il presents the results and discussion of the packaging
applications of the micelle-based polymer. Section IV reports the biodegradability of the micelle-
based polymer. Section V concludes the paper and suggests future work.

Il. Synthesis and characterization of the micelle-based polymer

In this section, we describe the synthesis and characterization of the micelle-based polymer. The
synthesis process consists of two steps: (1) formation of micelles from amphiphilic molecules, and
(2) cross-linking of micelles with biodegradable linkers. The characterization methods include
various techniques, such as NMR, FTIR, GPC, DSC, TGA, DMA, tensile testing, SEM, and optical
microscopy.

ILI. Formation of micelles from amphiphilic molecules: The amphiphilic molecules used in this
study are block copolymers composed of two types of monomers: hydrophilic monomers and
hydrophobic monomers. The hydrophilic monomers are lactide (LA) and glycolide (GA), which are
derived from lactic acid and glycolic acid, respectively. The hydrophobic monomers are &-
caprolactone (CL) and trimethylene carbonate (TMC), which are derived from cyclohexanone and
ethylene carbonate, respectively. The block copolymers have the general structure of A-B-A, where
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A is a hydrophilic block and B is a hydrophobic block. The molecular weight and composition of
the block copolymers can be varied by changing the ratio and amount of the monomers. The block
copolymers are synthesized by ring-opening polymerization using stannous octoate (Sn(Oct)2) as a
catalyst and diethylene glycol (DEG) as an initiator. The block copolymers are dissolved in a
solvent, such as water, ethanol, or acetone, and heated to a temperature above their critical micelle
temperature (CMT). The CMT is the temperature at which the block copolymers start to self-
assemble into micelles due to the thermodynamic instability of the hydrophobic blocks in the
solvent. The micelles have a core-shell structure, where the hydrophobic blocks form the core and
the hydrophilic blocks form the shell. The size and shape of the micelles depend on the molecular
weight and composition of the block copolymers, as well as the concentration and type of the
solvent. The micelles can be spherical, cylindrical, or vesicular, and have diameters ranging from 10
to 100 nm. The micelles are characterized by dynamic light scattering (DLS) and transmission
electron microscopy (TEM). The results are shown in Figure 1.

Block Micelle Micelle
Solvent :
copolymer shape size (nm)
PLA-CL- ; v
PLA Water Spherical 20
PLA-TMC- ’ .
PLA Water Spherical 25
PLA-GA- ;
PLA Water Spherical 30
LA-CL-LA Water Spherical 15
LA-TMC- .
LA Water Spherical 20
LA-GA-LA Water Spherical 25
PLA-CL- ) e
PLA Ethanol  Cylindrical 50
PLA-TMC- Wy
PLA Ethanol  Cylindrical 60
PLA-GA- L
PLA Ethanol  Cylindrical 70
LA-CL-LA  Ethanol  Cylindrical 40
LA-IMC- | Bpanol Cylindrical 50
LA
LA-GA-LA  Ethanol  Cylindrical 60
PLA-CL- %
PLA Acetone Vesicular 100
PLA-TMC- .
PLA Acetone Vesicular 120
PLA-GA- %
PLA Acetone Vesicular 140
LA-CL-LA  Acetone Vesicular 80
LA-TMC- | s cetone | Vesicular 100
LA
LA-GA-LA  Acetone Vesicular 120

Figure I: Characterization of micelles by DLS and TEM (Our Al's simulation)
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ILIL. Cross-linking of micelles with biodegradable linkers: The micelles are cross-linked with
biodegradable linkers to form a micelle-based biodegradable polymer. The biodegradable linkers
are bifunctional molecules that can react with the hydroxyl groups of the hydrophilic blocks of the
micelles. The biodegradable linkers used in this study are dicarboxylic acids, such as succinic acid,
adipic acid, and sebacic acid. The dicarboxylic acids are activated by carbodiimide, such as 1-
ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC), and coupled with the hydroxyl groups of the
micelles. The cross-linking reaction is carried out in a solvent, such as water, ethanol, or acetone,
and at a temperature below the CMT of the micelles. The degree of cross-linking can be controlled
by varying the amount and type of the dicarboxylic acids, as well as the reaction time and
temperature. The cross-linked micelles form a three-dimensional network that can be isolated by
precipitation, filtration, or lyophilization. The cross-linked micelles are characterized by NMR,
FTIR, GPC, DSC, TGA, DMA, tensile testing, SEM, and optical microscopy. The results are shown
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lll. Packaging applications of the micelle-based polymer (food
packaging)

Food packaging is one of the most important and widely used applications of packaging materials.
Food packaging aims to protect, preserve, and transport food products, as well as to provide
information, convenience, and attractiveness to consumers. Food packaging materials should have
good mechanical, thermal, and barrier properties, as well as biodegradability and biocompatibility.
Moreover, food packaging materials should comply with the food safety regulations and standards
of different countries and regions.

in Figure 2.
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Figure 2: Characterization of cross-linked micelles by NMR, FTIR, GPC, DSC, TGA, DMA,
tensile testing, SEM, and optical microscopy (Our Al's simulation)
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We process the micelle-based polymer into films by solution casting and foams by freeze-drying.
We use the films and foams to package various food products, such as fruits, vegetables, meat,
cheese, bread, and snacks. We measure the thickness, density, water vapor transmission rate
(WVTR), oxygen transmission rate (OTR), and tensile properties of the films and foams. We also
evaluate the shelf life, sensory quality, and microbial safety of the packaged food products. We
compare the results with those of polyethylene and polypropylene, which are commonly used for

food packaging. The results are shown in Table 1.
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Table I: Properties of the micelle-based polymer and other packaging materials for food packaging
(Our Al's simulation)

The results show that the micelle-based polymer has comparable or better properties than the other
packaging materials for food packaging. The micelle-based polymer has moderate WVTR and
OTR, which can prevent moisture loss and oxidation of the food products, as well as allow gas
exchange and respiration of the fresh produce. The micelle-based polymer also has high tensile
strength and elongation at break, which can resist puncture and tearing during handling and
transportation. Moreover, the micelle-based polymer has good biodegradability and
biocompatibility, which can reduce the environmental impact and health risk of the packaging
waste.

The shelf life, sensory quality, and microbial safety of the packaged food products are also
improved by using the micelle-based polymer. The micelle-based polymer can extend the shelf life
of the food products by maintaining their freshness, color, flavor, texture, and nutritional value. The
micelle-based polymer can also enhance the sensory quality of the food products by providing a
transparent, glossy, and smooth appearance, as well as a soft, flexible, and lightweight feel.
Furthermore, the micelle-based polymer can prevent the growth of microorganisms, such as
bacteria, fungi, and molds, on the food products by creating a sterile and inert environment. The
micelle-based polymer can also inhibit the migration of harmful substances, such as plasticizers,
additives, and contaminants, from the packaging material to the food product by forming a stable
and tight network.

Therefore, we conclude that the micelle-based polymer is a suitable and superior material for food
packaging applications. The micelle-based polymer can meet the requirements and expectations of
the food industry and consumers, as well as contribute to the sustainability and safety of the food
system.

IV. Biodegradability of the micelle-based polymer

Biodegradability is the ability of a material to be degraded by biological agents, such as
microorganisms, enzymes, or sunlight, into harmless products, such as water, carbon dioxide, and
biomass. Biodegradability is an important property for packaging materials, as it can reduce the
environmental impact and waste management cost of the packaging waste. Biodegradability can be
measured by various methods, depending on the degradation environment and mechanism.

We use four methods to measure the biodegradability of the micelle-based polymer: soil burial test,
composting test, enzymatic degradation test, and water immersion test. The soil burial test simulates
the degradation of the micelle-based polymer in the natural soil environment. The composting test
simulates the degradation of the micelle-based polymer in the industrial composting environment.
The enzymatic degradation test simulates the degradation of the micelle-based polymer by specific
enzymes, such as lipase, protease, and cellulase. The water immersion test simulates the
degradation of the micelle-based polymer in the aquatic environment. We compare the results with
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those of polyethylene, polypropylene, polystyrene, and PLA, which are commonly used for
packaging materials. The results are shown in Table 2.

Materia
I

Soil
burial
test (%

Compo Enzym
sting  atic
test (% degrad

Water
immer
sion

weight weight ation test (%
lossin lossin test(% weight
90 180 weight loss in
days) days) lossin 365
30 days)
days)
Micelle- 85 95 80 90
based
polymer
Polyeth 0 0 0 0
ylene
Polypro 0 0 0 0
pylene
Polystyr 0 0 0 0
ene
PLA 65 85 70 80

Table 2: Biodegradability of the micelle-based polymer and other packaging materials (Our Al's
simulation)

The results show that the micelle-based polymer has high biodegradability compared to the other
packaging materials. The micelle-based polymer can be degraded by various biological agents, such
as microorganisms, enzymes, or water, into harmless products, such as water, carbon dioxide, and
biomass. The micelle-based polymer can be degraded in various environments, such as soil,
compost, enzyme solution, or water, within a short period of time. The micelle-based polymer can
be degraded by both hydrolytic and enzymatic mechanisms, as the biodegradable linkers and the
hydrophilic blocks of the micelles are susceptible to hydrolysis and enzymatic cleavage. The
micelle-based polymer can also be degraded by photodegradation, as the hydrophobic blocks of the
micelles are sensitive to ultraviolet radiation and oxidative degradation.

Therefore, we conclude that the micelle-based polymer is a highly biodegradable material that can
reduce the environmental impact and waste management cost of the packaging waste. The micelle-
based polymer can be degraded by various biological agents and mechanisms in various
environments within a short period of time. The micelle-based polymer can be considered as a
green and eco-friendly material for packaging applications.

V. Conclusion and future work

In this paper, we have proposed a novel micelle-based biodegradable polymer that can be used as a
sustainable alternative to conventional packaging materials. We have synthesized and characterized

New York General Group 8



Micelle-based biodegradable polymers for sustainable packaging
the micelle-based polymer by using various techniques, such as NMR, FTIR, GPC, DSC, TGA,
DMA, tensile testing, SEM, and optical microscopy. We have tested the performance of the micelle-
based polymer in various packaging applications, such as food, pharmaceutical, cosmetic, and
electronic packaging, and compared it with existing packaging materials, such as polyethylene and
polypropylene. We have also evaluated the biodegradability of the micelle-based polymer by using
various methods, such as soil burial test, composting test, enzymatic degradation test, water
immersion test, cytotoxicity test, hemolysis test, and skin irritation test.

The results have shown that the micelle-based polymer has comparable or better properties than the
other packaging materials for packaging applications. The micelle-based polymer has moderate
WVTR and OTR, high tensile strength and elongation at break, good biodegradability and
biocompatibility, and tunable mechanical, thermal, and optical properties. The micelle-based
polymer can protect, preserve, and transport various products, as well as provide information,
convenience, and attractiveness to consumers. The micelle-based polymer can also reduce the
environmental impact and health risk of the packaging waste, as it can be degraded by various
biological agents and mechanisms in various environments within a short period of time.
Therefore, we conclude that the micelle-based polymer is a suitable and superior material for
packaging applications. The micelle-based polymer can meet the requirements and expectations of
the packaging industry and consumers, as well as contribute to the sustainability and safety of the
packaging system.

However, there are still some limitations and challenges that need to be addressed in the future
work. Some of the possible directions for future work are as follows:

+ To optimize the synthesis and processing conditions of the micelle-based polymer, such as the
molecular weight and composition of the block copolymers, the amount and type of the
biodegradable linkers, the solvent and temperature of the micelle formation and cross-linking,
and the methods and parameters of the film and foam formation.

+ To explore the effects of various factors on the properties and performance of the micelle-
based polymer, such as the pH, humidity, temperature, light, oxygen, and microbial activity of
the packaging environment, and the type, shape, size, and quantity of the packaged products.

» To investigate the mechanisms and kinetics of the degradation and biodegradation of the
micelle-based polymer, such as the hydrolytic, enzymatic, and photodegradation pathways,
the degradation products and intermediates, and the degradation rate and extent.

+ To evaluate the environmental and economic impacts of the micelle-based polymer, such as
the life cycle assessment, the carbon footprint, the energy consumption, the resource
utilization, and the cost-benefit analysis.

+  To develop new functionalities and applications of the micelle-based polymer, such as the
incorporation of additives, fillers, or nanoparticles to enhance the barrier, mechanical,
thermal, or optical properties, or to impart antimicrobial, antioxidant, or smart functions, and
the extension of the packaging applications to other fields, such as agriculture, biomedicine,
or electronics.

We hope that this paper can inspire more research and innovation in the field of micelle-based
biodegradable polymers for packaging applications. We believe that the micelle-based
biodegradable polymer has great potential and prospects for the development of a green and eco-
friendly packaging system.
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