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Abstract

Plastics are strong, resilient, and lightweight materials that have become essential to
modern life. However, the mass production of plastic has also generated 6.3 billion metric tons
of plastic waste, with devastating effects on wildlife, natural ecosystems, and even human health.
Thus a need exists for biodegradable plastic substitutes that perform like conventional plastics.
This study fabricates, characterizes, and optimizes chitosan-silk fibroin laminate films (termed
“Shrilk”) for use as biodegradable alternatives to plastic packaging, which makes up 40% of all
plastic waste. Shrilk—a portmanteau of the two words, “shrimp” (because chitosan is often
isolated from shrimp shells) and “silk” (from silk fibroin)—demonstrated optical clarity and
tensile properties comparable to common plastic packaging materials. The laminate structure
resulted in higher tensile strength than both pure and blended films. Raman spectroscopy
indicated a region of chitosan-silk fibroin overlap at the interface, suggesting that the laminar
arrangement enables chitosan and silk fibroin to interact in an organized form of mechanical
entanglement. Shrilk films were confirmed to be biodegradable, losing 84% of their total mass
after four weeks in simulated landfill conditions. Casein, collagen, and keratin were investigated
as potential substitutes for silk fibroin, but were unable to reproduce the adhesion, flexibility, and
strength found in Shrilk films. The molecular weight of chitosan, thickness of films, number of
laminate layers, and amount of glycerol were varied in order to alter Shrilk’s mechanical
properties, but generally had little effect. However, covering Shrilk films with a hydrophobic
coating effectively prevented Shrilk from completely losing its mechanical properties when wet,
and even suggested that a moderate amount of water could act as a plasticizer to increase the
films’ toughness and elongation at break. Overall, this work presents a strong foundation for

future research into chitosan-protein laminates as a potential solution to plastic pollution.
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1. Introduction

1.1 The Plastic Pollution Problem

In 1907, the Belgian chemist Leo Baekeland developed Bakelite, the world’s first fully
synthetic plastic [1]. Since then, plastics have become a ubiquitous presence in modern life.
These strong, durable, and inexpensive materials are used in everything from packaging to
clothing to building insulation [2]. In total, an estimated 8.3 billion metric tons of plastics have
been produced, with 6.3 billion metric tons eventually becoming plastic waste [3]. Over 350
million tons of plastic waste are generated every year—a number which only continues to grow
(Figure 1.1) [4]. With only approximately 9% of this waste being recycled and 12% incinerated,
79% of plastic waste is left to build up in landfills or the natural environment [3]. This
overwhelming amount of plastic is long-lasting, resistant to decomposition, and causes

deleterious effects on environmental, ecological, and human health.
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Figure 1.1: Historical and predicted estimates of global waste generation and disposal.
Solid lines indicate historical data from 1950-2015. Dashed lines indicate projections up until
2050. Reproduced from Geyer et al. (2017) [3].
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In 2022, global revenues for the plastic industry were valued at $598.76 billion, a number
which is expected to surpass $827.12 billion by 2030 [5]. However, these revenues come at an
enormous environmental cost. In 2019 alone, the plastic production and incineration process
produced roughly 850 million metric tons of greenhouse gases [6]. Research suggests that, if
plastic production continues to grow according to business-as-usual, the greenhouse gas
emissions from plastics will reach 15% of the global carbon budget by 2050 [7]. In the year 2050
alone, the plastic industry is estimated to emit a net 4.5 Gt of carbon dioxide—more than 1% of
the global carbon budget recommended by the IPCC in order to have a two-thirds chance of
limiting warming to 1.5°C (Figure 1.2) [8], [9]. This immense carbon footprint exists due to the
fact that over 99% of plastics are derived from fossil fuels. Indeed, the link between plastic
production and fossil fuel usage is so strong and entrenched that the plastic and fossil fuel
industries are largely dominated by the same companies, such as Dow, DuPont, ExxonMobil,

Shell, and Chevron [10].
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Figure 1.2: Projected greenhouse gas emissions from the plastic industry in 2050. Assumes
an estimated global plastic production of 1.1 Gt. The left-hand graph represents the life cycle of
plastic, indicating that plastic waste is discarded using a combination of landfill and incineration.
The right-hand graph depicts the projected net GHG emissions due to plastic production and
disposal. The dashed red line denotes the net GHG emissions of the plastic industry in 2020.
Reproduced from the Center for International and Environmental Law (2017) [9].
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In addition to their considerable carbon footprint, most commercial plastics do not
degrade fully for hundreds of years. While different sources report highly varied environmental
lifetimes, a literature review reveals that the mean reported lifetimes for common plastic goods
such as plastic water bottles and plastic bags fall squarely within the 100-1000 year range
(Figure 1.3) [11]. This unmanaged plastic debris accumulates in the ocean, earth, and
atmosphere, and has harmful physical and chemical effects on living organisms [12]. Animals
often get entangled in plastic waste, increasing the chances of injury, drowning, suffocation, and
vulnerability to predation. When ingested, plastic waste causes intestinal bleeding, perforation,

and blockage. Ingested plastic can also induce a false sense of satiety, discouraging animals from
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Figure 1.3: Reported lifetimes of common plastic goods. Bars represent the total range of
reported lifetimes, and red dots indicate the mean reported lifetime. Column on the right labeled
“N” displays the number of data points; sources include governmental agencies,
nongovernmental organizations, peer-reviewed journals, college textbooks, and more.
Reproduced from Ward et al. (2020) [11].
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eating actual food and causing them to gradually starve [13]. Furthermore, plastics are often
made with chemical additives (e.g. bisphenol-A, bis(2-ethylhexyl) phthalate, etc.); these
chemicals leach out of plastic waste as it degrades, altering and disrupting the surrounding
environment [14].

When larger waste breaks down to the microscale or nanoscale, it becomes easily
ingested by wildlife. The smaller size of these plastics increases their bioavailability and enables
them to interfere with living organisms’ health at a cellular level [15]. Microplastics’ high
surface area to volume ratio makes them excellent carriers for pollutants and toxic additives,
inducing sickness when consumed by animals [16]. Microplastics can also make their way into
the soil, where they have been observed to change the soil environment and stunt plant growth
[17]. For humans, microplastics in our food and air have been demonstrated to induce
cytotoxicity, metabolism disruption, DNA damage, myocardial infarction, stroke, and cancer
[18], [19]. In 2022, it was estimated that 80% of the human population could have microplastics
circulating in their bloodstream [20].

1.2 Plastic Pollution Policies

Given this extensive list of concerns, it is imperative to find an environmentally-friendly
solution to the plastic pollution issue. Unfortunately, pollution is a difficult problem to solve.
Firstly, pollution is a classic example of a negative externality, wherein the actions of an
individual indirectly impose costs on others. This diffusion of personal responsibility encourages
actors to make inefficient and irrational choices, prioritizing individual convenience at the
expense of societal welfare [21]. Also, the negative impacts of plastic pollution primarily affect
beings and places that are far away and out of sight. This makes it difficult to take action, since

any party which does so incurs all the costs of the action while the benefits are distributed
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globally [22]. Finally, as with many environmental issues, the greatest benefits of plastic
pollution reduction lie in the future, but the costs must be paid upfront [23]. All these factors
make plastic pollution an especially intractable issue.

Governmental regulation represents one potential method to ameliorate plastic pollution.
Broadly speaking, plastic pollution policies fall into three categories: regulatory, economic, and
informative. Regulatory instruments are rules of an obligatory nature which allow or disallow
certain actions (e.g. directives to capture plastic litter, bans on a specific type of plastic, etc.).
Economic instruments utilize the market to incentivize responsible plastic usage (e.g. subsidies
to support plastic recycling programs, higher taxes for poor plastic stewardship, fees on
single-use plastics, etc.). Finally, informative instruments aim to display and disseminate
educational materials in order to change consumer behavior (e.g. research, awareness campaigns,
recyclability labeling, etc.) [24].

As plastic usage has intensified, the number of policy initiatives using these instruments
to combat plastic pollution has also risen. A growing number of international policies have been
aimed at reducing plastic pollution, although most of them are non-binding and structured as
plans or recommendations instead of specific commitments [25]. Furthermore, many
international policies are aimed at preserving the marine environment and marine wildlife, but do
not specifically mention plastic pollution [25]. Accordingly, 28 international policies have been
laid out since 2000, but only two general targets have been set: the 2010 Aichi target to reduce
pollution broadly, and the UN Sustainable Development Goal 14 target to reduce marine
pollution [24]. In 2022, the United Nations Environment Assembly resolved to pass an
international, legally binding agreement by 2024. While this agreement is still in the process of

drafting and negotiations, it is meant to coordinate and accelerate international action on the
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entire life cycle of plastic pollution, from production and product design to proper waste
management [26]. If successful, this agreement would represent a great advancement in the effort
to combat plastic pollution.

At the national level, regulatory bans (e.g. prohibiting specific pollutants or specific
plastic goods) have been by far the most common instruments used to control plastic pollution.
According to a survey of 147 national policy responses across the world, national governments
were 3.5 times more likely to use regulatory instruments than economic instruments, and 3 times
more likely to use regulatory instruments than information instruments (Figure 1.4) [24].

Due to their somewhat qualitative nature, it can be difficult to find data on the efficacy of
pollution policies. The topic with perhaps the most available data is legislation surrounding
plastic bags, including bans and levies. When surveying plastic bag regulation, all types of
instruments were shown to induce a short-term reduction in plastic bag usage. However, in the

long-term, behavior was more difficult to change. Economic instruments often lost their
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Figure 1.4: Frequency of regulatory instruments used to address plastic pollution. A review
of instruments used by national governments, specifically aimed at land-based sources of
macroplastic pollution. Policies were taken from Duke University’s Plastics Policy Inventory
[27]. Reproduced from Karasik et al. (2020) [24].
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effectiveness over time due to a phenomenon known as the “rebound effect”, wherein people
became accustomed to the fees and slowly increased their consumption back to normal levels
[28]. On the other hand, policy instruments should theoretically retain their effectiveness. Yet in
several cases, initially-successful policy instruments were subsequently lessened by future policy
changes, leading to a rebound in plastic bag consumption [29]. In general, both types of
regulation have been demonstrated to be effective in reducing plastic use; bans are likely the
more effective tool, but often politically infeasible to pass and/or enforce [30]. Although this data
only reflects plastic ban legislation, it reflects an important trend relevant to other plastic
pollution issues: specific and binding regulatory instruments may be the most effective tools, but
it can be difficult to garner the political momentum necessary to pass and maintain these policies
in the long-term. Instead, it may be more helpful to think economically—by developing
cost-effective and environmentally friendly materials that can serve as an alternative to
traditional plastic.
1.3 Biopolymers as a Potential Solution

While governmental policies represent one pathway to combat the plastic pollution
problem, another approach lies in technological innovation. Developing alternative materials that
are environmentally friendly while being as functional and cost effective as conventional plastics
would allow consumers to transition away from the status quo without any need for legislation.
Given that more than a third of plastic consumption is due to packaging applications, finding a
substitute for plastic packaging could drastically reduce plastic’s environmental impact [31].
These alternative plastics should have the same material properties as current plastics in terms of
mechanical strength, plasticity, water resistance, and more. Furthermore, to address the plastic

pollution problem, alternative plastics should be biodegradable, so as to minimize their long-term

13


https://paperpile.com/c/4tBMm5/wIgZ
https://paperpile.com/c/4tBMm5/39Dm
https://paperpile.com/c/4tBMm5/T8qF
https://paperpile.com/c/4tBMm5/2Kxi

impact on the environment. Finally, ideal alternative plastics should be similar or even lower in
cost when compared to conventional plastics; this cost parity provides a market-based incentive
to abate plastic pollution, reducing the burden on governments.

Biopolymers present one possible alternative to conventional plastics. The vast majority
of conventional plastics are made from petroleum-based polymers in a process that burns fossil
fuels and releases greenhouse gas emissions. In order to produce plastics, raw materials (e.g.
crude oil, natural gas, and coal) are extracted, vaporized using heat and segregated into its
components by boiling point and weight. The resulting refined material then undergoes a process
called “cracking”, in which high temperature, pressure, and sometimes chemical catalysts are
used to convert refined petroleum products into their monomeric forms. In the final step, the
monomers are linked together to form polymers, often using catalysts to initiate the reaction [32].
All of these steps add up to form an energy-intensive, environmentally-destructive
manufacturing process.

Recently, however, alternative plastics made from bio-based polymers have begun to
garner attention for their environmental benefits. Broadly speaking, bio-based polymers can be
broken down into three major classes: A) those made directly from biomass (e.g. starch,
cellulose, chitosan, and alginate), B) those bio-synthesized using microorganisms and plants (e.g.
polylactic acid and polyhydroxyalkanoates), and C) conventionally oil-based polymers prepared
from alternative bio-sourced monomers (e.g. polyethylene and polyethylene terephthalate) [33].
Bio-based polymers have several advantages when compared to their petroleum-based
counterparts. Firstly, they are generated from renewable sources, whereas petroleum-based
plastics rely on nonrenewable sources which are quickly being depleted. Moreover, these

renewable sources have carbon-fixing properties, which serve to decrease the total greenhouse
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gas emissions produced by plastic manufacturing. Finally, many class A and class B bio-based
plastics are biodegradable; when discarded, they fully decompose in a matter of months as
opposed to centuries. Class A bio-based polymers are particularly appealing because they are
less expensive and more widely available than class B bio-based polymers, which require more
complex manufacturing processes [34]. Class A bio-based polymers are also generally even
more readily degradable than class B bio-based polymers; for instance, the popular class B
polymer polylactic acid (PLA) is actually nondegradable in soil conditions at ambient
temperature, and requires special conditions like UV radiation or PLA-degrading enzymes to
degrade [35]. Therefore, a class A bio-based polymer material could potentially serve a
cost-effective and environmentally friendly alternative to the petroleum-based plastics commonly
used today.

Although class A biopolymers have many benefits, they nevertheless also suffer from
several key drawbacks. Firstly, class A biopolymers typically have weak mechanical properties
which limit their functionality. Films made from starches, for instance, display tensile strengths
in the 1-20 MPa range [36]. In comparison, films made from the most common plastic packaging
materials like low-density and high-density polyethylene have tensile strengths in the 20-59 MPa
and 14-200 MPa range, respectively [37], [38]. On their own, class A biopolymer films also tend
to be brittle and fragile, prone to cracking and breaking [36]. Therefore much current research
focuses on improving mechanical properties to make them similar to conventional plastics,
usually by incorporating additives, blending with other polymers, and/or chemical crosslinking.
In these cases, it is important to note that such modifications can often introduce toxic substances
or inhibit the biodegradability of the resulting materials [39]. Class A biopolymers also suffer

from inherent batch-to-batch variation. Since they are derived directly from biomass, differences
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in the origin, environmental conditions, and processing of the starting raw material can cause
irregularities in their properties, making class A biopolymer products less consistent than their
synthetic counterparts [40]. Lastly, while class A biopolymers may be less expensive than other
types of bio-based polymers, they are still several times more expensive to manufacture than
conventional plastics [41]. This cost differential is expected to decrease as the biopolymer
industry becomes larger and more developed, but it is important to keep in mind, as price parity
will be crucial for encouraging consumers to adopt biopolymer plastic alternatives.
1.4 Shrilk

Shrilk is a biomimetic material modeled after the structure of insect, crustacean, and
mollusk exoskeletons [42]. In these organisms, the bulk of the exoskeleton’s thickness is taken
up by the procuticle, a composite material containing chitin nanofibers embedded in a
proteinaceous matrix [43]. Research indicates that cuticular chitin and protein fibers organize
into a complex structure: the chitin forms long, antiparallel chains; the chains are wrapped with
proteins to form nanofibrils; clusters of nanofibrils join to form chitin-protein fibers; aligned
fibers organize into horizontal planes; and horizontal planes are stacked in a twisted plywood
structure (Figure 1.5) [43]. These stacks of horizontal planes are evident in SEM imaging of the
cuticle as distinct chitin-protein layers (Figure 1.5) [44].

Shrilk mirrors this natural biological arrangement by stacking two distinct layers of class
A biopolymers, chitosan and silk fibroin, on top of each other in order to create a laminate with
phase-separated polysaccharide and protein layers [42]. The name “Shrilk” is a portmanteau of
the two words, “shrimp” (because chitosan is often isolated from shrimp shells) and “silk” (from
silk fibroin). According to the original publication, “Unexpected Strength and Toughness in

Chitosan-Fibroin Laminates Inspired by Insect Cuticle,” this laminate displayed an ultimate
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tensile strength of 119 MPa—two times that of pure chitosan, its stronger component, and over
ten times that of a chitosan-silk fibroin blend—without the need for any covalent crosslinking or
other intense chemical modifications. It also demonstrated a toughness of ~2.6 J/cm?, roughly 1.5
times the toughness of chitosan alone. Furthermore, Shrilk was optically clear; this property set it
apart from current plastic substitutes like paper, which are not transparent. Accordingly, Shrilk

was presented as a promising biodegradable alternative to traditional plastic packaging materials
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Figure 1.5: Microstructure of lobster cuticle. (a) Diagram of the American lobster Homarus
americanus. (b) SEM image of the lobster cuticle cross-section, illustrating the laminar
arrangement of chitin-protein fibers. (¢) Diagram of the different hierarchies of organization: (I)
N-acetyl-glucosamine molecules; (II) anti-parallel chains of a-chitin; (III) 18 to 25 chitin chains
wrapped with proteins, forming nanofibrils; (IV) clusters of nanofibrils, forming chitin-protein
fibers; (V) horizontal planes of fibers with fibers oriented in the same direction; (VI) horizontal
planes stacked in a twisted plywood structure; (VI) the three-layered cuticle. Reproduced from
Muthukrishnan et al. (2020) [45].
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[42]. Given that an estimated 40% of plastic waste comes from single-use packaging, the
potential benefit of developing a more sustainable packaging material is immense [46].

However, following its publication, Shrilk has suffered from reproducibility issues,
making it difficult to market as a viable plastic alternative. Attempts to fabricate Shrilk have
been unable to reliably recapture the same tensile strength and toughness reported in the initial
article. Thus, a need exists to investigate whether chitosan-silk fibroin laminates truly result in
unexpected strength and toughness and can therefore serve as a feasible biodegradable
alternative to plastic packaging. Also, while Shrilk reports high tensile strength and toughness,
these properties are insufficient to make it comparable to conventional plastics. For instance,
Shrilk has low elasticity and loses its tensile strength when wet, so effort should also be focused
on optimizing Shrilk’s material properties to match industry standard benchmarks. Finally, the
original method for fabricating Shrilk is rather time and cost intensive, largely due to the
processing required to create aqueous silk fibroin. Therefore, this thesis will also investigate
potential proteins that could replace silk fibroin in Shrilk, making it easier and less expensive to
produce.
1.5 Specific Aims
Aim 1: Fabricate and characterize structure-function properties of Shrilk

While improved mechanical properties in chitosan-silk fibroin laminates were first
reported in 2012, many attempts have been made to replicate these findings with limited success.
However, we hypothesize that the laminate structure does indeed result in higher tensile strength
and toughness, and that previous failures to replicate were due to methodological discrepancies.
Therefore the first goal of this thesis is to recreate a chitosan-silk fibroin laminate which

demonstrates superior mechanical performance to chitosan, silk fibroin, and chitosan-silk blends.
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Successful Shrilk films should also be optically clear. Scanning electron microscopy, FTIR
spectroscopy, and Raman spectroscopy will be used to better understand the structure and
mechanism behind Shrilk’s mechanical properties. A degradation study will be conducted to
quantify Shrilk’s biodegradation timeline.
Aim 2: Investigate whether silk fibroin can be substituted with alternative proteins

Silk fibroin has many unique advantages, but it is also relatively expensive and difficult
to process. Making aqueous silk fibroin from raw silk takes four days and typically requires
harsh chemicals like lithium bromide (LiBr), generating large amounts of hazardous liquid
waste. We hypothesize that the increased tensile properties resulting from laminate films could
be reproduced using a protein that is similar to silk fibroin. Thus the next goal of this thesis is to
investigate whether alternative protein sources—namely, collagen, keratin, and casein—can
impart the same mechanical strength as silk fibroin when combined with chitosan in laminate
form. If successful, switching to a substitute protein could drastically simplify Shrilk’s
manufacturing process, cutting down on both time and waste production.
Aim 3: Increase Shrilk's tensile properties and water resistance capabilities

In order to be a successful alternative to plastic, Shrilk needs to hit certain material
benchmarks. Shrilk should have tensile strength, toughness, and elongation at break comparable
to commercial plastics. Furthermore, given the diversity and versatility found in commercial
plastics, Shrilk’s properties should be tunable so that it can serve a variety of different
applications. We hypothesize that increasing the molecular weight of chitosan, decreasing the
thickness of Shrilk, and increasing the number of layers could heighten Shrilk’s tensile strength
and toughness. We also hypothesize that adding glycerol to the chitosan and silk could increase

Shrilk’s flexibility and elongation at break. Finally, although Shrilk has good mechanical
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properties when dry, it is much weaker when wet. This is an important drawback since water
resistance is vital for packaging materials, which routinely come into contact with water and
water vapor. We hypothesize that covering Shrilk in a hydrophobic coating could prevent Shrilk
from losing its tensile strength when wet. In summary, the goal of this section is to make
alterations to Shrilk and optimize its properties so that it can function similarly to conventional
plastic packaging materials, even after coming into contact with water.

Final Outcome:

Successful Shrilk films should have tunable tensile properties in ranges comparable to
common plastic packaging materials. Films should be optically clear, water resistant, and readily
biodegradable. If possible, silk fibroin should be substituted with an alternative protein that is
less expensive, less energy intensive, and easier to process. A potential mechanism behind
Shrilk’s mechanical properties should be proposed and backed up by analytical chemistry
techniques. Ultimately, the goal of this thesis is to provide a comprehensive overview of the
structure and properties of Shrilk and other chitosan-protein laminates in order to

determine whether they can serve as feasible alternatives to conventional plastic packaging.

20



2. Shrilk Fabrication and Characterization

2.1 Background on Chitosan

Chitosan, one of the two components of Shrilk, is a derivative of chitin, the second most
abundant biopolymer on Earth. Chitin is a structural amino-polysaccharide polymer composed of
N-acetylglucosamine units connected by B-(1-4) glycosidic bonds (Figure 2.1). This structure
gives chitin exhibit unique physical, chemical, mechanical, and optical properties [47]. It is
commonly found in crustacean and insect exoskeletons and the cell walls of fungi, where it
confers mechanical strength. Conveniently, crab and shrimp shells, which would otherwise
become marine waste, provide an abundant source of chitin for industrial processing.
Additionally, as a class A biopolymer, chitin is renewable and biodegradable. As a result, chitin
has garnered much interest in recent scientific literature. However, strong hydrogen bonds
between the acetyl, amino and hydroxyl groups in chitin make it insoluble in common solvents

(e.g. water, mild acidic or basic solutions, organic solvents, etc.) [48]. As a result, its
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Figure 2.1: Structure of Chitin and Chitosan. Following deacetylation, a percentage of

N-acetylglucosamine units are converted into simple glucosamine units. Reproduced from
Chandrasekaran et al. (2020) [49].
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deacetylated form, chitosan, is more commonly used (Figure 2.1). Chitin can be deacetylated to
varying degrees; typically, greater than 50% deacetylation is considered chitosan and less than
50% deacetylation is still considered chitin. Chitosan dissolves readily in mildly acidic solvents
such as 0.1M acetic acid, through the protonation of the -NH, group on the C-2 position [50].

This increased solubility allows chitosan to take on a wide range of applications. For
example, chitosan has received much attention in the biomedical space due to its
biocompatibility, degradability, and antibacterial properties. It can be used as a flexible drug
delivery system or as scaffolding for tissue engineering to promote cell attachment, proliferation,
and differentiation [51], [52]. Chitosan-based materials take on many forms, including films,
hydrogels, porous structures, and fibers, which can be loaded with drugs, peptides, cells, and
more [53]. Since chitosan is a positively charged biopolymer, it interacts with negatively charged
bacterial cell walls, disrupting their structure and inducing bacterial death [54]. Importantly,
chitosan can readily be blended with nanoparticles or other polymers to tune its mechanical,
chemical, and degradation properties to suit particular use cases [55].

Many of these qualities—biodegradability, nontoxicity, optical clarity, and antimicrobial
activity—also make chitosan films uniquely suited to be used as a packaging material [56].
Furthermore, chitosan films have superior mechanical properties when compared to many other
class A biopolymers. Reported tensile strengths of pure chitosan films range from roughly 10-80
MPa [57], [58]. This variation may be attributable to different chitosan sources, deacetylation
percentages, molecular weights, and tensile testing procedures. By contrast, most films made
from other proteins including zein, soy protein, and gelatin, have tensile strengths less than 10

MPa [59]. When tested as a form of food packaging, chitosan films have been shown to increase
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the shelf-life of fruits, vegetables, and meats by weeks, reduce microbial growth, and increase
antioxidant activity [60].

Scientific interest in chitosan is reflected in the growth of industrial chitosan production.
In 2022, Grand View Research valued the global chitosan market size at $10.88 billion, and
projected that the chitosan market would expand at a compound annual growth rate (CAGR) of
20.1% from 2023 to 2030 [61]. This immense growth rate is attributed to the high demand for
chitosan due to its biomedical and environmental applications.

2.2 Background on Silk Fibroin

Silk, the second component of Shrilk, has been used in the textile industry for over 5000
years. Although many species of insects produce silk, including spiders, bees, and moths, the
most common source of silk is the Bombyx mori silkworm [62]. B. mori moths start producing
silk at around day 26 of their life cycle, roughly halfway through their lifespan. They use this silk
to spin a cocoon, in which they metamorphose for about two weeks before emerging as an adult
moth [63]. B. mori silk fibers can thus be harvested at the cocoon stage, before adult moths
emerge.

Silkworm cocoons are composed of two parts: silk fibroin and sericin. Silk fibroin is a
fibrous protein composed of a ~350 kDa heavy chain polypeptide and a 25 kDa light chain
polypeptide, linked by a disulfide bond, as well as another 25 kDa polypeptide which interacts
hydrophobically with the heavy and light chains [64]. Sericin is an adhesive protein that binds
silk fibroin strands together and maintains the shape of silkworm cocoons [62]. Silk fibroin can
be isolated from silkworm cocoons through the degumming process; boiling cocoons in an
alkaline solution dissolves the sericin and yields purified silk fibroin [65]. Crystalline regions

consisting of Gly-X repeats make up 94% of silk fibroin’s heavy chain, where X is Ala (65%),
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Ser (23%), and Tyr (9%) (Figure 2.2) [66]. B. mori silk fibroin’s unique composition allows it to
switch between two phases: Silk I, wherein the polypeptide chain is dominated by a-helices and
random coils, and Silk II, wherein the polypeptide chain is organized into antiparallel B-sheets
connected by strong hydrogen bonds and van der Waals forces [67]. The transition from Silk I to
Silk II can be induced using many methods, including methanol treatment, heat, and shear stress
[65].

As a result of its structural organization, silk has engendered much scientific interest.
Like chitosan, silk fibroin is biodegradable, nontoxic, and nonimmunogenic [68]. It has high
tensile strength and good oxygen barrier properties [69]. Furthermore, its mechanical and

chemical characteristics can be easily tuned by manipulating factors like protein concentration,
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Figure 2.2: Structure of Silk Fibroin. The primary structure of silk fibroin consists of many
Gly-X repeats. Through hydrogen bonding, silk fibroin self-organizes into a-helices, B-sheets,
and amorphous random coils. Reproduced from Elhadad et al. (2022) [70].
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pH, temperature, and mechanical stress to induce specific conformational changes between Silk I
and Silk II [71]. In the biomedical space, silk fibroin has been formed into gels, films, sponges,
and fibers to create tissue scaffolds, drug delivery agents, sutures, and more [68]. Silk fibroin has
also been investigated as part of optical devices and electronic devices, and even as an adsorbent
for water pollution [72]. Its use in packaging is somewhat less studied than chitosan, perhaps due
to its low flexibility, water solubility, and susceptibility to microbial contamination [69].
However, these weaknesses can be circumvented through various modifications, such as
introducing plasticizers and crosslinkers.
2.3 Film Characterization Techniques

In this section, chitosan-silk fibroin laminates were fabricated according to the initial
method laid out by Fernandez and Ingber in 2012 [42]. After making these films, a number of
methods were used to analyze their characteristics. Scanning electron microscopy (SEM) was
used to visualize Shrilk films. Tensile testing was performed to measure Shrilk’s mechanical
properties—in particular, tensile strength, toughness, and elongation at break, as these are
essential characteristics for plastic packaging materials. Fourier Transform Infrared (FTIR)
spectroscopy and Raman spectroscopy were used in order to help elucidate the mechanism
behind the laminate’s increased strength and toughness: Fourier Transform Infrared
Spectroscopy (FTIR) to analyze the functional groups at the surface of the films, and Raman
Spectroscopy to track the functional groups as they changed across the chitosan-silk fibroin
interface. Lastly, a biodegradation study was performed to quantify Shrilk’s inherent degradation
timeline. Taken together, these methods aimed to present a comprehensive summary of Shrilk’s
properties, as well as propose a potential mechanism to explain the source of Shrilk’s strength

and toughness.
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2.4 Methods
Chitosan Films

Chitosan (Sigma Aldrich, USA) was dissolved at 1% w/v in 1% v/v acetic acid and
stirred until homogenous. 6.75 mL of chitosan solution was poured into 6 cm x 6 cm molds, with
glass bottoms and polyethylene walls, and allowed to evaporate overnight at 50°C. Chitosan
films were then submerged in 1M NaOH for 10 minutes to neutralize protonated amino groups
and washed in Milli-Q water. Films were dried at room temperature and removed from the glass
molds using tweezers and an X-Acto knife.
Silk Fibroin Films

B. mori silk cocoons (Treenway Silks, USA) were boiled in 0.02M Na,SO; for 30
minutes for degumming, then washed with Milli-Q water and dried at room temperature
overnight. To prepare an aqueous solution, 20% w/v silk fibroin was dissolved in 9.3M LiBr
(Sigma Aldrich, USA) and incubated for four hours at 60°C, until no distinct silk fibers were
visible. The resulting solution was dialyzed against Milli-Q water using 12-14 kDa dialysis
tubing to remove LiBr, with five water changes over 48 hours [73]. Dialyzed silk fibroin solution
was centrifuged to remove impurities. To calculate solids percentage, 5 mL of silk fibroin
solution was poured into a pre-weighed glass Petri dish and dried overnight at 50°C. The
difference in weight, divided by 5, was equal to the amount of silk fibroin protein per mL.

To cast silk fibroin films, the amount of silk fibroin solution corresponding to 0.135
grams of fibroin protein was poured into the same 6 cm x 6 cm molds and dried overnight at
50°C. Resulting films were submerged in methanol for 30 minutes to encourage beta sheet

formation, then washed with Milli-Q water. Films were dried at room temperature.
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Shrilk Films

First, chitosan films were formed as described above. Subsequently, a layer of silk fibroin
was cast on top of the chitosan, and then treated with methanol as described above. Shrilk films
were dried at room temperature.
Scanning Electron Microscopy

Shrilk films were prepared as previously described, then manually torn into ~1 cm x 1 cm
sheets. The sheets were mounted to aluminum pin mounts with conductive carbon tape,
sputter-coated with gold, and imaged with a Tescan Vega GMU scanning electron microscope
(Tescan, Czech Republic).
FTIR Spectroscopy

Chitosan, silk fibroin, and Shrilk films were prepared as previously described and
analyzed using the Nicolet iS50 FTIR Spectrometer on the mid-IR ATR setting (Thermo Fisher,
USA). The spectra were processed using an advanced ATR correction and a baseline correction.
Raman Spectroscopy

Chitosan, silk fibroin, and Shrilk films were prepared as previously described and
analyzed using the XploRA Plus Raman Spectrometer (Horiba, Japan). In order to avoid
collecting signals from any extraneous material, rectangles were cut out of two pieces of
cardstock, and the pieces of cardstock were stacked on top of each other to form a small viewing
window. The film was then mounted in between the two layers. Acquisition time was adjusted to
attain a signal-to-noise ratio of 10:1, and two accumulations were performed for each scan. For
the Shrilk film, a map was collected along the z-axis, beginning and ending 5 pm above and
below the film boundary. Baseline correction and other data processing was performed using Lab

Spec 6.
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Stress-Strain Measurements

Chitosan, silk fibroin, and Shrilk films were cut into 1.5 cm x 5 cm rectangles for tensile
testing. Film thickness was calculated as the average of three thickness measurements, taken
using digital calipers. Ramp to failure testing (0.1 mm/s) was carried out using a 100 N load cell
on an Instron 68TM-10 instrument (Instron, USA). Tensile strength was determined by the
maximum force divided by the cross-sectional area; modulus of toughness was determined by
the integral of the stress-strain curve until failure; elongation at break was determined by the
displacement divided by the gauge length.
Soil Burial Method

In order to simulate a landfill condition in the laboratory, a cylindrical glass container
was filled with compost (Espoma, USA) to a height of 5 cm. 2 cm x 2 cm Shrilk films were
placed on the soil, and covered with 5 cm of more soil. The glass container was lightly watered
every day to maintain soil moisture. Films were taken out of the glass cylinder after two and four
weeks, gently cleaned of debris, dried in the oven, and weighed to measure mass loss.
Data Analysis and Presentation

MATLAB was used to analyze stress-strain data and create graphs. Error bars were used
to indicate the standard deviation of collected data. One-way ANOVA tests were carried out
using the XLMiner Analysis ToolPak extension in Google Sheets. Two-tailed Student’s T-tests
and F-tests were carried out using native Google Sheets functions. Biorender was used to create
process diagrams. Figures were compiled using Microsoft Powerpoint.
2.5 Results

Shrilk films were fabricated according to the protocol laid out by Fernandez and Ingber

(Figure 2.3a) [42]. SEM imaging confirmed that Shrilk films had two distinct layers, chitosan
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and silk fibroin (Figure 2.3b). The films were ~50 um thick, with chitosan and silk fibroin each
taking up approximately half the thickness. Shrilk films were optically clear to the extent that
words could be distinguished across the film, whereas chitosan-silk fibroin blends were opaque
and unable to be seen through (Figure 2.3c-d). Shrilk films were readily biodegradable; when
buried in compost, they lost 54% of their mass after 2 weeks and 84% of their mass after 4 weeks

(Figure 2.3e). When chitosan controls, silk fibroin controls, Shrilk films, and chitosan-silk
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Figure 2.3: Shrilk. Shrilk films were fabricated according to the protocol illustrated in (a). (b)
SEM imaging confirmed that Shrilk films consisted of two distinct layers, chitosan and silk
fibroin. (¢) Shrilk films were optically clear, unlike (d) chitosan-silk fibroin blends, which were
opaque. (e) Shrilk films degraded by more than 50% after 2 weeks, and nearly 90% after 4
weeks. Silk fibroin controls, chitosan controls, Shrilk films, and chitosan-silk fibroin blends were
compared for (f) tensile strength, (g) toughness, and (h) elongation at break. Mean values are
shown and error bars represent = standard deviations (n = 6-8 samples per group). Pairwise
p-values were calculated using two-tailed Student’s T-tests.
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fibroin blends were compared using tensile testing, one-way ANOVA revealed a significant
difference between experimental groups (p < 0.001). Specifically, Shrilk had the highest mean
tensile strength of 76.7 MPa: 73% greater than the chitosan control’s tensile strength of 44.3
MPa (p <0.001), 561% greater than the silk control’s tensile strength of 11.6 MPa (p <0.001),
and 326% greater than the chitosan-silk fibroin blend’s tensile strength of 18.0 MPa (p <0.001)
(Figure 2.3f). In terms of toughness, Shrilk films were significantly tougher than silk and
blended films (p < 0.001), but there was no statistically significant difference when compared to
chitosan controls (p = 0.951) (Figure 2.3g). However, Shrilk films had less variable toughness
than chitosan controls (p = 0.002) (Figure 2.3g). Finally, silk fibroin control films had lower
elongation at break values than all three other groups (p < 0.001) (Figure 2.3h). Chitosan control
films had the highest mean elongation at break value, but there was no statistically significant
difference between Shrilk films and chitosan control films (p = 0.083) (Figure 2.3h).

In order to better understand the mechanism behind Shrilk’s increased tensile strength,
FTIR spectroscopy and Raman spectroscopy were performed. The FTIR spectra of a chitosan
control film and the chitosan side of a Shrilk film looked very similar when superimposed,
although the Shrilk chitosan had higher peaks in the 1300-1700 cm™ and 2800-3500 cm™' region
(Figure 2.4a). The 1300-1700 cm™' region contains peaks related to C=0, NH,, and NH-bending
vibration in chitosan’s amide and amino groups, and the 2800-3500 cm™' region contains peaks
related to the OH hydroxyl group and CH, stretching in the pyranose ring [74]. The FTIR spectra
of a silk fibroin control film and the silk side of a Shrilk film also looked very similar when
superimposed (Figure 2.4b). The only noticeable difference was slightly lower peaks at 1530
cm” and 1630 cm™! from the Shrilk film, both of which correspond to the presence of B-sheets

(Figure 2.4b) [75]. Since FTIR spectroscopy only penetrates the first ~0.5 um of a substance,
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Raman spectroscopy was used to track the presence of functional groups as they changed
throughout the thickness of the film. Raman spectroscopy of chitosan and silk control films was
performed to generate a peak table containing each material’s characteristic peaks (Figure
2.5a-b). Then, the intensities of peaks unique to each material—the 1374 cm™ for chitosan and

the amide I peak at 1665 cm™' for silk fibroin—were plotted as a function of depth on the z-axis
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Figure 2.4: FTIR spectra of Shrilk and control films. (a) Overlaid FTIR spectra of a chitosan
control film and the chitosan side of a Shrilk film. (b) Overlaid FTIR spectra of a silk fibroin
control film and the silk fibroin side of a Shrilk film.
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Figure 2.5: Raman spectra of Shrilk and control films. Peak-fitted Raman spectra of (a) a
chitosan control film and (b) a silk fibroin control film. Additionally, the Raman microscope was
used to generate a map across the z-axis, in order to track the evolution of certain functional
groups highlighted in (¢) and plot their relative frequencies in (d).
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(Figure 2.5¢-d). The 1665 cm™ shift from the silk fibroin is known to correspond to the amide I
band, but the 1374 cm™ seems to lack an assignment in the literature [76], [77]. The resulting
plot showed a significant region of overlap taking up most of the film’s thickness, which
contained functional groups from both chitosan and silk fibroin. Nevertheless, the two curves
peaked roughly 15 um apart, indicating that one half of the Shrilk film remained dominated by
chitosan and the other half by silk fibroin (Figure 2.5d).
2.6 Discussion

This section successfully demonstrated that chitosan-silk fibroin laminates had
significantly higher tensile strengths than either chitosan and silk alone, as well as a chitosan-silk
fibroin blend. However, contrary to the initial publication, the Shrilk films fabricated here did not
display an increased toughness when compared to chitosan control films, although they did
demonstrate lower variability. Broadly speaking, tensile strength measures the highest stress that
a film can withstand before breaking, whereas toughness measures the amount of energy that a
film can absorb before breaking. Since toughness can be calculated as the area under the
stress-strain curve, toughness is often correlated with tensile strength; however, they can also be
quite unrelated, especially for materials that do not deform very much before breaking [78]. This
seems to be the case for the Shrilk films produced in this study: they had relatively low
elongation at break values, were unable to deform and dissipate energy, and thus demonstrated
low toughness. Unfortunately, the original publication did not contain elongation at break values
to serve as a point of reference.

In general, the tensile properties observed here were substantially lower than the numbers
reported in the initial Shrilk paper. The original Shrilk films claimed to have a mean tensile

strength of 119 MPa and toughness of ~2.6 J/cm?; in comparison, these Shrilk films had a mean
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tensile strength of 77 MPa and toughness of 1.3 J/cm? [*3, Chitosan films in the original paper
had a tensile strength of ~60 MPa and toughness of 1.8 J/cm?; in comparison, these chitosan
films had a tensile strength of 44 MPa and toughness of 1.0 J/cm® [42]. Thus, measured tensile
properties were lower across the board. The source of these differences is unclear. One potential
explanation is the use of different strain rates when conducting tensile testing. Higher strain rates
tend to result in higher measured tensile strengths, and the original paper did not specify a strain
rate in the tensile testing methodology [79]. Another potential explanation may be the use of 1%
w/v chitosan solution instead of 2% w/v chitosan solution, as the original paper suggested.
Throughout the course of experimentation, 1% w/v chitosan was found to be less viscous and
easier to work with. Research has shown that the concentration of chitosan solution prior to
drying can have a substantial impact on the mechanical properties of the film, as films made
from lower percentage chitosan solutions have higher acetic acid content; the acetic acid acts as a
plasticizer and creates a looser network structure, leading to lower tensile properties [80].
However, the same paper showed that using a neutralization treatment like NaOH effectively
eliminates any difference in tensile properties that may result from variations in chitosan
percentage [80]. Therefore this divergence should not have had a large effect on the films’
mechanical properties.

Nonetheless, despite the generally lower tensile properties, Shrilk films still proved to be
nearly twice as strong as the chitosan films, indicating that the laminar structure indeed has an
effect on the material’s tensile properties. Shrilk films were also much stronger and tougher than
blended films, suggesting that the organized laminar structure increases tensile properties, while
the blended structure disrupts polymeric organization and decreases tensile properties.

Importantly, the tensile properties demonstrated by these films were still comparable to some
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common plastic packaging materials. For instance, one commercial 50 pm-thick polystyrene film
reports a tensile strength of ~80 MPa and elongation at break of 3-5%, whereas Shrilk films had
a tensile strength of 77 MPa and elongation at break of 3.28% [81]. This similarity demonstrates
that Shrilk can serve as a viable alternative to plastic packaging materials. On the other hand, a
commercial polyester film can have a tensile strength of ~200 MPa and elongation at break of
140%, and a commercial low-density polyethylene film can have a tensile strength of ~10 MPa
and elongation at break of 500% [82], [83]. Therefore, finding ways to increase Shrilk’s tensile
strength, toughness, and/or elongation at break would help to make it an even more appealing
plastic substitute.

Spectroscopy was used to determine the mechanism behind Shrilk’s increased tensile
strength. FTIR results were not particularly illuminating, as the FTIR spectra of the Shrilk
samples and the control films were very similar. This suggests that the Shrilk fabrication process
did not significantly change the chemical structure at the film’s surface. However, Raman
spectroscopy indicated that there was a large region of overlap throughout the film’s thickness,
where functional groups from both chitosan and silk fibroin were present. Raman spectroscopy
results thus suggest that casting silk fibroin on top of chitosan resulted in some mechanical
entanglement between the two different biopolymers, which may explain the increased tensile
strength. At the same time, the film’s optical clarity implies that Shrilk films displayed some
crystallinity or structural organization that the chitosan-silk fibroin blends were unable to
achieve. It is possible that the relatively drier chitosan film acted as a template for the drying silk
fibroin solution as entanglement occurred, encouraging the formation of hydrogen bonds and

B-sheets in a more well-ordered manner than would have been possible otherwise.
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Finally, Shrilk films demonstrated high biodegradability, losing nearly their entire mass
after being buried in compost for four weeks. This finding is encouraging, though not necessarily
surprising, as both chitosan and silk fibroin are known to be biodegradable substances. Chitosan
films have been shown to fully degrade after just two weeks in soil, while silk fibroin films have
been shown to lose 50% of their mass after four weeks [84], [85]. This discrepancy in
degradation rates may also explain why the degradation rate of Shrilk was nonlinear: in the first
two weeks, degradation of both chitosan and silk fibroin contributed to mass loss, whereas in the
latter two weeks, most of the chitosan had already degraded and only silk fibroin degradation
contributed to the overall mass loss. Regardless, this experiment confirmed that Shrilk films
degrade readily in simulated landfill conditions. Any future modifications to the Shrilk
manufacturing process should endeavor to maintain the film’s biodegradability, as it is a crucial

differentiating factor between Shrilk and conventional plastics.
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3. Investigation into Silk Fibroin Substitutes

3.1 Drawbacks of Silk Fibroin

Although silk fibroin possesses unique mechanical and chemical properties, its cost,
availability, and processing method make it less than ideal for mass manufacturing purposes.
Compared to other natural polymers, silk is quite energy and labor intensive to produce. First of
all, raising B. mori silkworms until they spin cocoons requires farmers to grow a sufficient
amount of mulberry trees. It is estimated that silkworms consume 30-40 kg of mulberry leaves in
order to produce 1 kg of raw silk [86]. The cocoons must then be heated to kill the silkworms,
boiled to remove the sericin, and mechanically reeled into fibers. Taken all together, growing
silkworms and harvesting silk fibers incurs significant water, energy, and labor requirements. As
a result, silk is quite an expensive and limited material. Less than 100,000 metric tonnes of silk
were produced globally in 2020 [87]. That same year, the price of silk cocoons in China—the
number one silk producing country in the world—was 1763.85 yuan for 50kg, or roughly $5/kg
[87]. By comparison, in 2019, the average market price of plastic production was roughly $1/kg
[88]. In other words, plastics cost one-fifth as much as silk, and plastic production outsized silk
production by nearly two orders of magnitude. Evidently, replacing plastic with silk would be
economically prohibitive and practically impossible.

Furthermore, the energy and labor requirements of silk production result in a higher
environmental impact. Life cycle analyses for raw silk compared to other natural fibers suggest a
global warming potential over one hundred years (GWP,,) of 51.5 kg CO,/kg; by comparison,
the GWP,, of cotton fibers is only 3.4 kg CO,/kg, and the GWP,,, of sheep wool is only 18.5 kg
CO,/kg [89]. 28% of silk’s GWP,, resulted from greenhouse gases emitted from the fertilized

mulberry field, 18% from cocoon drying, and 17% from composting [89]. Notably, though, even
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though silk has a higher environmental impact than other natural fibers, its GWP,, is still lower
than that of plastic products. Life cycle analyses of a mixed-plastic product indicate GWP,,
values of 119-130 kg CO,/kg, or over double the GWP,, of raw silk [90].

Finally, converting raw silk into an aqueous solution which can be cast into films requires
even more effort. The most common methodology for solubilizing silk dictates dissolving silk
fibers in 9.3M LiBr, and then dialyzing against clean water with constant water replacements
over the course of 48 hours [73]. Lithium bromide is categorized as acutely toxic when ingested
orally, as well as irritating to the skin and eyes upon contact [91]. Dialysis therefore yields a
significant amount of hazardous wastewater, which would be unsustainable if scaled up to mass
production.

3.2 Silk Fibroin Substitutes of Interest

Taking all of these factors into account, it is important to determine whether other
proteins could function similarly to silk fibroin when combined with chitosan in laminate form.
A couple of factors were relevant when deciding upon potential silk fibroin substitutes. Firstly,
proteins that are affordable and widely available were prioritized, because they would be able to
serve as a cost-effective input for scaled-up production of Shrilk. Additionally, given that silk
fibroin’s ability to form B-sheet structure may be a major contributor to Shrilk’s heightened
tensile properties, protein candidates with distinct secondary structures were chosen so that the
effect of secondary structure could be investigated. Given these considerations, three potential
silk fibroin substitutes emerged: casein, collagen, and keratin.

Casein is a phosphoprotein which makes up approximately 80% of the total protein
content in bovine milk [92]. It precipitates out of solution when unheated milk is acidified to pH

< 4.6, making it an easily scalable protein for mass manufacturing [93]. In fact, casein is already
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widely sold as a dietary supplement; in 2023, the global casein market was valued at $3.7 billion
[94]. Because casein is rich in proline, which can interrupt the formation of a-helices and
B-sheets, it has little secondary and tertiary structure and mostly exists as an unfolded protein
[93]. All in all, casein is an accessible and affordable protein with proven mass
manufacturability, as well as a random and disordered structure. These characteristics made it an
interesting protein to investigate in the context of Shrilk.

Collagen is one of the most common structural proteins found in all animals. Although 28
different kinds of collagen exist in the vertebrate family alone, they are all characterized by a
similar structure: three parallel peptide strands each made of three repeating amino acids, coiled
around each other to form a right-handed triple helix [95]. This helical structure lends collagen
thermal stability and mechanical strength. Demand for collagen has steadily increased due to its
use in industries such as food and beverage, cosmetics, biomedical devices, and more. In 2023,
the global collagen market was valued at $9.76 billion [96]. Appealingly, collagen supplements
are produced from food industry byproducts like the skin, bones, and cartilage of cows, pigs, and
fish [97]. Therefore, collagen represented another accessible and affordable protein that could
serve as an alternative to silk fibroin. Unlike casein, though, collagen is a highly ordered protein,
rich in helical structures.

Finally, keratin is another structural protein important to organisms across the animal
kingdom. Insoluble and fibrous, keratinous proteins produce tough materials that make up many
animals’ epidermal appendages, including hair, nails, horns, and feathers [98]. Keratins can be
classified into a-keratin, B-keratin, and y-keratin, with a-keratin organized into a-helices,
B-keratin into B-sheets, and y-keratin into globules [99]. In this way, keratin is structurally similar

to silk fibroin, which has regions of helices, sheets, and disorder. The keratin market, valued at
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$1.9 billion in 2022, is the least developed of the three alternative proteins considered in this
section [100]. Despite that, the growing demand for keratin driven by the cosmetics industry, as
well as keratin’s similarity to silk fibroin, made it an intriguing substitute protein.
3.3 Methods
Casein Films

Bovine casein (Sigma Aldrich, USA) was dissolved at 10% w/v in Milli-Q water and
stirred until homogeneous. 1M NaOH was used to adjust the solution’s pH to 8. The solution was
stirred for another hour and then centrifuged. 20 mL of the supernatant was cast into glass molds
and allowed to evaporate overnight at 50°C.
Collagen Films

Marine collagen (True Nutrition, USA) was dissolved at 10% w/v in Milli-Q water and
stirred until homogeneous. 10 mL of the solution was cast into glass molds and allowed to
evaporate overnight at 50°C.
Keratin Films

Keratin (MYOC, USA) was dissolved at 10% w/v in Milli-Q water and stirred until
homogeneous. 10 mL of the solution was cast into glass molds and allowed to evaporate
overnight at 50°C.
Alternative “Shrilk” Films

First, chitosan films were cast and neutralized according to the standard Shrilk protocol.
Then, the substitute protein solutions were cast on top of the chitosan and dried as described in
their respective sections above. Unlike silk fibroin films, alternative proteins were not washed

with ethanol.
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3.4 Results

All three substitute proteins were able to form a film on their own. However, none of the

alternative protein films displayed the optical clarity of silk fibroin films. The casein became

uniformly matte white, similar in appearance to frosted glass (Figure 3.1a). The collagen, while

clear in some areas, displayed microscopic cracks which gave the overall film a more opaque

Casem “Shn]k” i -
g Casein Collagen Keratin
Film White White Yellow
Matte Small cracks Small cracks
Uniformly throughout throughout
smooth
“Shrilk” Slightly cloudy Clear, with small Patches of
Peeled easily off cracks throughout cloudiness
the plate Delaminated Brittle
delaminated immediately upon Came off the glass
after more handling mold in shards
handling

Figure 3.1: Summary of silk fibroin substitute films. Top row: images of (a) Casein, (b)
collagen, and (c) keratin films. Bottom row: images of alternative “Shrilk” films made of a
chitosan layer beneath a (d) casein, (e) collagen, or (f) keratin layer. (g) Table containing an
overview of alternative protein films’ appearance and performance.
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appearance (Figure 3.1b). The keratin also displayed these microscopic cracks, and moreover
had a yellowish hue (Figure 3.1¢). In general, the films made from substitute proteins were
difficult to demold. The casein film peeled off the glass plate fairly easily, but the collagen and
keratin films were extremely brittle and did not hold together well (Figure 3.1g). The collagen
scraped off the plate in microscopic pieces, effectively returning to a powdery state, whereas the
keratin came off the plate in small shards less than one centimeter in width (Figure 3.1g).

The alternative “Shrilk” films made using chitosan and silk fibroin substitutes also had
limited success. Interestingly, they generally seemed more optically clear than the simple
alternative protein films (Figures 3.1d-f). However, neither casein nor collagen demonstrated
strong adhesion to the underlying chitosan layer, and both “Shrilk” films easily delaminated
upon touch (i.e. the top layer flaked off the bottom layer). The keratin seemed to adhere to the
chitosan; nevertheless, like the simple keratin film, the keratin “Shrilk” was extremely brittle and
broke into small shards during the demolding process. Ultimately, none of the alternative
“Shrilk” films could be prepared for tensile testing (Figure 3.1g).

3.5 Discussion

In conclusion, preliminary testing did not yield any proteins that could successfully serve
as substitutes for silk fibroin in Shrilk. None of the three candidates—casein, collagen, and
keratin—displayed the characteristics necessary to constitute a packaging material. First of all,
they were not optically clear. Clarity is an essential property of Shrilk, as it is important for
packaging materials to be transparent enough that consumers can see the product inside. The
three alternative proteins also did not produce films with enough flexibility to be manipulated or

handled. In particular, the keratin and collagen films were too brittle to even remove from the
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mold. Finally, both the casein and collagen “Shrilk” films easily delaminated, suggesting that the
substitute proteins were unable to create strong adhesion to the chitosan layer underneath.

Importantly, the inability to produce alternative “Shrilk” films here does not necessarily
suggest that doing so is impossible. Due to time constraints, it was impossible to experiment with
different processing methods and lamination techniques. It is plausible that casein, collagen,
and/or keratin could form an alternative “Shrilk” film successfully if the methodology were
altered—for instance, treating the chitosan with a solvent besides NaOH, or somehow modifying
the substitute protein to alter its structural properties in the same way that silk fibroin is treated
with methanol. Adding a crosslinker or plasticizer might improve the alternative “Shrilk” films’
properties by making them stronger or less brittle. Lastly, it could be interesting to explore using
combinations of proteins, especially since the procuticle after which Shrilk is modeled can
contain up to hundreds of cuticular proteins [101]. For instance, resilin is a highly elastic protein
commonly found in insect cuticles, which may impart some flexibility when combined with a
brittle protein like keratin [102]. The rest of this thesis continues using chitosan-silk fibroin
laminates, but future work should continue searching for proteins that could be used in place of
silk fibroin, as making such a substitution could drastically improve Shrilk’s environmental
impact and cost of production.

Furthermore, given that alternative protein candidates were unsuccessful, it is important
to think about ways to make silk fibroin more environmentally friendly. Since one of the main
causes of greenhouse gas emissions is fertilization of the mulberry field, optimizing fertilizer
application and organic waste processing can help to decrease the environmental impact
associated with silk production [89]. Life cycle analyses of silkworm farming indicate that the

energy used to irrigate fields, transport materials, dry silk cocoons, and more contribute
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significantly to silk’s overall global warming potential [89]. Encouraging farmers to utilize
renewable sources of energy and giving them the resources to make the transition could therefore
decrease silk’s climate impact. Lastly, silkworm farming can be made more efficient by
repurposing waste byproducts. For instance, silkworm pupae are often discarded, but utilizing
them as a nutritious substitute for animal feed could decrease silk’s GWP,,, [103].

The environmental impact from processing raw silk into an aqueous solution could also
be improved. While dissolving silk in LiBr is a well-known methodology, other solvents have
been shown to break down silk fibroin as well. For instance, CaCl,-H,O is another popular
solvent for silk fibroin, which is much less toxic than LiBr [104]. However, it is important to
note that these different dissolution methods have been shown to impact the functionality of the
resulting silk protein, due to varying polypeptide chain lengths and secondary structures [72].
Therefore, it is not necessarily the case that silk—and therefore Shrilk—made using another
solvent will have the same mechanical properties as silk made using LiBr.

Finally, bioengineered silk proteins can be considered as alternatives to natural silk fibers.
Recent advancements in synthetic biology have enabled scientists to develop recombinant spider
silk proteins, using genetically modified bacteria, yeast, and plants to produce protein powders
that can be formed into films, sponges, foams, and more [105]. (Most of this work has focused
on spider silk instead of silkworm silk, since spiders are more difficult than silkworms to farm at
large scale.) Because yeast and bacteria are less costly to grow than silkworms, the synthetic
silks should be substantially more environmentally-friendly and inexpensive than natural silk.
Much work remains to be done in order to fully replicate the original silk protein; yet it is worth
noting that synthetic silks may soon be able to serve as a scalable replacement for natural silk

fibers in materials like Shrilk.
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4. Optimization of Material Characteristics

4.1 Industry Benchmarks

One of the reasons why plastic materials are so widely used is because of their immense
range in strength and elasticity. Generally, there exists a tradeoff between tensile strength and
elasticity; as tensile strength increases, elongation at break decreases. Nevertheless, even weaker
plastic materials are significantly stronger than most biopolymer films. Ultimately, while the
exact balance of tensile strength and plasticity may vary from material to material, plastic films
tend to possess an appealing combination of both. Furthermore, plastic films have good water
barrier capabilities, allowing them to retain their mechanical properties even after exposure to
water [106].

In order to market Shrilk as a viable alternative to conventional plastic packaging, it is
essential for Shrilk to hit the same material benchmarks set by plastic materials currently on the
market. While the results in Chapter 2 demonstrated that the laminate was indeed significantly
stronger than either chitosan or silk on their own, the tensile strength, toughness, and elongation
displayed by the Shrilk films could still stand to be improved. Also, one of the most valuable
characteristics of plastic materials is how diverse and versatile they are; thus it is desirable for
Shrilk to be able to take on a wide range of mechanical properties. Therefore, this section aims to
build upon previous results and provide ways to tune Shrilk’s properties in order to suit a more
diverse set of purposes. To that end, several experiments were conducted with the aim of
increasing Shrilk’s tensile strength and toughness: varying the molecular weight of chitosan,
experimenting with the thicknesses of chitosan and silk fibroin layers, increasing the number of
stacked laminates, and subjecting the laminates to tension. In an attempt to increase Shrilk’s

toughness and elongation at break, glycerol was introduced as a plasticizer for the chitosan
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solution. Finally, although the Shrilk films are treated with NaOH and methanol to increase their
hydrophobicity, they are still highly susceptible to wetting, and lose their mechanical properties
when wet. To address this concern, Shrilk films were coated with a hydrophobic barrier and then
tested under dry and wet conditions.
4.2 Methods
Shrilk Films of Different Molecular Weights

Low, medium, and high molecular weight chitosan (Sigma Aldrich, USA) was dissolved
at 1% w/v in 1% v/v acetic acid and stirred until homogenous. Chitosan films were prepared
using these different solutions as described previously. The rest of the protocol was carried out as
previously described.
Shrilk Films of Different Thicknesses

A medium molecular weight chitosan solution was prepared as previously described.
Instead of 6.75 mL, as the original method calls for, 4 mL, 7 mL, and 10 mL of chitosan solution
were cast onto glass plates instead. After drying, a layer of silk fibroin was cast on top of the
chitosan such that the ratio of chitosan to silk fibroin solids was 1:2. The rest of the protocol was
carried out as previously described.
Multilayered Shrilk Films

Shrilk films were fabricated as described previously. Prior to layering, dried films were
submerged in Milli-Q water for 1 minute to rehydrate. The first film was placed on a glass plate,
chitosan-side down, then the next layer was placed on top such that the silk side of the first film
faced the chitosan side of the second. Films were smoothed out using a finger to remove any
wrinkles and/or trapped air bubbles, and blotted to remove excess water. The process was

repeated as many times as necessary to obtain the desired number of layers. The multilayered
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films were allowed to dry and naturally peel off the glass plate.
Shrilk Films Incorporating Glycerol

Medium molecular weight chitosan (Sigma Aldrich, USA) was dissolved at 1% w/v in
1% v/v acetic acid and stirred until homogenous. Glycerol was added into the chitosan solution
at 5%, 10%, and 15% w/w respective to the dry weight of chitosan. The solution was stirred for
one hour to ensure homogeneity. Plasticized chitosan films were then fabricated according to the
standard protocol. For half of the films, a silk fibroin layer was cast on top of the chitosan as
usual. For the other half, silk fibroin mixed with 5%, 10%, and 15% w/w respective to the dry
weight of silk fibroin and cast on top of the chitosan, such that both layers had the same ratio of
glycerol to biopolymer. All films were washed with methanol and allowed to dry.
Chitosan Films With and Without NaOH Treatment

Medium molecular weight chitosan (Sigma Aldrich, USA) was dissolved at 1% w/v in
1% v/v acetic acid and stirred until homogenous. Glycerol was added into the chitosan solution
at 50% w/w respective to the dry weight of chitosan. The solution was stirred for one hour to
ensure homogeneity. Plasticized chitosan films were cast and dried at 50°C overnight. Half of the
films were directly unmolded; the other half were submerged in 1M NaOH for 10 minutes and
washed with Milli-Q water. Films were allowed to dry.
Shrilk Films with Hydrophobic Coating

Shrilk films were prepared as previously described. Wax-It-All Food-Grade Wax
(Howard Products, USA) and Heavy Duty Fabric Wax (Otter Wax, USA) were applied to the
surface of Shrilk films according to manufacturer instructions. The coated Shrilk films were
allowed to sit for 24 hours at room temperature, and then cut into 1.5 cm x 5 cm rectangles for

tensile testing.
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Wet Tensile Testing

Control Shrilk films and Shrilk films covered in hydrophobic coatings were submerged in
water for one minute, and then blotted to remove excess water. Stress-strain measurements were
taken as previously described.
Contact Angle Measurement

To create a sessile droplet, 0.2 mL drops of Milli-Q water were dispensed from a 1 mL
syringe onto the film surface. Contact angle images were taken using the Droplet Lab
Tensiometer (Droplet Lab, Canada). Images were loaded into ImageJ and analyzed using the
DropSnake plugin [107].
4.3 Results

Three sets of alterations were made to Shrilk films in an attempt to increase their tensile
strength and toughness: using chitosan of varying molecular weights, making Shrilk films with
different thicknesses, and stacking several Shrilk films on top of each other. In general, none of
these three modifications were found to have a significant effect on Shrilk film properties.

One-way ANOVA yielded no significant differences in tensile strength (p = 0.242),
toughness (p = 0.373), or elongation at break (p = 0.117) as a result of changing the molecular
weight of the chitosan layer (Figure 4.1a-c). Interestingly, though, the variance in tensile
strength associated with low molecular weight Shrilk films was significantly smaller than that of
medium molecular weight films (p = 0.011) and high molecular weight films (p = 0.050) (Figure
4.1a). Similarly, changing the thickness of the Shrilk film had no significant effect on tensile
strength (p = 0.972), toughness (p = 0.396), or elongation at break (p = 0.179) (Figure 4.1d-f).
Finally, increasing the number of layers had no significant effect on tensile strength (p = 0.629),

toughness (p = 0.507), or elongation at break (p = 0.163). Notably, one-way ANOVA did reveal a
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highly significant difference between the mean tensile strength (p < 0.001), toughness (p <

0.001), and elongation at break (p = 0.003) (Figure 4.1g-i) of different experimental conditions.
Following these experiments which attempted to increase the tensile strength and

toughness of Shrilk films, glycerol was used as a plasticizer to try to increase the films’

elongation at break values. When glycerol was only added to the chitosan layer, no significant
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Figure 4.1: Tensile properties of altered Shrilk films. (a) Tensile strength, (b) toughness, and
(c) elongation at break for Shrilk films made with low, medium, and high molecular weight
chitosan. (d) Tensile strength, (e) toughness, and (f) elongation at break for thin, medium, and
thick Shrilk films. (g) Tensile strength, (h) toughness, and (i) elongation at break for multi-layer
Shrilk films made with one, two, and three layers. Mean values are shown and error bars

represent + standard deviations (n = 3-6 samples per group), as analyzed using a one-way
ANOVA test.
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effect was observed on Shrilk’s tensile strength (p = 0.593), toughness (p = 0.635), or elongation

at break (p = 0.776) (Figure 4.2a-c). However, when glycerol was added to both chitosan and

silk layers, one-way ANOVA yielded significant differences in tensile strength (p = 0.002),

toughness (p = 0.009), and elongation at break (p = 0.008) (Figure 4.2a-c). As the percentage of

plasticizer increased from 5% to 15%, mean tensile strength decreased by 55% (p = 0.012) and

toughness decreased by 74% (p = 0.002). Somewhat surprisingly, elongation at break also

decreased by 62% (p = 0.004). In general, the elongation at break values after adding glycerol

were consistently within 1-3%, similar to those of unplasticized Shrilk films.
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Figure 4.2: Tensile properties of plasticized Shrilk and chitosan films. (a) Tensile strength,
(b) toughness, and (c¢) elongation at break for Shrilk films with plasticized chitosan, as well as
plasticized chitosan chitosan and silk. (d) Tensile strength, (e) toughness, and (f) elongation at
break for plasticized chitosan films before and after NaOH treatment. Mean values are shown
and error bars represent + standard deviations (n = 4-6 samples per group). Groupwise p-values
(a-c) were calculated using a one-way ANOVA test; pairwise p-values (d-f) were calculated

using two-tailed Student’s T-tests.
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In order to understand why higher levels of plasticizer were not resulting in larger
elongation at break values, the effect of NaOH treatment was investigated. Tensile testing
revealed that washing chitosan films containing 50% w/w glycerol with 1M NaOH more than
doubled their tensile strength (p < 0.001), decreased toughness by a factor of 2.5 (p = 0.003), and
decreased elongation at break by a factor of six, from 32% to 5% (p < 0.001) (Figure 4.2d-f).
Since the chitosan layers in Shrilk films are washed with NaOH as part of the fabrication
process, these results help explain why glycerol was not effective in increasing the plasticity of
Shrilk films.

Finally, Shrilk films were covered in hydrophobic coatings to improve their resistance to
water. Applying Wax-It-All (a blend of beeswax, carnauba wax, and food grade mineral oil)
increased the contact angle of the Shrilk film by 35% as compared to the untreated chitosan layer
(p =0.005) and 50% as compared to the untreated silk layer (p = 0.001) (Figure 4.3a, b). Otter
Wax (a blend of beeswax, plant-based waxes, and plant-based oils) increased the contact angle of
the Shrilk film by 21% as compared to the untreated chitosan layer (p = 0.051) and 34% as
compared to the untreated silk layer (p = 0.014) (Figure 4.3a, b). The mean contact angle
measured for Wax-It-All-treated films was higher than that of Otter Wax-treated films (81° vs
73°, respectively), but the difference was not statistically significant (p = 0.224).

The effect of hydrophobic coatings on contact angles was corroborated by their effect on
tensile properties. Whereas the tensile strength of untreated Shrilk films decreased by more than
a factor of 10 when wet (p < 0.001), the Wax-It-All-treated and Otter Wax-treated films’ tensile
strengths only decreased by a factor of 2.46 (p = 0.024) and 2.89 (p = 0.008), respectively
(Figure 4.3c). Furthermore, the untreated films experienced no significant change in toughness

when wet (p = 0.324), whereas treated films more than doubled in toughness when wet, although

51



the effect was only statistically significant for Otter Wax (p = 0.013) and slightly over the
p-value threshold for Wax-It-All (p = 0.082) (Figure 4.3d). All three groups experienced a 4-6x
increase in elongation at break when wet (untreated: p = 0.008; Wax-It-All: p = 0.046; Otter
Wax: p = 0.040) (Figure 4.3¢). However, one-way ANOVA revealed no significant difference in

elongation at break within the three experimental groups (p = 0.437) (Figure 4.3e).
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Figure 4.3: Effects of hydrophobic coatings on Shrilk. (a, b) Hydrophobic coatings
significantly increased the contact angle of water droplets on Shrilk. (¢) When hydrophobic
coatings were applied, wet Shrilk pieces maintained more of their dry tensile strength than
untreated samples. On the other hand, (d) toughness and (e) elongation at break were higher for
wet Shrilk pieces than dry ones. Mean values are shown and error bars represent + standard
deviations (n = 4-6 samples per group). Pairwise p-values were calculated using two-tailed
Student’s T-tests.

4.4 Discussion
The experiments comprising this chapter had three main objectives: to increase the tensile

strength and toughness of Shrilk films, to increase the elongation at break of Shrilk films, and to
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maintain Shrilk films’ tensile properties even after coming into contact with water.

Ultimately, none of the three experiments aimed at increasing tensile strength or
toughness led to any significant improvements. These findings were somewhat surprising, yet
illuminating. High molecular weight chitosan has been shown to have superior tensile strength to
low molecular weight chitosan films, as the longer strands allow for greater chain entanglement
and thus stronger mechanical properties [108]. The lack of response to different molecular
weight chitosan may indicate that the strength of the chitosan layer itself is not the dominant
factor in determining the tensile strength of the Shrilk film as a whole. On the other hand, the
low molecular weight Shrilk films had significantly lower variation in tensile strength than the
medium and high molecular weight films. When making the films, the low molecular weight
chitosan dissolved easily into 1% v/v acetic acid, whereas the medium and high molecular
weight chitosan solutions had small pieces of chitosan that were not fully dissolved even after
stirring overnight. These irregularities may have caused heterogeneities in the films, increasing
the variance of tensile strengths. Given that the molecular weight did not seem to have an effect
on Shrilk’s tensile strength, it may be better to use low molecular weight chitosan in the future,
in order to minimize batch-to-batch variation and create a more uniform product.

Varying the thickness of the Shrilk films was intended to provide insight on the
importance of the chitosan-silk fibroin interface for imparting tensile strength and toughness. It
was hypothesized that the thinner films would have superior mechanical properties, as the
interface made up a larger proportion of the film. However, the thickness of the films did not
make any difference on the films’ properties. This might indicate that the interface is also not the
major contributor to Shrilk’s mechanical properties; on the other hand, it might suggest that the

width of the interface is proportional to the thickness of the films. For instance, since the thicker
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films require more silk fibroin solution to be cast on top of the chitosan, they may take longer to
dry, giving the silk fibroin more time to penetrate into the chitosan layer. Nonetheless, the fact
that Shrilk films’ tensile properties are independent of thickness is not necessarily a drawback. In
fact, because film thickness does not seem to matter, manufacturers could produce Shrilk films
of a range of thicknesses without having to worry about adverse consequences. Of course, the
maximum film thickness used in the conducted experiment was approximately 150 um, so
tensile properties for much thicker films should not be extrapolated from these findings.
Nevertheless, the obtained results provide manufacturers with a range of thicknesses (i.e. that
could simplify production and save time, space, and money.

In a similar vein, experimentation also revealed that the number of layers in multi-layer
Shrilk films did not significantly impact tensile properties. In other words, the maximum stress
that Shrilk films could withstand increased linearly with the number of layers stacked on top of
each other. It was hypothesized that tensile strength would increase with the number of layers,
similar to how overlapping regions of nonuniformly-oriented planes give strength to the
exoskeleton [44]. However, this hypothesis did not hold. Nonetheless, this finding suggests that
manufacturers could easily scale up the number of layers used in a given film in order to make it
withstand a desired amount of stress. Moreover, the films were bonded together using only water,
without the need for additional adhesives. This simplification makes the stacking process
relatively facile and cost-effective. Lastly, while the thickness experiments described above
should not be extrapolated to films that are much thicker than 150 pum, the stacking method is
likely to be consistently successful even for thicker films, as it does not alter the films’ inherent

properties in any way but simply sticks multiple films together.
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After attempting to increase the tensile strength and toughness of Shrilk films, glycerol
was added in an effort to plasticize the Shrilk films. Glycerol is a commonly used plasticizer for
both chitosan and silk films; the glycerol molecules interrupt hydrogen bonding between
chitosan and silk chains, typically resulting in films that are weaker but more flexible and plastic
[109], [110]. As expected, tensile strength and toughness decreased significantly as the
percentage of glycerol increased. However, the elongation at break values stayed quite low,
within 1-3%. Subsequent experiments demonstrated that NaOH treatment of films containing
glycerol reversed much of the plasticizing effect; tensile strength rebounded while elongation at
break dropped drastically. Upon further reading, this reversal may be due to glycerol’s solubility
properties. The glycerol molecule is a short hydrocarbon containing three -OH groups; this
structure, which enables it to form hydrogen bonds and have a plasticizing effect on chitosan and
silk, also makes it highly soluble in polar solvents such as NaOH and methanol [111], [112].
When the films were treated with NaOH and methanol as the Shrilk protocol demands, some of
the glycerol may have been solubilized and pulled out of the film, causing the plasticizing effect
to be lost. Additional plasticizer experiments could not be performed due to time constraints, but
future experiments should utilize plasticizers that are not soluble in polar solvents. For instance,
epoxidized soybean oil and epoxidized palm oil are commercially-available, eco-friendly
plasticizers that may be less soluble in polar solvents due to their long hydrocarbon chains [113].
It is essential to find a plasticizer that can withstand NaOH and methanol treatments, as they are
key parts of Shrilk fabrication: the NaOH deprotonates the chitosan layer to allow bonding to
silk fibroin, and the methanol encourages silk fibroin to form ordered B-sheets.

Perhaps the most interesting set of experiments was coating Shrilk films in hydrophobic

waxes to improve their water resistance. Although Wax-It-All and Otter Wax treatment were not
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able to fully maintain Shrilk’s tensile properties after wetting, they did reduce the drop in tensile
strength significantly. On the other hand, the toughness and elongation at break of waxed films
actually increased in their wet state. These findings indicate that water could actually act as a
plasticizer in slightly hydrated films, much like the way that glycerol had been intended to act as
a plasticizer. Whereas the untreated Shrilk film had extremely low tensile strength when wet, the
treated films only became slightly hydrated and maintained decent tensile strength but were able
to stretch more and absorb more energy before rupturing—both important characteristics for
plastic alternatives. In fact, water content has been shown to play an important role in
modulating the mechanical properties of insect cuticles, suggesting that insects might even use
cuticular transpiration to regulate their own strength and toughness [114].

These results indicate that the amount of water contained in Shrilk films has a critical
effect on their tensile properties, which may explain some of the batch-to-batch variation that
was observed throughout this study. Inconsistencies in humidity, both in the room and in the
oven used to dry the films overnight, may have resulted in Shrilk films of varying levels of
hydration, and thus varying tensile strengths and toughnesses. Future experiments should
investigate the effect of humidity on Shrilk films and control for humidity when making films
going forward. Additionally, Wax-It-All and Otter Wax only served as a proof-of-concept for the
idea of treating Shrilk films to make them more water-resistant. Future experiments should also
search for treatments which impart even higher hydrophobicity. After all, the contact angles for
both Wax-It-All and Otter Wax-treated films were still under 90°, meaning that the treated Shrilk
films were still technically hydrophilic surfaces according to American Chemical Society
standards [115]. However, since biodegradability is one of Shrilk’s key features, it is important

that whatever water-resistant treatment chosen for Shrilk retains the films’ biodegradability.
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Wax-It-All and Otter Wax are both made with natural waxes and oils, making them inherently
biodegradable substances. Although traditional water-resistant materials are typically made from
petroleum products like polymethyl methacrylate and polyurethane, a new wave of eco-friendly
waterproofing treatments using natural materials and sustainable practices has also arisen, which

Shrilk should draw upon [116].
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5. Conclusion

The work performed in this study presents a compelling argument for further research
and development into the concept of chitosan-protein laminates as a potential alternative to
conventional, petroleum-based plastic packaging materials. Chitosan-silk fibroin films (referred
to in this study as “Shrilk”) were successfully reproduced; they demonstrated optical clarity and
a higher tensile strength than either chitosan or silk on their own, as well as a homogeneously
blended film. In fact, the tensile strength of these Shrilk films was comparable to some plastic
materials currently on the market, such as polystyrene. Although the mechanism behind this
heightened strength is still somewhat unclear, FTIR and Raman spectroscopy suggest that this
effect may be due to organized mechanical entanglement of chitosan and silk fibroin strands.
Importantly, unlike petroleum-based plastics, Shrilk films were readily biodegradable, losing
84% of their total mass after 4 weeks in simulated landfill conditions.

In contrast to our hypothesis, efforts to reproduce “Shrilk” using proteins besides silk
fibroin were unsuccessful. However, casein, collagen, and keratin still might be able to function
as substitutes for silk fibroin with the use of additional chemical crosslinkers, plasticizers, and/or
post-casting treatments. Although these avenues of exploration were not in the scope of this
project, future work should investigate these methods. Future research should also consider
searching for other proteins with similar chemical and structural properties to silk fibroin, using
combinations of multiple proteins, and investigating the environmental and cost implications of
using synthetic or bioengineered silk.

Efforts to manipulate the tensile properties of Shrilk revealed that the molecular weight of
chitosan, thickness of films, number of laminate layers, and addition of glycerol had little

consequence. However, covering Shrilk films with a hydrophobic coating proved effective in
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reducing Shrilk’s vulnerability to water and even indicated that a moderate amount of water
could act as a plasticizer, increasing films’ toughness and elongation at break. Future research
might investigate other ways to alter Shrilk’s tensile properties and increase tensile strength,
toughness, or elongation at break. On the other hand, Shrilk’s lack of response to the factors
tested in this study demonstrate the robustness of Shrilk, suggesting that its properties would not
be significantly affected by small changes in the manufacturing process.

The plastic industry is a key contributor to environmental damage, from its greenhouse
gas emissions to its impact on wildlife. Going forward, reducing the world’s dependence on
petroleum-based plastics will play a crucial part in confronting the climate crisis. This thesis
provides an overview of the structure and properties of Shrilk, a biodegradable alternative to
conventional plastic packaging. Shrilk is made up of environmentally friendly constituents:
chitosan is sourced from seafood waste byproducts, and silk fibroin has been shown to have a
lower global warming potential than fossil-fuel based plastics produced today. As a film, it
demonstrates tensile properties comparable to common plastic packaging materials. It can be
treated with a hydrophobic coating to maintain these tensile properties when in wet
environments. It is optically clear and readily biodegradable. Thus, Shrilk represents one
potential solution to the plastic pollution issue—an essential problem we must conquer if we are

ever to build a sustainable future.
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