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Abstract

Enzyme-responsive degradable polymers are of great interest both from fundamental
science and real-world application perspectives. Enzyme-responsive polymers, because
of their ability to interface with and sense biological processes, can have many
applications in systems that operate at the edge of biology and materials science. In this
thesis, the methods and physical processes to control and characterize the enzyme
response of a biodegradable polymer film — Polyhydroxybutyrate (PHB) — have been
explored. The properties of PHB were controlled by altering the processing and physical
parameters to yield PHB films that have a range of degradation characteristics, with the

aim of integrating this material in food quality sensing and biological applications.

A simple, solvent casting process was used to prepare PHB films with acetic acid as a
food-safe solvent. The use of acetic acid allowed for more flexible processing conditions
and a more extensive range of final properties. The acetic acid based solvent casting
process was used to prepare flexible PHB films with thickness ranging from 50 um to 40

nm, which is challenging to obtain using existing solvents for PHB.

Since the degradation characteristics of thin films can vary substantially from their thicker
counterparts, the effect of reducing the polymer film thickness on their degradation
characteristics was studied. A diffraction-based degradation sensor was developed and
validated to determine the change in the degradation of polymer thin films. It was found
that the enzymatic degradation rate increases substantially with a decrease in thickness

of the PHB film. However, constraining the film thickness down to the nanoscale was



found to impede enzymatic degradation, which could be attributed to the lack of ordered,

crystalline structures in the constrained film.

The knowledge acquired from these degradation studies was utilized to create a time-
temperature indicator (TTI) that works based on the temperature dependent degradation
behavior of a dye-loaded PHB film. With elapsing time, the degradation of the dye-loaded
PHB film was found to result in a gradual change in color of the enzyme solution, which

correlated with the integrated time and temperature history to which it was exposed.
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1. Responsive Biodegradable Polymers for Food Quality Sensing

1.1. Introduction

Prevention of pathogenic contamination and assurance of quality in fresh
products is a massive challenge in the food processing industry. Lapses in food quality
assurance have led to recalled products and financial losses, not to mention illness and
even, in some cases, death. Many previous studies have implicated contamination in
fresh meat and food products to be a leading cause of widespread foodborne illness
outbreaks'™. A 2011 report by the Center for Disease Control and Prevention (CDC)
estimates that about 9.4 million people are affected each year by foodborne illnesses in
the United States alone®. The food industry uses traditional pathogen detection
techniques such as microbiological, immunological and nucleic acid assays to test food
samples for contamination. These techniques are very accurate and sensitive, but
require long analysis time and elaborate sample preparation”®. In addition, these
protocols are based on random sampling and discrete measurements, which leave
open the possibility of untested contaminated samples proceeding through the supply
chain and of contamination taking place during transportation or re-packaging further
down the supply chain®. Therefore, complementary techniques that can be used for
continuous, passive, real-time monitoring during packaging, transportation, and storage
of food products are desirable. One potential approach to ensuring food safety in all

packages, at all times is the use of an in-situ passive detector that continuously



monitors the package for the presence of a specific pathogen and the environmental
conditions to which it is exposed.

Currently, there are very few cost-effective quality assurance platforms that can
be integrated directly into food packaging and that are capable of continuous, passive
monitoring'®. Most existing and proposed systems require active electronic components
and circuitry, which makes them prohibitively expensive and complicated to implement
inside food packages. An ideal passive pathogen detector needs to be 1) inexpensive,
2) food safe when implemented inside the package, 3) capable of continuously tracking
the parameters within the food package to ensure overall quality, and 4) able to produce
an easily visualized response when the quality decreases.

Smart polymers are a class of materials that can interact with an external
stimulus and undergo a concomitant change in properties''. This change can entail
variations in mechanical properties, dimensional change'® or a change in the visual
appearance of the polymer. A sub-class of these materials based on degradable
polymers undergo an irreversible change in properties in response to the relevant
stimuli. In food safety applications, an irreversible response is desirable since it provides
a permanent record of the cumulative impact of the stimuli of interest. Degradable
polymers, with their ability to respond to a variety of stimuli including enzymes and other
bio-markers, are important candidates for such applications. Since these systems work
without the need for an external power source or complex electronics, they are ideal for
deployment in constrained environments like food packages. In addition, these
materials can be fabricated in large quantities inexpensively, and their processing

parameters can be tuned to produce desired changes in physical properties' as a



response to individual or multiple stimuli. Furthermore, they can provide an irreversible
response to cumulative exposure to environmental factors that influence the quality of
food product such as storage time, temperature’ and pathogenic bacteria. These
advantages make degradable polymers ideal candidates for the intended application in
food packaging.
1.2. Proposed Solution and Approach

The main goal of the work described in this thesis is to develop and characterize
a polyhydroxybutyrate (PHB) based enzyme-responsive platform that can be deployed
as a part of an in-situ pathogen detector (currently being developed by Dr. Elias and Dr.

Sauvageau group)'

and can be used for overall quality assessment of fresh food
products through time-temperature monitoring.

This work specifically focuses on methods to fabricate and study PHB with a
range of physical properties and surface features which influence its enzymatic
degradation. Further emphasis has been placed on transducing the enzymatic stimulus
into an irreversible visual change in the polymer, which is conducive to both rapid,
qualitative observation by eye as well as to quantitative measurement using automated
readers. The processability, patternability and the response behavior of PHB were
studied from the perspective of incorporating it into a pathogen detection system and
deploying it for the evaluation of the quality and freshness of food products as a time-

temperature indicator (TTI). Figure 1 shows the general progression and objectives of

this thesis.



Rapid Quality
Assessment
(Chapter 6)

1

Enzyme Responsive PHB
Architecture and Optimization
of the Response

(Chapters 4 & 5)

1

Development and Characterization of a Food-Safe
Processing Route for PHB

(Chapter 3)

Figure 1.1 Schematic showing the principal objectives, progression and contributions

made in this thesis.

1.3. Organization of Thesis

Chapter 2 presents a broad overview of the literature pertaining to biodegradable
responsive polymers and provides the requisite background to develop and characterize
enzyme-responsive polymer. The chapter starts with the review of degradable polymers
(historical origins and their fundamental response behavior) and then focuses on
degradable responsive polymers in the context of enzymatic stimulus. The chapter
concludes by providing state of the art in in situ bacterial detection and the relevant

context for the current research.



The potential application of enzyme-responsive PHB in food packaging makes it
desirable to develop a food safe fabrication route. Chapter 3 presents a solvent casting
process to fabricate PHB films with tunable properties using acetic acid as solvent. The
effects of solvent casting temperature on the surface morphology, optical, mechanical
and thermal properties of PHB films are characterized. In addition to thin films with
varying thicknesses and properties, the versatility of the method is demonstrated by
fabricating PHB films with high porosity, high optical clarity and flexibility. Before this
work, the most common solvent for PHB used in the literature was chloroform, which, in
addition to having a number of negative implications for the environment and human
health, does not provide the level of tunability afforded by acetic acid. This work is the
first instance in literature where acetic acid is demonstrated as a suitable solvent for
processing PHB.

One of the principal objectives of this thesis is to characterize, in real time, the
enzymatic response of the PHB films prepared under different processing conditions. In
this work, the enzymatic response is manifested as an irreversible degradation of the
PHB surface. The existing techniques to study this behavior (such as gravimetry and
spectroscopy) have many limitations and complexities which make them unsuitable for
real-time measurements. Chapter 4 presents a diffraction-based method for the
evaluation of enzymatic degradation of PHB using a non-contact, real-time and
automated system. This diffraction-based method is used to successfully characterize
the degradation behavior of PHB thin films fabricated at different solvent casting
temperatures and aged for various times. As further validation of the method, the

dissolution stability of silk films is also determined. Further, a probabilistic model is



established to semi-quantitatively determine the degradation rate of the PHB film being
characterized.

Chapter 5 explores further the effect of dimensional constraints on the
degradation behavior of PHB. The relationship between the crystalline state of PHB and
the enzymatic response under different dimensional constraints is determined using the
diffraction metrology established in Chapter 4. The degradation is found to accelerate
as the dimensional constraint increases, which presents the opportunity to engineer
PHB films with different kinetics of enzymatic degradation by a simple reduction in film
thickness. In addition, a PHB specimen constrained down to the nanoscale is fabricated
using a y-transfer molding process and its degradation behavior is also studied.

In the later parts of this thesis, the acetic acid based processing technique and
the enzymatic degradation of PHB are utilized to develop materials and architectures
that can provide useful information about the overall quality and freshness of food
products in the form of an optical response. In Chapter 6 the concept for a TTI, based
on the enzymatic degradation of a dye-loaded PHB film, is detailed. The chapter
presents the characterization of the dye-loaded PHB and its enzymatic degradation, to
ascertain its suitability as a TTI for fresh meat and dairy products. The kinetics of the
degradation process is systematically studied to narrow down the parameters and
processing conditions suitable for a TTI.

Chapter 7 provides a summary of the findings, contributions and conclusions
made in this thesis. The future directions and potential applications of the enzymatically-

responsive PHB are briefly presented.
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2. Background and Review of the Literature

This chapter provides an overview of biodegradable polymers, including their historical
progression, uses, degradation mechanisms and parameters affecting the degradation
behavior. The various parameters that influence degradation, including crystallinity,
surface properties and thermal characteristics, are discussed. Further, this section also
provides a brief overview of enzyme-responsive polymers in the context of biosensing
and biomedical applications. The chapter ends by providing a short review of the
techniques in literature for in situ detection of bacterial contamination and of the overall
quality of food products, which is one of the ultimate intended purpose of the materials
developed in this thesis. More detailed description and literature relevant to the work

described are provided as separate introductions in each of the chapters.

2.1. Biodegradable Polymers: History, Motivation and Applications
Biodegradable polymers are materials that can be broken down by agents such
as bacteria, fungi or other biological means under suitable environmental conditions.
Biodegradable polymers have been an integral part of nature since the dawn of life on
earth. The natural world is filled with biodegradable polymers that are essential for the
origin, sustenance and propagation of life. The three most important building blocks of
life — namely, polynucleotides, polypeptides and polysaccharides — are all degradable
polymers of biological origin. The ability of these degradable polymers to break down
into smaller constituents at the end of their life cycle has been an enabler for the
constant churning and evolution of new functions and diversification of living

organisms®. Because of their ubiquity, we can observe the prevalence of biodegradable



polymers all around us. For example, cellulose (a polysaccharide) constitutes 33% of all
plant matter®* and polysaccharides (sugars and starch) constitute almost 70% of the
total biomass consumed by many animals, including humans®. In addition to being an
essential part of life, biodegradable polymers have found many everyday applications.
Since antiquity to the present day, we have used a wide range of natural materials
made of biodegradable polymers such as wood (polysaccharides), cotton
(polysaccharides), rubber, silk (polypeptides) and leather (polypeptides) for functional
and structural applications. The utility and desirability of materials made from natural
degradable polymers made them expensive and objects of high value throughout
history.

However, with the advent of low-cost synthetic polymers — bakelite (1907)%”7,
polyethylene (1933)%°, polyamide (1938) — in the early part of the 1900s, the
dependence on biopolymers for functional applications decreased considerably. The
low-cost, favorable physical properties and environmental stability of synthetic plastics
made them ideal for functional applications where degradation at the end of life was not
critical. Thus, an era of synthetic plastics ensued, which also brought along a glut of

10—

problems related to the environmental impact of plastic waste'®'2. As the environmental

impact of synthetic plastics became apparent, research interest in the development and
discovery of a new class of polymers that can degrade in specific environmental
conditions at the end of life increased' . Initial researches focused on degradation-
inducing additives and on the chemical modification of common synthetic polyolefin'>~"
and polyesters to impart favorable degradation behavior to existing synthetic

18-20

polymers . Most of these additives/chemical modifications altered the polymer
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backbones structure/chemistry and reduced their overall environmental stability. This
approach has been successfully used to synthesize polymers that can be broken down
by the action of environmental factors such as, pH, temperature and high energy
radiation. The chemistry of the polymer chains was modified such that even a relatively
small amount of external energy would cause the bonds to destabilize and break down
into smaller chains?'?%. Despite the induced degradability, these polymers did not find
large-scale applications, since the low molecular weight species produced due to the
degradation process were found to be harmful to the environment**2°.

Another research approach carried out in the same period involves the
polymerization of monomeric moieties that are degradable and safe in the environment.
The resulting polymer was found to have chemical bonds that are susceptible to
degradation either due to hydrolytic or catalytic attack by reactive species present in the
environment, typically mild acids and bases. Using this approach, many synthetic
degradable polymers not found in nature were synthesized; poly(lactic acid) (PLA)®,
poly(lactic-co-glycolic acid) (PLGA)?’ and polycaprolactone (PCL)?® being the most
widely used polymers synthesized by direct polymerization route. Further, the advances
in polymerization techniques (such as the lactide ring opening reaction) has enabled
commercially viable production of degradable polymers in the recent decades, making

2930 and a number of

them suitable for low-cost applications such as films, coatings
biomedical devices®'*?>. However, the synthetic polymers produced by polymerization
reactions have limitations related to their slow degradation rate and the inability to

readily degrade at the end of life, since they lack biological agents that can readily break

down the polymer chains with high specificity.
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An alternative route for the large-scale production and extraction of degradable
polymers is the utilization of bioengineering to leverage the tendency of certain
microorganisms and plants to produce and accumulate biopolymers as a store of
energy or structural material®*>=°. The biological origin of these polymers makes them
susceptible to rapid degradation under suitable environmental conditions while being
extremely stable and recalcitrant during normal use. The most common instances of
such polymers produced by plants are cellulose and starch, which have favorable
properties, including good degradability and environmentally friendly degradation
products. Apart from plants, some bacterial species and fungi have also been identified
to accumulate polymeric materials within their cell wall under specific resource-limited

conditions6~%°.

While most microorganisms tend to store small quantities of
oligosaccharides, polysaccharides and polypeptides required for the cell functions,
production and accumulation of large amounts of polymers are not typically observed.
Polyhydroxyalkanoates (PHA) — a family of bio-polyesters of which polyhydroxybutrate
(PHB) is the most important and commonly encountered polymer — are prominent
exceptions to this rule for bacterial origin polymers®="4%4! PHA is produced by some
strains of bacteria as an energy reserve under resource limited conditions and in the
presence of excess carbon*?. Under suitable conditions, some strains of bacteria have
been shown to accumulate as much as 75% PHB relative to the total dry weight of the
cell®. PHA has many attractive properties such as excellent chemical stability,
biocompatibility and degradability**. The degradation products of PHA (alkanoic acids)

are benign and are in fact essential constituents of all living organisms. PHA, by having

an unstable ester bond in its backbone. tends to undergo slow hydrolytic degradation
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under mildly acidic condition®. In addition, the prevalence of PHA as an energy storage
molecule in bacteria has led to the evolution of a range of depolymerase enzymes that
can catalyze the hydrolysis of the ester bonds at much higher rates than possible in
normal hydrolytic conditions*®**®.  Among PHAs, polyhydroxybutyrate (PHB),
polyhydroxyvalerate (PHV) and poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV)
have attracted the most attention in the literature, because of their ease of production
and mechanical properties similar to commercial thermoplastic polymers such as
polypropylene. However, PHB suffers from some drawbacks such as lack of suitable
versatile solvents, poor mechanical flexibility, poor processibility and a narrow thermal
processing window. This thesis contributes towards remediating some of the issues and

drawbacks of using PHB.

Biodegradable Polymers
& their Sources

l
l l l l

Petrochemical Agricultural Biomass Accumulation Biomass Accumulation
Feedstock Feedstock in Plants/Animals in Microbes
« Polycaprolactone (PCL) « Polylactides * Polysaccharides * Polyhydroxybutyrate (PHB)
* Polyorthoester (POE) » Polylactic acid (PLA) + Polypeptides » Polyhydroxyvalerate (PHV)
» Lignocellulose * Polyhydroxyhexanoate
» Chitosan
* Gelatin

Figure 2.1 Schematic showing the diversity of degradable polymers based on their

origin and source.

Figure 2.1 shows a classification of degradable polymers based on their origin
and source. The physical properties and degradation behavior of these polymers are
influenced by factors such as the chemistry of the polymer backbone, synthesis route,

processing parameters and degradation processes involved. The interplay between the
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different fabrication routes and processing parameters have led to a rich variety of both
natural and synthetic degradable polymers with a range of degradation behaviors. As a
result, the interest in biodegradable polymers and their applications has increased
dramatically in the past few decades.

Figure 2.2 shows a plot of the number of publications on biodegradable polymers
in the last four decades. Degradable polymers have found applications in many diverse
fields starting from advanced biological implants to eco-friendly food packages.
Because of their ability to interact with biological molecules, resorption characteristics
and assimilation in physiological conditions, degradable polymers have evoked
substantial interest for applications in biological and medical devices**3. Most of the
early applications for degradable polymers proposed in the literature revolve around bio-

°152 resorbable sutures and tissue regeneration®?.

implants®, drug delivery systems
However, the use of biodegradable polymers was not viable for low-cost packaging
applications due to the higher cost and inferior properties when compared to commodity
polymers. With the advent of commercial-scale ring-opening polymerization for
production of PLA® and fermentation processes for the production of PHB and its
copolymers®, degradable polymers have become more attractive for low-cost

applications such as eco-friendly food packaging®®®’

, and degradable and transient
electronics®®*°. All applications that necessitate the degradation of a polymer depend on
the physio-chemical processes that pertain to chain scission. Therefore, the nature and
mechanism of degradation are important factors that determine the suitability of these

polymers in various environmental conditions and applications.
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Figure 2.2 Number of publications with keyword degradation of polymers in the last few

decades (Scopus database search as of October 2017).

2.2. Mechanism of Biodegradation in Polymers

Polymers are a class of macromolecular materials that are characterized by
covalently bound, continuous chain-like molecules, resulting in very high molecular
weights (ranging from 10%to 10" g/mol) and complex molecular configurations. Many of
the unique properties of polymers can be directly correlated to their large size®. The
interactions and intermolecular forces between the polymeric chains dictate their bulk
mechanical, chemical and physical properties®’. This strong dependence of properties
on intermolecular interactions makes it critical to understand the mechanism by which

the polymer chains degrade since it directly impacts their microstructure and properties.
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Degradation is a process by which polymer chains are broken down into smaller chains,
resulting in marked variations in the physical characteristics of the polymer. From a
reaction standpoint, degradation essentially entails a mechanism for the repeated
breaking of the bonds that form the polymeric backbone until the chains are reduced to

their oligomeric form and further down to the monomeric building blocks.

a) b) / c) /
e e
AP
Hydrolytlc Hydrolytlc k !" t\-{
degradation degradation /-* ~
7 \‘\ _/./ -~
Polymer Chain scission Degradation resulting

with susceptible links result in oligomers monomers

Figure 2.3 Schematic showing the degradation of polymer chains due to hydrolysis.
The solid circles represent hydrolytically susceptible bonds in the polymer backbone.
a) High molecular weight polymer chains before degradation, b) formation of lower
molecular weight oligomers after chain scission, c) further degradation resulting in the

formation of constituent monomers.

Figure 2.3 shows a schematic of the degradation process in polymer chains. This
process can be achieved by the input of external energy that exceeds the bond strength
of the polymeric backbone. Based on the energy source involved, the degradation

63,64

process can broadly be classified into thermal®®, photolytic®®* mechanical®*®® and

chemolytic degradation. The first three mechanisms typically cause non-specific

16



degradation, irrespective of the polymer chemistry, wherein even polymers that are
generally not classified as biodegradable, break down when sufficiently high thermal
energy or high-energy radiation is applied. These physical degradation mechanisms are
considered undesirable during the lifetime of the product and are typically not relevant
for biodegradable polymers. On the other hand, enzyme-catalyzed chemolytic
degradation can exhibit high specificity to the chemistry and the properties of the
polymer. The high specificity can lead to relatively rapid degradation in the presence of
suitable chemolytic and biochemical agents. Therefore, enzyme-mediated chemolytic
mechanisms are the most relevant in view of biodegradable polymers®~"°. The extent
and susceptibility to degradation have a strong dependence on the type of biomolecule
involved in the chain scission process. The enzymes that can degrade polymers such
as PHB typically consist of two functional parts, namely: the substrate binding domain
and the catalytic domain. The substrate binding domain is made of amino-acid
configurations that enables reversible attachment to the polymer surface, whereas the
catalytic domain consists of configurations that can breakdown hydrolytically unstable
bonds in the polymer chain backbone. The susceptible bonds in the polymer chain are
referred to as the active sites for enzyme attack. Figure 2.4 below shows a schematic of
the process by which the enzymes attach to the polymer substrate and attack the active
sites in the polymer backbone. This mechanism enables higher specificity and
degradation rates at ambient temperatures when compared to other non-specific

degradation processes.
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Figure 2.4 Schematic showing the process of enzymatic degradation of polymer.

Table 2.1 shows the chemical structure, relevant chemical processes and
suitable enzyme catalyst for some common biodegradable polymers. The mechanism of
biodegradation in all polymers involve the scission of the hydrolysable functional group
in the backbone, with the assistance of a catalytic agent. Hydrolytic degradation is a
process by which the polymer backbone is broken down in the presence of water
molecules. The cleaving of hydrolytically unstable bonds in the polymer chain results in
gradual erosion of the polymer surface and an overall reduction in molecular weight,
which eventually lead to the loss of mechanical integrity of the bulk material’*"2. In the
context of polymer degradation, hydrolysis is a chemical process which can be
influenced by the stability of polymer chain and the activity of the catalytic agent
mediating the reaction. On the other hand, erosion is a physical process which depends
on factors such as diffusion rates, dissolution stability and the kinetics of the hydrolysis
itself. It is therefore important to understand the interactions between these physio-
chemical processes to explain the macroscopic degradation behavior of polymers73.
The main determinants of degradation behavior in polymers are discussed in the

subsequent sections.
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Table 2.1 Chemical structure, degradation mechanism and typical enzyme catalysts for

some common biodegradable polymers.

anhydride bond

Name Chemical structure Dominant degradation Relevant Enzymes Catalyst
mechanism
CH,OH CH,OH CHZ0H
Starch @ o N\ om0 Photo & thermal Amylase produced by digestive
=% L, L | degradation of C-O bonds system in animals
OH
o . 74 .
Cellulose oo H o Hydroly_SIS into glucose or | Cellulase produceq by bacteria
Ho % 0 disaccharides and fungi
OH n
Polyanhydrides Rapid hydrolysis of None; Rapid nonspecific

hydrolysis in water

Poly-lactic acid

Hydrolysis of the
backbone into lactide

Proteases produced by bacteria;
Lipase and Esterase to limited
extent’>"®

Polyhydroxybutyrate

Enzymatic hydrolysis of
ester bond

PHA Depolymerase’”"

2.3. Factors Affecting Hydrolytic Degradation of Polymers

2.3.1. Chemistry of the polymer

Two of the main factors that control the degradation of polymers are the structure

and hydrolytic stability of bonds in the polymer backbone. For example, polyanhydrides
are known to have some of the most hydrolytically unstable bonds among
biodegradable polymers. As a result, polyanhydrides can degrade in as little as a few
hours”. On the other hand, most polymers that fall under the class of polyamides and
polyolefin are very stable and have degradation times in the range of hundreds of years
under nature of chemical

hydrolyzing environments”. Depending on the

species/functional groups in the vicinity of the backbone, the degradation time can vary
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widely even within materials belonging to the same class of polymers. Previous studies
have shown that the variation in degradation rates with respect to polymer chemistry

can be attributed to the fundamental effects of steric hindrance "°%, electronic

effects®’82

and surface properties of the polymer.

In the literature, steric effects created by the introduction of a bulky functional
group or a side chain in the polymer backbone have been shown to slow down
degradation by blocking access to hydrolytically unstable bonds’®®°. This mechanism is
prominent in polyesters. Similarly, the conformation of the polymer in bulk can also
result in steric effects that prevent access to the ester bonds. In contrast, the presence
of an electronegative species at the alpha-position of the ester bond has been shown to
assist degradation rates by reducing the bond energy’. Based on these fundamental
inferences, a number of previous works have developed rational chemical modification
approaches to control and tune polymers degradation behavior®. Since hydrolytic
degradation is reliant on the ability of water molecules to come in contact with the
polymer chains; the surface energy, hydrophobicity and the consequent water uptake
can be altered through rational chemical modifications and polymer blending to
influence degradation behavior. The literature shows instances where the introduction of
hydrophilic monomers led to a positive impact on the degradation rate of a more
hydrophobic polymer backbone®. Using this approach, new copolymers with tunable
degradation properties have been developed. Similar results were realized by blending
a hydrophilic polymer with a hydrophobic polymer that has limited degradability. For
instance, previous work has shown that blends of polyglycolic acids and polylactic acid

exhibit much higher degradation rates when compared to neat polyglycolic acid films®.
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Similar improvements in degradability have been found in a wide variety of polymeric
systems including PHB due to the blending of hydrophilic and hygroscopic polymers®*-
%  These approaches are attractive, especially for biomedical applications, where
tunability of degradation is an important consideration. Varying the chemistry of the
polymer chains thus results in substantial variations in degradation behavior and
properties. However, the process of blending, copolymerization and chemical
modifications can give rise to undesirable changes in specificity of degradation,
mechanical properties and processibility of the polymer necessitating alternative

approaches for the control of degradation.

2.3.2 Environmental Factors and Catalysts

While the nature of chemical bonds in the polymer chain plays a pivotal role in
determining the degradation behavior, the immediate environment can result in
substantial variations in degradation. As discussed in the previous section, the presence
of water in the immediate environment of most degradable polymers is a necessary (but
not sufficient) condition for degradation to proceed. In addition to water molecules,
external energy sufficient to overcome the activation energy of degradation is required
to drive the reaction. In case of a purely hydrolytic degradation without the assistance of
a catalyst, this energy has to be provided by the thermal vibrations of the
surroundingsS7. However, most hydrolytic processes involve the influence of an additive
or a catalyst, which can lower the activation energy and improve the kinetics of

degradation by orders of magnitude.
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The most common catalysts relevant for the hydrolytic degradation of polymers
are acids, bases and enzymes. Both acids and bases influence the hydrolysis rate by
altering the balance of hydronium ions and hydrogen ions. The equations below show
the reaction of acid- and base-catalyzed hydrolysis of esters to carboxylic acid and
alcohol. In this case, the presence of excess ionic species drives the reaction towards
the formation of acids and alcohols by destabilizing the ester bonds. Reactions based
on acids and bases as catalyst are the simplest and most common for hydrolysis of the
polymer. However, these catalysts lack specificity and are effective only at elevated

temperatures, which makes them unsuitable for rapid degradation of polymers*.

H+

Ethyl Ethanoate Ethanoic Acid Ethanol

CH,COOCH,CH; + NoOH ——>  CH,COOH + CH,CH,O0H

Ethyl Ethanoate Ethanoic Acid Ethanol

Since most biopolymers are based on chemistry intrinsic to living organisms,
alternative catalysis routes exist based on enzymes. Enzymes are biomacromolecules
that catalyze critical biological reactions such as the conversion of carbohydrates into

8.89 and the hydrolysis of triglycerides (lipases)®.

simple sugars (glucosidase, amylase)
Unlike acids and bases, enzymes exhibit very high specificity and activity at room
temperature, which makes them suitable candidates for controlled degradation of
specific polymers. Further, enzymatic degradation can be controlled and modulated by

environmental co-factors — such as pH and temperature — and by the addition of

chemical constituents that can act as promoters or inhibitors. Previous studies on the
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enzymatic degradation of polymers showed that the degradation rate depends heavily
on the enzyme concentration, reaction temperature and pH of the solution®°'*2. An
increase in enzyme concentration has been shown to increase degradation rate, as long
as the concentration is not so high as to cause saturation of the polymer substrate.
Similarly, reaction temperature and pH can be modulated to reach optimal degradation
conditions for the enzyme®®!. Many previous studies in the literature have shown

similar behavior for a wide variety of enzymes and polymeric substrates®*°.

2.3.3. Physical Properties of the Polymer

The pervious sections described the critical roles played by chemistry and
environmental factors in controlling the degradation behavior of polymers. Both these
parameters provide the possibility of tailoring degradable polymers with properties
specific to given applications. However, altering the chemistry and the degradation
environment may not be feasible in specific biomedical and food packaging
applications, such as smart food packaging systems. It is therefore desirable to have
the ability to control and alter the degradation of polymers by modifying their physical
properties. The literature shows a direct correlation between physical properties such as
crystallinity, glass transition temperature and molecular weight, and the final
degradation rate. For instance, previous studies have demonstrated the preferential
erosion of the amorphous phase (over the crystalline phase) in many semi-crystalline
polymeric systems, including polylactic acid®” and PHB%®*°. The crystalline regions have
a higher packing density and lower free volume than amorphous regions, which has
been shown to impede the diffusion rate and the access to the active sites in the

polymer chain'?%'%",
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In addition to the physical access to the active sites, the polymer chains have to
be arranged in a suitable conformational state for the degradation process to
proceed'®. Depending on the kinetic energy available, the conformation of the polymer
chains can either be frozen or be in a dynamic state, where the chain conformations
change rapidly in a probabilistic manner as a function of temperature®’. The state of the
polymer chains at a given condition is dependent on its glass transition temperature
(Tg). The glass transition temperature is a second-order transition where the polymer
chains transform from a glassy state with limited mobility to a rubbery state where the
conformations can change freely®’. Therefore, the degradation process can be affected
by the glass transition temperature, with lower Ty typically resulting in more degradation
at a given temperature’®. Even when the degradation is carried out above the T, of the
polymer, the crystalline regions do not degrade at a substantially faster rate since their
close-packed structure reduces the ability of enzymes to access the active sites which
are available only in specific crystal orientations*?. These constraints greatly limit the
ability of enzymes to catalyze the hydrolysis of the polymer backbone in crystalline
regions. In addition, the mobility of amorphous regions in the immediate vicinity of the
crystallites is limited due to the pinning effect caused by the crystals. Previous studies
have shown that there are three distinct fractions for semi-crystalline polymers above
their Ty, namely, crystalline regions, rubbery amorphous regions and glassy amorphous
regions at the interface between the crystalline and rubbery regions'. The relative
abundance of these different regions can have a strong influence on the degradation

characteristics of the polymeric materials'®.
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In addition to the conformational state of the polymer chains, the surface energy
of the polymer has been demonstrated to play a pivotal role in the interaction between
the domains of the enzyme and the surface of the polymer’®. This interaction is of
importance since the catalytic activity of the enzymes is a surface dependent process
involving highly specific inter-molecular forces’®'%. A change in surface energy can
significantly influence the attachment kinetics and consequently the catalytic activity of
enzymes. Previous studies have shown that an increase in the hydrophobicity of the
interacting surfaces can alter the binding kinetics of the enzymes, which can manifest
as a deviation in the degradation characteristics'®.

One of the most important parameters that can have a substantial indirect
influence on the degradation behavior is the molecular weight of the polymer species.
Generally, higher molecular weight results in slower degradation since more of the
bonds in the polymer chain backbone must be cleaved for a measurable mass loss from
the sample”. However, the most significant impact of molecular weight comes from its
indirect influence on many of the physical properties including crystallinity, glass
transition temperature and the surface hydrophobicity. Previous studies have

demonstrated that an increase in molecular weight can lead to lower crystallinity'®”"°,

109 110,111

more conformational complexity ™ and substantial variations in surface tension
As described in the previous sections, the changes in these physical properties can
have a strong influence on the enzymatic degradation process. The interactions and

interdependence between these factors have to be taken in consort to fully elucidate the

role they play in the degradation of polymers.
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Despite the complexity of the interactions between these parameters, it is
possible to idealize their effects on degradation behavior based on the amount of
energy, diffusion properties and mobility of the polymer chains when they are
processed. The final degradation characteristics can thus be tuned by varying the
processing parameters and consequently the physical properties of the polymer. These
parameters include thermal processing temperature, processing time, film thickness,
degradation temperature, etc. The focus of this thesis is to alter and tune the physical
properties of PHB to control degradation behavior using the processing parameters
mentioned above.

With the ability to tune and control the enzyme response and behavior of the
polymer, it is possible to develop smart systems that can be used to sense and respond
to the changes in their surroundings. The subsequent sections will delve into the
utilization of degradable polymers for application as stimulus-responsive smart materials
for sensing applications, with particular emphasis on enzymatic and bacterial sensing
systems.

24. Enzyme-Responsive Polymers
2.4.1 Principles and Motivation

Responsive polymers are a class of materials that can sense an external
stimulus and respond to it with a concomitant change in physical property. The literature
shows many instances of synthetic smart polymers that can respond to external stimuli
such as temperature''?, pH'"®, electromagnetic radiation'™ and molecular species'">
"7 In addition to these responsive polymers, the last decade has seen a sharp rise in

the design and development of smart materials that respond to biomolecules produced
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in nature and living organisms''®'?2. The complex sensing, feedback and regulation
mechanisms found in natural molecules such as enzymes and have been utilized to
produce smart polymeric systems that can respond in a controlled manner with respect
to the concentration, environmental conditions and the chemical properties of an
analyte. Biodegradable polymers, by their ability to respond to a wide variety of
biomolecules, have formed an integral part of these stimulus responsive smart
materials. The complex interaction dynamics between the smart polymer and biological
systems have opened the potential for advanced applications in drug delivery systems,

123,124

cell support media, and biosensors . In such applications, enzyme-responsive

polymers are of particular interest'>™'?

. Many dynamic processes in nature are
controlled and regulated by enzymes, which act as highly specific catalysts for biological
processes. In addition to facilitating biological reactions, enzymes and their reaction

products can also act as markers for specific bioprocesses'?®'?. This affords the

flexibility for enzyme-responsive materials to sense and control bioprocesses ranging

130- 133-135

from wound healing™*"*? to spoilage of food products

Zelzer et al. define enzyme-responsive materials (ERM) as follows: “ERMs
encompasses materials whose structure or functionality changes after the direct action
of the enzyme”'*®"’_ Biodegradable polymers — such as polyhydroxyalkanoates (PHA)
and polylactic acid (PLA) — that can be modified by the direct action of enzymes fall
under different classifications of ERMs based on the mechanism of response. The
enzyme response of these polymers can be classified into three categories namely: (1)

disassociation and degradation of macromolecules into smaller species, (2)

polymerization or self-assembly of macromolecular constructs and (3) physical and
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chemical structural change such as swelling. Among these mechanisms, degradation
provides the most flexible parameters for an enzyme-responsive polymer which
produces an irreversible change. As shown in the previous section, the degradation
behavior and response of biodegradable polymers can be tuned and controlled by
several factors which can enable enzyme-responsive systems that can be closely
controlled according to the desired application and environmental conditions.

In this thesis, enzyme-responsive polymeric architectures and materials have
been developed and optimized to undergo a predictable, irreversible change in physical
properties in response to the presence of specific enzymatic species relevant to a
specific environment. The subsequent section describes TTls and other smart systems
based on enzyme-responsive polymers. The final section of this chapter (Section 2.5)
presents some background and literature on in situ bacterial detectors for food
packaging, and shows the potential application of an enzyme-responsive polymer in a

bacteriophage-based biosensor for pathogen detection.

2.4.2 Enzyme-Responsive Polymers for Smart Systems

Enzyme-responsive polymers and aggregates have found a number of
interesting applications for systems that sense and respond to biological molecules.
Enzyme-responsive polymer systems that can mimic complex biological regulations and
response behaviors have been reported in the literatures'®. For instance, Ulijn et al.
has reviewed a wide range of polymeric hydrogels that can respond to enzymes for

129,137,138 In these

applications ranging from drug delivery to smart sensing systems
instances, the smart polymer senses a biomolecule and responds to it by changing its

visual appearance, dimensions or optical properties. Similarly, Hu et. al has reviewed
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different enzyme-responsive polymers, arrays and constructs for smart devices that can
mimic and interface with biological systems'*®. In these cases, the smart polymers have
been shown to exhibit a range of self-assembly, degradation and release behavior that
are typically associated with biological agents.

In this thesis, the enzyme response characteristics of PHB films have been used
to fabricate a TTIl. TTls are class of passive smart devices that can be used to
determine food quality and temperature abuse. TTls produce a detectable response to
the combined effects of time and temperature to which a food product is exposed '*°.
Many food products lose quality when exposed to elevated temperature during
transportation and storage. Also, the quality of food degrades substantially with longer
storage time, due partially to bacterial and enzymatic activity. The literature describes a
number of enzymatic TTls that worked based on the variation in enzymatic activity at
given storage conditions. However, existing systems either do not have the response
accuracy for relevant food products or are prohibitively expensive for deployment in a
food packages. Chapter 5 describes a PHB film based enzymatic TTI that overcomes

most of the drawbacks of existing enzymatic TTls. An in-depth review of the TTI

landscape is provided in the introduction of Chapter 5.
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2.5. In situ Bacterial Detection with Enzyme-Responsive Polymers

Pathogen contamination of food is a significant problem for the food industry. To
minimize its impact, the food industry uses traditional pathogen detection techniques
such as microbiological, immunological and nucleic acid assays to test food samples for
contamination. These techniques are very accurate and sensitive, but require long
analysis time and elaborate sample preparation’''*2. Complementary methods that can
be used for both on-site inspection and real-time monitoring during packaging,
transportation, storage and sale of the product are therefore desirable. An enzyme-
responsive smart label incorporated directly inside the food package, which can
respond to specific marker enzyme produced by the pathogen in the food can prove to
be a potential solution to this problem.

There are two main components in a pathogen-detecting label: the sensing unit
and the response unit. The sensing unit recognizes the analyte of interest while the
response unit gives a change that could be detected by an observer or by an
instrument. The sensing and response mechanisms of the detector depend on the
nature of the analyte used to identify the pathogen. The analyte for pathogen detection

can be broadly classified as indirect or direct.

2.5.1 Indirect Analyte

Indirect analytes include any generic chemical compound produced as a result of
bacterial activity. When growing on food products bacteria can produce metabolites
such as CO,, NHs, acetic acid, lactic acid, etc. These metabolites can be used as
indirect analytes for the detection of contaminants. Previous works have explored the

possibility of using CO,'*, H,S™* and volatile amine compounds'*® for detection of
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bacterial growth in food packages. However, this indirect analyte approach suffers from
a lack of sensitivity and poor selectivity. Therefore, it has been used mainly to indicate
food spoilage rather than for early detection of pathogens.
2.5.2 Direct Analyte

Direct analyte approaches involve using a pathogen of interest or one of its
specific components as an analyte. The most common recognition mechanisms that
can be utilized for direct pathogen detection are antibodies and bacteriophages.
Antibodies are proteins produced by the immune system to mark pathogenic bacteria
and viruses for destruction. Antibodies can bind to specific sites, known as antigens,
present on bacterial surfaces. Some antibodies can also bind and inactivate toxins
produced by pathogens. Bacteriophages, on the other hand, are obligate parasites that
can infect and replicate inside specific strains of bacteria. Both sensing methods lend
high selectivity and sensitivity, which enables them to be used for early detection of
pathogens. Antibody based recognition units have been demonstrated in the literature
for proof of concept point of care devices. For instance, Goldsmith et al. have developed
a system in which a barcode is printed using labeled antibody'*®™’_ In the presence of a
specific antigen, the antibody binds to them, causing the barcode to become
inactivated. Bodenhamer et al. have proposed a system where an antibody is
immobilized on a substrate in a specific pattern’*®'*°. Another batch of labeled antibody
is suspended in a gel and coated on this substrate. In the presence of the specific
antigen, the suspended antibody binds to it, and this antibody-antigen pair binds to the
immobilized antibody, causing a color change'*®'°. Charych et al. have demonstrated a

bacterial toxin detection system that consists of a poly-diacetylene layer conjugated with
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the antibody. The polymer changes color from red to blue when the antibody binds to a
toxin'®. The main challenge of antibody based systems is the limited number of
antibodies suitable for binding to the pathogen of interest and the tendency of bacterial
to evolve such that a certain antibody is no longer effective. Antibody systems have
certain drawbacks such as high cost of synthesis, instability at high temperature, and
susceptibility to damage by chemical and enzymatic reactions™".

Lakshmanan et al. have developed a bacteriophage-based pathogen sensor, in

which the phage is immobilized on a magneto-elastic material'"

. The adsorption of
pathogens by the phage leads to a change in the resonance frequency of the
magnetoelastic material, which could be detected by vibrating the material over a range
of frequencies. Schofield et al. proposed a pathogen detection system in which a
recombinant phage was engineered to induce expression of a bio-luminescent gene in
the infected pathogen'?. The luminescence can be observed using a compact, light
intensity measurement device. Bacteriophages (commonly referred to as phages) can
help mitigate some of the problems encountered in antibody-based systems, since
phages are resistant to a variety of chemicals and enzymes. Some phages can
withstand relatively high temperatures and can remain infectious even after long periods
of inactivity. Also, phages infect specific strains of pathogens and can be genetically
engineered to express certain marker proteins.

The present work is part of a larger project aiming to develop a polymer based
smart material for the detection of pathogenic bacteria. The overall technology uses a

genetically engineered bacteriophage as the sensing unit and an enzyme-responsive

biopolymer film as the response unit'>®. The reporter phage is designed to induce the
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expression of a specific enzyme able to degrade the biopolymer once it infects the
pathogen. Once the phage replication process is completed, the phage lyses the
pathogen which releases the enzyme. The enzyme degrades the polymer leading to a
visual change, which can be used to visualize the presence of the pathogen without the
need for sampling or external testing.

This thesis focuses on new methods to produce films and structures of the
enzyme-responsive polymer PHB with a broad range of physical properties. In addition,
the work aims to develop visualization techniques for the suitable integration of PHB film

in the smart material platform.
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3. Polyhydroxybutyrate films using acetic acid as solvent

In the following manuscript, a method for fabrication of PHB film with tunable
mechanical, optical and thermal properties using acetic acid as solvent has been
proposed. The most common solvent for processing PHB used in literature is
chloroform (a well-documented health and environmental hazard), making it undesirable
for fabricating PHB films that form a part of food packages. Therefore, acetic acid was
explored in this article as a greener solvent for processing of PHB thin films. This article
demonstrates the versatility of the acetic acid solvent casting process by fabrication
flexible PHB films of different thicknesses, porous structures and sheets. The results
presented in this work could thus form the basis for deploying PHB thin films for smart
packaging, porous media for biomedical applications and optically clear films for

degradable optoelectronics.

The manuscript was published in Scientific Reports, under the title “Tuning the
properties of polyhydroxybutyrate films using acetic acid via solvent casting”.
The contents are reproduced with some edits here in accordance with the author’s

rights and copyright policies of the publisher, Nature and Scientific Reports.
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3.1. Abstract

Biodegradable Polyhydroxybutyrate (PHB) films were fabricated using acetic acid as an
alternative to common solvents such as chloroform. The PHB films were prepared using
a solvent casting process at temperatures ranging from 80°C to 160°C. The crystallinity,
mechanical properties and surface morphology of the films cast at different
temperatures were characterized and compared to PHB films cast using chloroform as
a solvent. Results revealed that the properties of the PHB film varied considerably with
solvent casting temperature. In general, samples processed with acetic acid at low
temperatures had comparable mechanical properties to PHB cast using chloroform.
This acetic acid based method is environmentally friendly, cost efficient and allows more
flexible processing conditions and broader ranges of polymer properties than traditional

methods.
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3.2. Introduction

Polyhydroxybutyrate (PHB) is a polymer of bacterial origin that can be broken
down by enzymes known as PHB depolymerases'™. PHB, in its natural state as
produced from bacterial fernmentation, is very sterioregular and isotactic. This regularity
of the polymer chains enables PHB to crystallize readily into an orthorhombinc crystal
structure. The high sterioregularity plays an important role in the crystallization during
extraction and cold-crystallization during storage at room temperature, and dictates the
final properties of the polymer. Pure PHB can be degraded by a variety of enzymes over
a broad range of temperatures, resulting in non-toxic degradation products®. It is a truly
biodegradable and food-safe alternative to petroleum-based polymers. PHB has the
potential for use in medical applications®® and food packaging materials’. Also, PHB
can be functionalized and chemically modified®® to form self-assembled micelles® and

gels that have good biocompatibility and biodegradability.

Despite these advantages, the challenges in processing PHB into flexible, thin
films is one of the main factors that prevent its widespread application'. Its high melting
point (~ 175°C to 180°C) and low degradation temperature (~ 220°C) limit the possibility
of thermal processing to prepare PHB films. Approaches such as heat treatment, co-
polymerization'™"*, blending’*'® and the addition of plasticizers'® have been used to
improve the thermal processability. By using a combination of approaches mentioned
above, PHB can be extruded, rolled or pressed into films having good mechanical

properties.
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Thermal processing assisted by additives is the most cost effective and
industrially relevant approach for large-scale production of PHB films. However, most of
the additives that improve thermal processing can also reduce biodegradation rates,

17,18

increase cost, generate toxic degradation products or cause health hazards related

to leaching of plasticizers'*?'. Recent works are exploring eco-friendly plasticizers?*%,

2425 and additives®® to overcome these drawbacks, but

green polymer blend, composites
some of the issues with using additives still exists. Films produced by thermal
processing can also have limited flexibility and optical clarity, even in the presence of
plasticizers and additives. Such limitations are acceptable in applications, such as
compostable bags and disposable containers. However, for other specialized
applications — such as bio-medical implants and optical films, which require PHB with
properties including high porosity, low thickness and optical clarity — alternative

processing routes that offer more flexibility in processing conditions and PHB properties

are necessary.

One such approach for fabricating PHB films is to use a solvent casting
process?’, which involves dissolving the polymer in a suitable solvent and evaporating
the solvent to obtain a high-quality film. Solvent casting enables tunability of mechanical
and optical properties of the film through the variation of processing parameters such as
solvent casting time and temperature. The solvent casting process is capable of
producing ultra-thin films that have high optical clarity and porous films that can degrade
rapidly in physiological conditions. Despite these advantages, the added cost and

hazards that come with solvents has limited solvent casting to niche applications such
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as cellulose triacetate films for photographic sheets?® and polyvinyl alcohol films for
polarizers in liquid crystal displays®®. A relatively safe and cost-effective solvent can
bring down the cost of solvent casting and enable the production of high-quality PHB

films through this route.

To produce continuous films that have good mechanical properties, a compatible
solvent that has a similar solubility parameter to PHB is necessary. A previous study
revealed that only a few solvents are suitable candidates for PHB, of which chloroform
is one of the most compatible and most commonly used*>*'. However, previous reports
have rated chloroform as one of the most damaging chemicals to the environment and
human health®~**. In addition, the high affinity of PHB to chloroform can cause traces of
chloroform to remain in the polymer even after long aging time, which could prove to be
a health risk in medical implants and food packages. The potential for PHB to be used
in food packaging and for medical applications makes it even more desirable to find
food-safe and risk-free solvents. The Hansen solubility parameter of PHB is dy=16.5, dj
= 8.6. dp = 9.0, which results in an overall solubility parameter of 19.1 — 19.8 when the
influence of all interactions is considered®®. Most common solvents (apart from
chlorinated organic solvents) do not have interaction values that are compatible with
PHB, which makes it challenging to prepare PHB by solvent casting. However, with an
increase in dissolution temperature, the interaction parameters change, which typically

makes the polymer more soluble in a suitable solvent™®.
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The present work explores acetic acid as a solvent to dissolve and process PHB
through solvent casting. Acetic acid is cost effective, safe to handle and easy to recover,
as demonstrated by its extensive use in the synthesis of polymers such as cellulose
acetate and polyvinyl acetate®. Although acetic acid is not the most compatible solvent
for PHB, its high boiling point (118°C) enables dissolution and processing of PHB at
elevated temperatures. The incompatibility of acetic acid also allows us to control both
the microstructure and properties of the films by taking advantage of the phase

separation and crystallization behavior exhibited by the PHB/acetic acid system.

Some previous works have used a mixture of dilute acetic acid and an organic
solvent to blend PHB and polymers such as chitosan®. Other works have used a
combination of acetic acid and organic solvents (typically dimethyl sulfoxide) to
conjugate polymeric side chains to PHB*"*®. However, in all these instances, the dilute
acetic acid was used to dissolve the combining polymer (chitosan, cellulose) and to
assist blending or conjugation, while organic solvents such as chloroform or hexafluoro-
2-propanol were used to dissolve the PHB prior to blending. To our knowledge, glacial

acetic acid by itself has never been used to dissolve and produce PHB films.
In this work, we present the impact of the solvent casting processing conditions

on the thermal behavior, crystallinity, mechanical properties and surface roughness of

PHB films.
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3.3. Materials and Method
Polymer and Chemicals

The PHB (98%) used in the work was obtained as thermally processed pellets
(BRS Bulk Bio-pellets, Bulk Reef Supply, Golden Valley, USA). The PHB pellets were
washed with isopropyl alcohol to prevent microbial contamination and otherwise used
as received. Acetic acid (99%) and chloroform (99%) were obtained from Sigma-Aldrich,

Canada and used as received.

PHB film preparation

The PHB pellets were mixed with acetic acid and heated to boiling in a covered
beaker under constant stirring until the sample was completely dissolved (typically ~ 40
to 60 minutes) (Figure 3.1.a). A polymer solution with a concentration of 0.05 g/ml of

PHB in acetic acid was used to prepare all test films.

Polymer solubon

B Polymer tilm
&N GClass slide

a) " b) c)

_— v “

Figure 3.1 Schematic of PHB film preparation by solvent casting. a) The PHB is

dissolved in acetic acid at 160°C, b) the solution is poured onto a glass slide held at
the casting temperature, c) samples are baked for 3 or 6 minutes (depending on the
casting temperature).
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Approximately 4.5-5 ml of polymer solution — previously brought to the required
casting temperature — was poured on a pre-heated glass slide (70 mm X 35 mm)
maintained at the required casting temperature (80°C, 100°C, 120°C, 140°C or 160°C)
(Figure 3.1.b). Films were obtained after complete evaporation of the solvent (Figure
3.1.c). The solvent casting time was varied based on the boiling point of acetic acid
(118°C): samples cast at temperatures above 118°C were dried for 3 minutes, whereas
the samples cast at temperatures below 118°C were dried for 6 minutes to ensure
complete removal of solvent. The prepared film samples were stored at room

temperature for 24 hours prior to characterization.

As a comparative sample, PHB was solvent cast using chloroform. PHB was
dissolved in chloroform at 70°C for 1 hour and then poured onto glass slides at room
temperature; the solution was dried at 25°C for 24 hours to prepare film samples. The
samples were aged for five days at atmospheric pressure and room temperature, and

then vacuum dried for 3 hours to remove most of the residual chloroform.

Elemental analysis

The chemical composition of the as-received PHB material was characterized
using an Axis Ultra (Kratos Analytical) X-ray photoelectron spectrometer (XPS) and a
Carlo Erba EA1108 Elemental Analyzer for CHNS and oxygen detection. XPS was
carried out over binding energy values ranging from 0 eV to 1500 eV, at a scan rate and
energy step of 2 eV/second and 400 meV, respectively. The areas of peaks

corresponding to given elemental bonds were used to determine the chemical
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composition of the sample. CHNS analysis was carried out following a modified form of
the Pregl-Dumas technique®®. The C:0 and C:H ratios were used to confirm the purity of

the as-received material.

Optical transmittance

The optical transmittance of the PHB samples was characterized using a Perkin-
Elmer Lambda 900 NIR-UV-Vis spectrometer with an integrating sphere and optical
bench attachment. The PHB samples were mounted in front of the integrating sphere
perpendicular to the path of the incident light beam so that all the light transmitted
through the sample was captured by the detector. The transmittance was determined

for wavelengths ranging from 300 nm to 800 nm.

X-ray diffraction (XRD)

The crystallinity was determined using a Rigaku X-ray diffraction (XRD) system in
glancing incidence angle mode. The scan was carried out between 5° and 60° at a rate
of 2°/min using Cu Ka X-rays at 44 kV. An Ultima VI goniometer fitted with a thin film
attachment was used to characterize the samples. An X-ray beam spot of 5 mm
diameter was used for all scans. The samples were attached to a glass slide and kept
as flat as possible. Baseline correction and de-convolution of the amorphous halo from
the actual XRD pattern were carried out using Igor Pro 6.35A5. The area under the
crystalline peak was used as a measure of overall crystallinity of samples cast at
different temperatures. The crystallinity percentage with respect to solvent casting

temperature was plotted and compared with results obtained using chloroform.
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Thermogravimetric analysis (TGA)

The extent of thermal degradation due to dissolution and processing of PHB in
acetic acid was determined using a Mettler Toledo TGA/DSC 1 system. TGA scans
were carried out from 25°C to 380°C, at a heating rate of 10°C/minute. The temperature
of complete degradation and the range of temperatures over which the degradation

occurred were used to determine the extent of degradation.

Differential scanning calorimetry (DSC)

The melting temperature and the shape of the melting endotherm of the base
material and processed samples were determined using a differential scanning
calorimeter (DSC). The DSC was calibrated using indium and zinc standards. At least 5
mg of sample were used for each run, and closed aluminum pans were used for the
samples. DSC analysis was carried out from 25°C to 195°C at a heating rate of
10°C/min for the as-received material. While, the heating rate was maintained at
20°C/min for the DSC runs of all solvent cast films. This was done to limit the extent of

recrystallization and thermal effects during the heating cycle.

Tensile testing

The PHB films were sectioned into rectangular samples of dimensions 25 mm x
5+ 0.5 mm x 55 + 8 ym (length x width x thickness). An Instron 5943 tensile tester with
a 1kN load cell was used to carry out all tests. Data was collected at a strain rate of 0.5
mm/min. For each casting temperature, at least four samples were tested, and the

average (with standard error) was plotted with respect to the processing temperature.
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The elastic modulus was obtained by measuring the slope over the linear region of the

stress-strain curve.

Atomic force microscopy (AFM)

The surface morphology and the root mean square roughness (RMS) of solvent
cast PHB surfaces were determined using a Bruker Nano Dimension Edge atomic force
microscope (AFM). The AFM was operated in tapping mode using a tip with a spring
constant of 40 N/m. Characterization of each sample was carried out on the smooth,
cast surface obtained when the sample was peeled away from the glass slide. The RMS
roughness over an area of 3 um? was obtained at five relatively flat regions free from

any visible voids.

3.4. Results and Discussion

Purity and composition of as-received PHB

We determined the chemical composition and melting point of as-received PHB using
X-ray photoelectron spectrometer (XPS), CHNS analysis, and differential scanning
calorimetry (DSC). The XPS results showed that the as-received material contained ~ 1
wt. % Si, which likely remained in the sample as impurity after the pelletization of PHB.
We found that the C:O ratio of the as-received polymer was within 1% from the
theoretical ratio (C:O ratio of 1.5) of pure PHB. These numbers are consistent with a
PHB purity of 98-99%. The melting point of the as-received PHB at a heating rate of
10°C/min was found to be ~ 180°C, which agrees well with the values reported for PHB

in the literature®?%3.
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Appearance of PHB films

PHB films prepared at different temperatures using acetic acid as a solvent were
translucent. Figure 3.2 show images of PHB films — prepared at various temperatures —
placed on a printed pattern. The samples processed at 80°C, 140°C and 160°C were
more transparent than the ones processed at 100°C and 120°C. The samples prepared
using chloroform were found to have similar optical transmittance to samples prepared

at 100°C and 120°C.

Figure 3.2 Images of PHB films processed at different temperatures overlaid on the
right side (separated by red lines) of a printed pattern, demonstrating the
translucency of PHB films. Results from a film processed using chloroform (CF) are
shown for comparison. The film thickness of each sample was 40 £ 10 uym

Figure 3.3 shows a plot of optical transmittance of the film at different incident
light wavelengths vs. solvent casting temperature. All films had relatively high optical
transmittance (>82%) in the visible portion of the spectrum. The optical transmittance at
all wavelengths was found to follow a parabolic trend, with lowest (80°C) and higher
processing temperatures (140°C and 160°C) resulting in films with higher optical

transmittance. The films processed at intermediate temperatures had the lowest
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transmittance, indicating that they scatter, absorb and reflect the most light. As these
films were observed to have the most uneven surfaces, this reduced transmittance can
be attributed mainly to light scattering from the surface. The inlay in Figure 3.3 shows
images of a transmitted laser beam (A = 532 nm) after it passed through the PHB films,
cast at different temperatures. These images show that the samples prepared at 100°C
and 120°C had a relatively small specular beam and substantial scattering. This
behavior corresponds well with our observations of the uneven and cloudy appearance
of these films.

The cloudy appearance can be attributed to scattering of light at the interface of
crystalline-amorphous regions, and the presence of residual solvent — which can remain
in samples even after long aging periods. The concentration of residual solvent is
expected to be higher in samples processed from chloroform than acetic acid since

chloroform interacts more strongly with PHB than acetic acid™.
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Figure 3.3 Optical transmittance vs. solvent casting temperature. The transmittance
values were obtained at wavelengths of 600 nm, 500 nm, 400 nm and 300 nm. The
inlay shows the images of transmitted laser beam after passing through the PHB
films, arranged from lowest processing temperature (left) to highest processing
temperature (right).
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We also found that the samples prepared at high temperatures were
homogenous while samples prepared at lower temperatures had a patchy appearance.
Figure 3.4 shows stereomicroscope images of samples prepared using acetic acid.
False-colored images are also shown to emphasize the undulations and features on the
surface. The images indicate the presence of two distinct regions in the films, which
were more apparent in the samples prepared at lower temperatures. Increasing the
processing temperature resulted in more homogenous surfaces. Samples prepared at

160°C were very smooth and had no undulation on the surface.

In contrast, the chloroform samples, which were cast at room temperature, had a
much smoother appearance, owing to the fact that the solvent evaporation rate was
much slower. The higher chemical compatibility of PHB and chloroform can also limit

the extent of phase separation and the consequent roughening of the film surface.
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T=140°C

Figure 3.4 Stereomicroscope images of the PHB films solvent cast at different
temperatures using acetic acid (AA) as a solvent. False-colored images (in blue)
show the undulations and macroscopic features on the surface, which indicate the
presence of two distinct regions in the samples. A sample processed with chloroform
(CF) as the solvent is shown for comparison.

Crystallinity

Figure 3.5 shows a plot of crystallinity percentage (estimated from X-ray
diffraction (XRD)) as a function of processing temperature and compared to a control
sample prepared at room temperature using chloroform as a solvent. The analysis of
XRD diffraction peaks revealed that the crystallinity of PHB prepared using acetic acid
ranged from 64% at 80°C to 78% at 160°C; whereas, the crystallinity of PHB processed
with chloroform was approximately 60.5%. The use of glancing incidence angle and
deconvolution function to calculate the contribution of amorphous regions in the polymer

introduces peak broadening, and systematic instrumental error in the crystallinity values
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obtained using this method. Therefore, the crystallinity values are suitable only for
comparison with other samples studied in this work and could deviate from absolute
crystallinity values. Nonetheless, a clear trend is seen: all samples prepared using
acetic acid have a higher crystallinity than the sample prepared with chloroform. This
trend can be attributed to two main factors: (1) acetic acid-processed samples were cast
at higher temperatures than the chloroform samples. Therefore, more thermal energy
was available for the formation and growth of crystalline structures. (2) Chloroform is a
“‘better” and more compatible solvent for PHB; residual solvent in the sample can
increase polymer chain mobility and suppress crystal growth. The PHB samples also
exhibited increased crystallinity with increased processing temperature, reflecting that
more thermal energy resulted in a more ordered structure. The high driving force
available for these samples could enable the formation of films with larger crystallite
sizes and more stable crystallites that do not undergo transformations during storage at

ambient temperature conditions.
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Figure 3.5 Percent crystallinity with respect to the processing temperature. The
straight red line indicates the crystallinity of PHB prepared using chloroform at room
temperature. The crystallinity for film cast from chloroform at room temperature is
represented as a line to enable easier comparison with samples cast using acetic
acid at different temperatures.
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Figure 3.6 Combined XRD plot of PHB processed in acetic acid (AA) at different
temperatures. The pattern obtained from PHB prepared with chloroform (CF) is
shown in red for comparison.
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Further examination of the structure of the films by XRD revealed that not only
the percent crystallinity varied as a function of temperature, the type of crystals formed
varied as well. A combined plot of XRD pattern of PHB films prepared at different
solvent casting temperatures using acetic acid and chloroform as a solvent is shown in
Figure 3.6. A general increase in intensity is seen as a function of processing
temperature, reflecting the previous results. This increase can be attributed to an

increase in ordering and higher overall crystallinity of the samples.

Peaks corresponding to orthorhombic crystal planes (020), (110), (021), (111),
(121), (040) and (222) at 206 values of 13.5°, 16.85°, 19.8°, 21.4°, 25.5°, 27.2° and 44°,
respectively, were found to be similar for all samples. However, the peaks
corresponding to (011) at 26 = 16.2° had much lower intensity in all acetic acid-
processed samples than in chloroform-processed PHB. This indicates that the (011)
plane orientation is suppressed when PHB is processed using acetic acid at higher
temperatures, suggesting the presence of a preferred orientation of crystals within the
samples. The lattice parameters and the peak locations for all the samples were found
to be similar, indicating that the orthorhombic PHB crystals (Figure 3.7) did not change
substantially with increasing processing temperature. These outcomes agree well with

the results previously reported in the literature*®*'.
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Figure 3.7 Schematic showing the crystal structure of PHB and the orientation of
polymer chains in the three axes of the orthorhombic structure®® (Reproduced with

permission from Elsevier B.V.)

Thermal degradation

One important consideration while choosing acetic acid as a solvent for PHB is
the possibility of polymer degradation through acid hydrolysis during processing. PHB is
known to degrade into smaller units by random scission of ester bonds when exposed
to acidic solutions*?. Moreover, the use of high processing temperatures can accelerate
this reaction and decrease the thermal stability of the sample. Therefore, we analyzed
the extent of PHB degradation caused by acetic acid using thermogravimetric analysis

(TGA).
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Figure 3.8 TGA plot of PHB films prepared under different conditions: solvent cast in
chloroform (CF), solvent cast in acetic acid at 80°C, and solvent cast in acetic acid at
160°C. The upper and lower horizontal lines correspond to 95% normalized mass
and 5% normalized mass respectively, while the vertical lines indicate the thermal
degradation onset temperature (Ti) and the complete degradation temperature (Tc) of

each sample. The data points were collected every second for all samples.

Figure 3.8 shows a combined plot of TGA carried out on samples solvent cast
using acetic acid at two different temperatures compared with samples cast using
chloroform. Figure 3.8 also indicates the temperature at which the samples lost 5% of
their mass (thermal degradation onset temperature (T;)) and the temperature when
samples lost 95% of their mass (complete degradation temperature (T;)). We used T;
and T. of the samples to determine the effect of acetic acid processing on PHB. We
also obtained the TGA profile of PHB prepared with chloroform for comparison with
acetic acid-processed samples. The samples cast from acetic acid had lower T;and T,

than the sample cast from chloroform. These results indicate that the use of acetic acid
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as a solvent and higher casting temperatures can cause mild hydrolysis and
degradation of PHB. We found that the 7; and T, were marginally lower for the 160°C
sample (279°C and 308°C, respectively) compared to the 80°C sample (283°C and 312
°C, respectively). The slope of the weight loss curves with respect to temperature was
found to be very similar (the difference in slope is close to the instrumental limit) for
samples prepared at 80°C and 160°C. The samples prepared using acetic acid were
dissolved at elevated temperature for ~ 1 hour, while the solvent casting process itself
lasted only a few minutes, which explains why both the slopes and the temperature at
which the degradation is complete (100% mass loss) are similar for these samples. In
contrast, the sample cast from chloroform had a lower slope and reached 100% mass
loss at a slightly higher temperature. These factors also indicate that the samples
prepared using acetic acid as solvent underwent slight degradation (and likely
experienced a small decrease in molecular weight mainly during the dissolution
process), while the solvent casting step did not cause much change because of the
short thermal exposure time. However, the average molecular weight of the PHB films
after solvent casting measured using gel permeation chromatography showed only a
small variations between as-received and solvent cast PHB (MW of as-received PHB:
79,000 £ 2130; MW of PHB film: 81,200 + 2300). Overall, the acetic acid processing
route used in this work did not cause substantial degradation and more importantly

allowed for the production of free-standing thin films that have good thermal stability.
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Melting behavior

The melting behavior of the PHB films was determined using DSC. The melting
curves of the films prepared at different temperatures are shown in Figure 3.9. The
melting endotherm consisted of two distinct peaks for all PHB samples while the as-
received material exhibited a large peak with a small shoulder at a lower temperature.
The double melting behavior is quite common in polymeric materials and has been
explained based on two theories: namely, the melting and recrystallization model** and
the double lamellar thickness population model**“®. Previous works have reported the
double-melting behavior for PHB and have shown that it occurs according to the melting
and recrystallization model as observed by the change in the shape of the endotherms

at different heating rates*®*’.

The magnitude of the low-temperature endotherm is directly related to the
amount of as-formed metastable crystals while the high-temperature endotherm
corresponds to the melting of ordered crystals. From the DSC curves, we observed that
the magnitude of the first endotherm followed a parabolic trend (the magnitude of the
endotherm increased from 80°C to 140°C but decreased for sample prepared at 160°C)
with increasing processing temperature. The presence of such metastable as-formed
crystals can be attributed to the phase-separation behavior and instability exhibited by
the PHB/acetic acid system. The mechanism of phase separation can also influence the
ordering of the crystals, with nucleation and growth at appropriate temperature allowing
for the formation of highly ordered crystals and low temperatures resulting in relatively

disordered metastable crystals. The samples prepared at lower temperatures (80°C and

71



100°C) were more likely to phase separate, since the rate of change of polymer solution
concentration is much lower and the chemical compatibility decreases with decrease in
temperature. Therefore, a smaller fraction of metastable crystals was present, as shown
by the relatively small amplitude of the first melting endotherm. As the temperature
increased (e.g. to 120°C and 140°C), the rapid solvent removal could result in the
formation of more metastable crystals (and a relative increase in the magnitude of the
first peak with respect to the second). With further increase in temperature (160°C), the
phase separation effect could become less important and the availability of large
amounts of thermal energy enables the formation of highly ordered crystals at the
expense of metastable crystallites (resulting in a larger second peak and a smaller first

peak).

We also observe that the DSC heating curve for the sample prepared using
chloroform consists of two melting peaks at approximately the same location as the
other samples. However, an additional endotherm at ~ 60°C was apparent for the
sample processed with chloroform. This peak matches with the evaporation
temperature of chloroform, indicating that a small quantity of chloroform remained in the
sample even after long aging time. This could limit the applicability of chloroform-cast
PHB films for use in packaging and other applications that involve direct contact with
food or the body. The strong interaction between PHB and chloroform can also affect
crystal formation. Therefore, the underlying crystallization conditions and structure of

the sample solvent cast using chloroform would be much different from the samples
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cast using acetic acid. Nonetheless, as for the samples cast from acetic acid, a large

metastable peak is seen for these samples as well.

These results suggest that all the samples (including those cast from chloroform)
contain a mixture of stable and metastable crystallites, with intermediate processing
temperatures resulting in more metastable crystals. Despite the fact that the samples
cast from chloroform contained a significant fraction of both types of crystals, these
samples were much smoother and uniform in appearance than the samples cast from
acetic acid at low temperatures. The large fraction of metastable crystals in chloroform-
processed samples can be explained by the low processing temperature, which limits
the amount of thermal energy available for the formation of ordered crystals. The
uniform surface, on the other hand, can be attributed to slow solvent evaporation rate
and higher compatibility of PHB and chloroform. We expect that the proportion, quantity,
and relative size of the different crystal types can influence the mechanical properties of
the samples since stable, and metastable crystals are expected to have different

mechanical properties. These properties are characterized in the next section.
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Figure 3.9 Combined plot of the DSC melting curves for PHB samples prepared at
different temperatures in acetic acid (AA). The as-received sample and sample
solvent using chloroform (CF) are also shown for comparison. All samples were run

at a scan rate of 20°C /min.

Mechanical properties

Figure 3.10 shows plots of mechanical properties of PHB films solvent cast in
acetic acid at different temperatures. Results from samples cast with chloroform are
also shown for comparison. In general, both the strain to failure and peak tensile stress
was much higher for the films cast at 80°C than at the higher processing temperatures.
In contrast, the elastic modulus did not change substantially as a function of
temperature, except at a processing temperature of 140°C. The decrease in strain to

failure correlates well with the increase in crystallinity with processing temperature. The

74



presence of amorphous regions (above the glass transition temperature) lends flexibility
to the polymer. With increasing processing temperature, more crystallites are formed at
the expense of amorphous regions, which results in increased brittleness of the
polymer*®. The presence of a large number of crystallites has been shown to vitrify
amorphous polymer chains. This vitrification further embrittles PHB and lowers the
strain to failure and ultimate tensile stress*®>'. We attribute an almost constant elastic
modulus to the low strain (0.5 mm/min) rate used for the tensile test. Low strain rates
can have an effect analogous to deforming a polymer at elevated temperatures, where
the elastic modulus decreases and converges to a minimum for a given strain rate®.
Low strain rates can also accommodate changes in the orientation of crystallites, which

enables amorphous chains to elongate reversibly, especially at small strains (~ 1%).

Interestingly, the samples prepared at 160°C deviated from the general trend,
exhibiting a higher strain at failure than samples cast at 120°C and 140°C. This behavior
could be attributed to partial melting and the consequent stress relaxation of PHB at
160°C. Although this processing temperature was lower than the melting point of PHB
(~180°C), the melting process can begin at temperatures as low as 150°C, enabling a
small proportion of the sample to melt and accommodate the stresses generated at the
crystalline-amorphous interfaces. The stress relaxation effect can explain the increase
in strain to failure for the samples prepared at 160°C, despite it exhibiting much higher
overall crystallinity than the rest of the samples. The relatively high strain to failure and
ultimate tensile stress of samples processed at 80°C can be explained by the low

crystallinity and the possible presence of trace quantities of acetic acid (although we did
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not observe any evidence of residual solvent from the TGA heating curves). In the latter
case, acetic acid could have a plasticizing effect on PHB, causing an increase in strain
to failure. Overall, the properties of the samples processed at all temperatures were

comparable with those of the chloroform-cast films.
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Figure 3.10 Mechanical characterization of PHB films prepared in acetic acid (AA) at
different casting temperatures. a) Strain to failure vs. casting temperature, b) Elastic
modulus vs. temperature, c¢) Ultimate tensile stress vs. temperature, d)
Representative stress-strain curves. Average values and standard error are shown in
(a-c) and are based on at least 4 measurements. Results from samples cast with

chloroform (CF) are also shown for comparison.
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Surface morphology and roughness

The surface morphology of the PHB films prepared at different temperatures is
shown in Figure 3.11; characterization was performed on the surfaces that were cast
against the glass slide. The atomic force microscopy (AFM) images show a trend of
decreasing roughness with increasing processing temperature. In addition to this, the
samples processed with acetic acid have contrasting surface morphology from those
processed with chloroform. We found that the PHB films prepared with chloroform had
rough and globular structures on their surface. The samples processed with acetic acid
at low temperatures had a fibrous, needle-like structures and roughness in the range of
20 nm, whereas the samples processed at high temperatures had smooth, uniform
surfaces. The needle-like structures were likely caused by small crystallites and
impurities on the surface. The RMS surface roughness with respect to solvent casting
temperature is shown in Figure 3.12 and was found to decrease progressively with
increasing processing temperature. The RMS roughness of PHB prepared with
chloroform was found to be in the range of 1 ym, which is over an order of magnitude

higher than the samples prepared using acetic acid.
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AA 100°C

AA 140°C

Figure 3.11 AFM scans of PHB samples processed at different temperatures in
acetic acid (AA) or chloroform (CF). Scan area: 20 ym2. The topography scale is
+120 nm for all acetic acid-processed samples, and £1000 nm for the chloroform-
processed sample.
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Figure 3.12 RMS roughness of PHB films solvent cast with acetic acid with respect to
the processing temperature.
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The increase in roughness with decreasing temperature can be explained by the
fact that the polymer chains have less energy available to form ordered structures
throughout the surface when processed at low temperatures. Therefore, more
amorphous regions are present on the surface, along with the highly ordered
crystallites. A large number of crystalline-amorphous interfaces can explain the
increased roughness seen in PHB surface processed at room temperature using

chloroform. In this case, small crystals and amorphous zones populated the surface.

The high surface roughness of chloroform-processed samples could also
contribute to the cloudy appearance seen in Figure 3.2 since a surface with roughness
comparable to the wavelength spectrum of visible light would result in more scattering.
The acetic acid-processed samples, on the other hand, are expected to have much
lower scattering since the surface features are much smaller than the wavelength

spectrum of visible light.

3.5. Discussion

In summary, we have shown that PHB can be solvent cast into films using acetic
acid as a solvent, with only a marginal decrease in thermal stability. The different
solvent casting temperatures employed in this work enabled us to control the solvent
evaporation rate and cooling rate. These factors affect microscopic features namely: 1)
crystallinity 2) nature and orderliness of the crystals, and 3) fraction of stable/metastable

crystals. These microscopic features lead to differences in properties.
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In general, at low casting temperatures, the solvent evaporates slowly, and there
is limited thermal energy available for crystallization. Films, therefore, have low
crystallinity, have good mechanical properties (in terms of tensile strength and strain to
failure), and reasonable optical transmittance. However, films processed at lower
temperatures have rougher surfaces both at the macroscopic and microscopic scale —
due to variations in thickness resulting from phase separation, and due to
inhomogeneities caused by the limited thermal energy available for crystallization. On
the other hand, higher solvent casting temperatures yield films that are more crystalline,
more transparent, and have higher surface uniformity. However, these films have
relatively low tensile strength and strain. These results show that the proper selection of
casting temperature and solvent evaporation rate can be used to achieve films with the

desired set of properties.

These results establish that acetic acid is a viable solvent to process PHB films.
This method can easily be adapted and altered to produce PHB that has a much wider
set of properties than what is possible with other processing routes. Figure 3.13 shows
an ensemble of different forms in which PHB can be processed using acetic acid. In
addition to films and sheets that have varying optical transmittance (Figure 3.13.c &
13.d), we have been able to produce PHB films that have high porosity (Figure 3.13.a)
by rapid phase separation of PHB and acetic acid by introduction of non-solvent (water
in this case). Porous PHB could be useful in bio-implant and biomedical applications,
because of its rapid and controllable degradation behavior. We have also been able to

spray coat a thin layer of PHB (with acetic acid as solvent) on glass, paper and on other
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plastic surfaces using a simple airbrush. Such varied forms of PHB can find potential
applications as biological scaffolds, packaging materials, sensing devices and as

enzyme activity screening assays.

While all these forms of PHB can be prepared using chloroform as a solvent or
using thermal processing, acetic acid as solvent provides the greatest versatility in

processing conditions and PHB properties.

[ Spongy PHB by rapid solvent removal ] [ PHB spray coated on glass substrate ]

Optically clear PHB by slow solvent
removal

Figure 3.13 Ensemble of different forms of PHB produced using acetic acid as a
solvent. a) Porous PHB by rapid removal of solvent, b) spray coated PHB layer on a
glass substrate, c) PHB thin films that have different optical transmittance. Films
prepared at different acetic acid concentrations at 80°C. Optical transmittance
decreases from left to right, d) Flexible PHB films prepared by solvent casting from
acetic acid.
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3.6. Conclusion

We have demonstrated the possibility of using acetic acid as a cost-effective
solvent to prepare flexible PHB films. These films exhibited optical, mechanical and
surface properties similar to or better than those of films produced using chloroform, the
typical solvent for PHB. The films prepared with acetic acid in 6 minutes had
comparable properties to films prepared using chloroform in 24 hours. The relatively
high dissolution and solvent casting temperature while requiring more thermal energy,
afford the advantage of short processing times and the ability to tune the properties of
the film. The crystallinity of the films can be varied through the selection of a suitable
casting temperature, allowing the mechanical and optical properties of the films to be
altered based on the requirement. The proposed method offers a simple route to make
high quality, flexible PHB films for applications ranging from surgical films to

biodegradable implants.
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4. A Diffraction-Based Degradation Sensor for Polymer Thin Films

This manuscript proposes a method to characterize the degradation of polymer thin
films using a simple, non-contact optical method which entails patterning diffraction
gratings on the polymer surface. This is the first instance in literature, wherein the
degradation of the polymer can be detected in real-time with high accuracy using a non-
contact method. This paper proposes and discusses the theoretical framework of using
a diffraction grating to detect changes on the polymer surface due to degradation. As a
proof of concept, the enzymatic degradation of the PHB thin films was characterized
successfully using the diffraction sensor. Further, the versatility of the method was
established by characterizing the variations in the degradation rate of PHB films cast at
different temperatures. The result in this manuscript indicate that the diffraction-based
degradation sensor has potential applications for rapid screening of the polymers for

high throughput material selection.

The results presented in this manuscript has been published in Polymer Degradation
and Stability entitled, “A Diffraction-Based Degradation Sensor for Polymer Thin
Films”. The contents are reproduced here in accordance with the author’s rights and

copyright policies of the publisher, Elsevier, and Polymer Degradation and Stability.
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41. Abstract

With the recent rise of organic electronics, bioelectronics, and transient devices,
polymer thin films are finding prominence as substrates, functional layers and diffusion
barriers. While some of these applications require degradable polymers, others
necessitate materials with high stability and resistance to degradation during operation.
Due to their minuscule thickness and mass, it is challenging to characterize the
degradation and stability of thin films using existing techniques developed mainly for
bulk materials. We introduce here a diffraction-based degradation sensor that can
monitor the physical changes that take place as polymer chains are removed during the
surface degradation of a polymer film without requiring expensive equipment and
extensive sample preparation. To assess the degradation of a polymer film, the surface
of the polymer is first patterned with a diffraction grating. This grating form the key
component of the degradation sensor, which also includes a laser and a photodetector
to monitor diffraction efficiency as a function of time. When the patterned polymer
surface degrades, the diffraction efficiency decreases. As validation, we use this
approach to observe both enzymatic degradation of polyhydroxybutyrate films, and

dissolution stability of silk. We demonstrate that the degradation sensor can monitor,
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with high reliability, the degradation of samples with minute mass changes, enabling
qualitative and quantitative comparisons in different sample types and/or exposed to

various degradation environments.

4.2. Introduction

Polymeric thin films form an essential part in a range of technological fields
including micro-electronic devices, optical components, and functional coatings'?.
Recent advances in bioelectronics®, wearable*®, implantable®’ and transient devices®"
" have made polymer films even more indispensable. In addition to being light and
flexible, polymer thin films can be designed to degrade in a predictable manner, making

10,12 and

them suitable for applications such as transient and implantable devices
controlled drug release systems'. While degradability is a desirable feature of the
aforementioned applications, in other applications this property impedes the long-term
function of the device; proper selection of the material for a given application and
environment is therefore important. A wide range of polymers exhibit some degree of
degradability, from biopolymers such as polylactic acid (PLA) and polyhdroxybutyrate
(PHB) to petroleum-based polymers such as polycaprolactone (PCL) and poly(butylene)

succinate (PBS)™.

As the footprint of devices become smaller and smaller, the polymer films that
form their functional layers are reduced in size. Due to dimensional constraints, high
surface to volume ratio, and processing-dependent properties, polymer thin films can

have different degradation behavior than their bulk counterparts'®. The conditions under
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which the materials are used (temperature, humidity, exposure to microorganisms, etc.)
can also have a strong impact on their stability and degradation. Therefore, to create
devices that can work reliably during their lifetime, we need to characterize and

measure the degradation and stability of these thin films under relevant conditions.

Although knowledge of the stability, dissolution and degradation of polymer thin
films is critical to many applications, currently, there are only a few methods available to
evaluate these properties'®. Gravimetric techniques, which are often used to
characterize bulk materials, are slow and are not sensitive enough to measure the small
changes in mass experienced by micro- and nano-scale polymer films during
degradation. Advanced gravimetric techniques such as quartz crystal microbalance

(QCM)'"*® and resonant micro-cantilevers'®?°

can overcome the sensitivity limitations of
traditional methods. However, these techniques require extensive sample preparation
and sample-specific optimization. Researchers have also used chromatography?'?? and

spectroscopy?*2°

in studies where degradation products are analyzed with respect to
time. While these approaches provide a method to determine degradation and
dissolution kinetics, they require high precision instruments and samples devoid of
impurities. Even with extensive sample preparation, it can be challenging to observe the
degradation processes of thin films reliably. These issues with the current
characterization techniques often result in long, cumbersome degradation studies which
do not provide a complete portrait of the thin films stability. Therefore, it is desirable to

have a simple, rapid and sensitive method to assess the stability and degradation

behavior of polymer thin films.
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To address these challenges, we propose a diffraction-based degradation sensor
to characterize the surface degradation and stability of polymer thin films. Optical
gratings cause a beam of normal, incident light to diffract at a particular angle, as
expressed by

niA =d sinf

Here, 6 is the angle of the diffracted beam, A is the wavelength of light, d is the
distance between the centers of two adjacent grating peaks and n is the order of
diffraction. In addition, the intensity of the diffracted beam and diffraction efficiency are
also well defined for gratings with a given periodicity and peak height®®. For example,

the efficiency of the 1% order diffraction for square wave gratings is given by

Ng1 = (gsinAqb)Z
where 1, is the efficiency of 1* order diffraction and 4¢ is the phase difference
introduced by the difference in path length that results when light travels through the
crest and trough of the diffraction grating. This equation shows that the diffraction
efficiency varies with a sin? dependence, when the height of the grating (which controls

the phase difference) is altered?®.

The unique and well-defined optical properties of gratings®?® (Figure 4.1.a &
1.b), are useful in high precision sensing applications?®. Consequently, researchers

30-33

have used diffraction gratings to fabricate a wide variety of biosensors and

environmental sensors®°. The high surface sensitivity and the non-contact nature of
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diffraction intensity measurements make them ideal for real-time monitoring of

polymeric surfaces®.

The degradation sensor described herein consists of a diffraction grating —
patterned directly on the polymer of interest — coupled with a laser beam and an
intensity measurement system. The intensity of the diffracted beam (diffraction
efficiency) is measured using a custom-built data acquisition system while the polymer
is exposed to a degrading or dissolving environment (such as an enzyme solution in
contact with the polymer, Figure 4.1.c). As the polymer surface is modified due to
degradation, the surface loses its periodic, repeating patterns in a probabilistic manner,
and this process decreases the diffraction efficiency. Thus, monitoring the diffracted
beam intensity over time provides us with a measure of the stability of the polymer

surface.

In this work, we validate the efficacy of the sensor by observing the enzymatic
degradation of polyhydroxybutyrate (PHB) (a biodegradable polymer with applications in

37:38) and the dissolution stability of silk films exposed to water. PHB

biomedical implants
films of nano-scale thicknesses with diffraction gratings on their surface were prepared
using a replica molding/solvent casting process (Figure 4.1.d). The PHB films were
then degraded with an enzyme and the changes in diffraction efficiency was recorded
over time. Atomic force microscopy of the PHB surface at different times during the

degradation process was used to determine the relationship between the changes on

the surface and the variation in the diffraction efficiency. We demonstrate that the
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technique is sensitive enough to resolve both the differences in degradation rates
between samples that have different crystallinites and the effect of enzyme
concentration on the degradation of PHB. In addition, the stability of silk films treated to
have varying resistance to dissolution in water was characterized using the diffraction
sensor. These experiments show how the degradation sensor can monitor the stability

of polymer films, even at the micro- and nano-scale.
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Figure 4.1 Experimental set-up, sample preparation and representative images
illustrating the operation of the diffraction-based degradation sensor to study the
degradability and stability of polymer films. (a) Diffraction pattern obtained by passing
a beam of laser through the polymer thin film patterned with a grating. (b) The
rainbow-like appearance, characteristic of a surface patterned with a diffraction
grating, which can be used for qualitative observation of degradation. (c) Schematic
of the small-angle diffraction efficiency measurement system (Not to scale). (d)
Schematic of replica molding/solvent casting process used to pattern polymer
surfaces with diffraction gratings. A PHB thin film is shown as an example.
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4.3. Materials and Methods

Chemicals

The PHB (98 %) used in this work was obtained as thermally-processed pellets
(BRS Bulk Bio-pellets, Bulk Reef Supply, Golden Valley, MN, USA). The chemical
composition of as-received PHB determined using X-ray photoelectron spectrometer
(XPS), and CHNS analysis showed the presence of ~ 1 wt.% Si as an impurity. The C:O
ratio of the as-received PHB was within 1% from the theoretical ratio (C:O ratio of 1.5)
of pure PHB. These numbers were consistent with a PHB purity of 98-99 %%. The PHB
pellets were washed with isopropyl alcohol (Sigma Aldrich, Canada) to prevent
microbial contamination and otherwise used as received. Acetic acid (99 %) was

obtained from Sigma-Aldrich, Canada and used as received.

Extracellular enzyme preparation

Comamonas testosteroni, DSMZ 6781 was grown under the cultivation
conditions recommended by the provider (Tryptic Soy Broth — TSB, Becton Dickinson,
30°C, 150 rpm) until it reached an approximate optical density at 600 nm (ODggo) Of 4.
The bacterial culture was added to 250-mL shake flasks containing mineral medium
(medium 457 DSMZ — Brunner) at a concentration of 10 v/v%, for a total volume of 40
mL. PHB films were also placed in the flasks as the only carbon source for the bacteria
(1 w/v%); these films were formed by solvent casting at 140°C (as described in previous
work *%). The cultures were incubated at 30°C and 150 rpm for 3 days until they reached

an average ODgoo value of 5.4. The cultures were centrifuged (Sorval RC 6 PLUS,
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Thermo) at 10,000 rcf and 4°C for 30 minutes. The supernatants were pooled, filter
sterilized (0.2 ym), diluted by a factor of 10 with mineral medium, and stored at 4°C
before being used for the tests. The PHA deploymerase (PhaZci) concentration was ~
0.17 ug/mL, based on semi-quantitative polyacrylamide gel electrophoresis analysis of
the extracellular solution. Solutions with different enzyme concentrations were obtained

by diluting the starting enzyme solution with the required quantity of mineral medium.

Patterning of PHB with diffraction gratings

PHB thin films patterned with diffraction gratings were fabricated using a solvent

casting/replica molding process “**

, a@s shown in Figure 4.1.c. A polydimethylsiloxane
(PDMS) master mold patterned with a negative image of the microscopic grooves with a
periodicity (center-to-center distance) of 1.64 ym and height of 125 nm was used to
create the gratings on the PHB surface. The as-received PHB pellets were dissolved in
acetic acid (0.005 g of PHB/mL of acetic acid) on a hot plate maintained at a
temperature of 160°C. The polymer solution was then poured on top of the PDMS
master mold and allowed to dry at a constant temperature (80°C or 110°C or 140°C). All
samples were annealed at the respective temperature for 30 seconds after complete
evaporation of the solvent as determined by visual observation. The resulting PHB films
were transferred onto glass substrates, revealing the replicated optical gratings on the
surface. The PHB films prepared at different temperatures were aged for 1 day at 22°C

and atmospheric pressure before being used. The PHB films were then exposed either

to enzyme solution or to water to determine their degradation stability.
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Preparation of silk film with diffraction gratings

Silk films were prepared using the established protocol detailed by Rockwood et.
al *2. Briefly, silk cocoons of Bombyx Mori (Lilysilk, Canada) were cut into small pieces
and boiled in a 0.02 M NazCOs solution for 30 minutes. The silk fibroin was extracted
from the solution, rinsed with water and dried overnight. The silk fibroin was then
dissolved in a 9.3 M LiBr solution at 60°C for 4 hours. The solution was dialyzed at room
temperature against distilled water for 48 hours to obtain an aqueous solution of silk
fibroin. The solution was centrifuged at 2,100 rcf for 15 minutes to remove any
undissolved particles. The supernatant was extracted and stored at 4°C until use. The
solution was diluted to produce a solution concentration of 0.05 g/mL, which was then
poured on the PDMS mold patterned with diffraction gratings. The silk films were heat-
treated — at 60°C or 100°C for a 1 hour — or methanol-treated for 1 hour to make them
more resistant to dissolution in water. The different silk films were then exposed to

water to determine their stability to water dissolution.

Degradation Sensor

The schematic of the diffraction-based degradation sensor is shown in Figure
4.1.d. The sensor setup involves three main components: 1) the light source, 2) the
polymer sample patterned with a diffraction grating (mounted in a plastic cuvette
containing the desired solution), and 3) the photodiode to measure the beam intensity.
A commercially available diode laser (A = 650 £ 10 nm, power = 2.5-3 m\W) was used as

the light source. A pair of silicon photodiodes in reverse-biased configuration placed at a
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distance of 10 £ 0.5 cm from the sample was used to measure the intensity of each of
the diffracted beams. In this work, the transmitted beam was blocked by an opaque
surface placed in the beam path to prevent it from interfering with the light intensity
measurements of the photodiodes. The laser and the diffraction grating on the PHB
surface were aligned so that the diffracted beams impinged directly on the photodiodes.
The entire sensor setup was maintained in complete darkness at all times during the

experiment.

The light source and the photodiode were controlled using a data acquisition
system developed in-house based on the Arduino programming environment. The
system was programmed to switch on the laser once every 15 minutes and to acquire
10 data points from each photodiode with a 1-second interval between each data point.
An average of these data points at each time step was taken as the value of the
diffracted beam intensity. At least 3 diffracted beam intensity measurements were used
to construct the diffracted beam intensity curve. The intensity at each time point was
normalized to the diffraction intensity at the beginning of the degradation reaction and

plotted against degradation time.

X-ray diffraction (XRD)

The crystalline peaks of the various PHB thin films were determined using a
Rigaku X-ray diffraction (XRD) system in glancing incidence angle mode. An Ultima VI

goniometer fitted with a thin film attachment was used to characterize the samples.
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Scans were carried out between 5° and 60° at a rate of 2°/min using Cu Ka X-rays. An
X-ray beam spot of 5 mm diameter was used for all scans. The samples were mounted
on a glass slide to keep them as flat as possible. Baseline correction from the actual

XRD pattern was carried out using Igor Pro 6.35A5.

Atomic Force Microscope (AFM)

The surface morphology and the 2D cross-section of PHB thin film surfaces were
determined using a Bruker Nano Dimension Edge atomic force microscope (AFM). The
AFM was operated in tapping mode using a tip with a spring constant of 40 N/m. The
images were obtained over 50 ym x 50 ym areas for all samples, and two-dimensional
cross-sectional profiles of PHB gratings exposed to enzyme solutions for different times

were obtained using the NanoScope Analysis software.

Macroscopic diffraction analysis

The diffraction pattern of PHB films (degraded for different times in the enzyme
solution) illuminated by a commercially available laser pointer (A = 532 £+ 5 nm,
maximum power ~ 25 mW) was photographed for analysis. The laser illuminated a PHB
grating mounted on a glass slide, and the pattern was imaged on a flat surface, 9 cm
from the grating. Photographs of the surface were taken with a digital camera
maintained at a constant distance and angle (~ 12 cm away from the beam spots and ~

15° between the normal and the camera) from the flat surface.
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4.4. Results and Discussion
Diffraction-based Degradation Sensor

As a proof-of-concept, we first characterized a thin film of polyhydroxybutyrate.
Polyhydroxybutyrate is a hydrophobic, surface-degradable polymer, which undergoes
hydrolysis in the presence of a depolymerase enzyme. To monitor the degradation
process, PHB was cast from solution against a patterned PDMS master to form a thin
film (total thickness of 925 nm) with a grating on the surface (Figure 4.1.d). The
properties of the grating (step height and periodicity) determine the charcteristics of the
diffraction pattern. A higher step height generally results in a higher diffraction intensity,
while the periodicity of the lines (i.e. the pitch) determines the spacing of the pattern,
and should generally be on the order of the wavelength of light. In this work, the line
height and periodicity were determined by the features of the PDMS master, and were

125 nm and 1.64 ym, respectively.

The PHB film with a grating on its surface (total mass, ~10™g) was mounted in a
plastic cuvette containing a desired solution (the degradation environment). In our proof-
of-concept experiments three different media were utilized: one comprising a low
concentration solution of a depolymerase known to degrade PHB (PhaZcw), one
comprising a high concentration solution of PhaZci, and a control solution containing
only water. When the sample was illuminated with a diode laser, the grating resulted in
the diffraction of the laser beam, leading to the appearance of two (first-order) diffracted
beam spots, one on either side of the (zero-order) transmitted beam (Figure 4.2, inset).

The average normalized intensity of the diffracted beams was monitored as a function
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of degradation time, and the resulting intensity vs time curves for each solution are
plotted in Figure 4.2. For the control sample (exposed to water), the intensity of the
diffracted beam did not change as a function of time, indicating the stability of PHB
under these conditions. PHB — by virtue of its hydrophobicity*®> — is not affected by
exposure to water for as long as hundreds of hours. Consequently, the PHB does not
undergo any substantial moisture absorption (absorption < 1%) or surface
changes/swelling on exposure to water**. On the other hand, the samples exposed to
depolymerase enzyme showed a consistent, gradual decrease in the intensity of the
diffracted beam. For both the high and low concentration solutions, the curve initially
undergoes a gradual roll-off, followed by a region of exponential decay in which the
intensity of the diffracted beam eventually decreases to 0. The intensity of the sample
exposed to the high concentration solution undergoes a faster decay than the sample

exposed to the low concentration solution.
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Figure 4.2 Plot of the diffracted beam intensity vs. degradation time for a sensor that
includes a PHB thin film (solvent cast at at 80°C and aged for 1 day) exposed to a
solution containing ~ 0.17 pg/mL (high enzyme concentration, green curve) and ~
0.07 pg/ml (low enzyme concentration, blue curve) of the depolymerase enzyme
PhaZCte.

Initially, the change in intensity of the normalized diffraction beam is low. There
are two possible explanations for this observation: (1) The microsopic surface structure
can be altered only when a sufficient number of polymer chains are released from the
surface due to bond cleavage. At the start of the degradation, some polymer chains
may be cleaved without significantly affecting the structure of the grating. (2) A non-
linear relationship between the shape of the grating and the diffracted intensity may

exist during the initial stage of degradation.
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Subsequently, a more rapid decay in intensity as a function of time is observed.
To relate the change in intensity to the change in mass, a simple probabilistic model
was implemented. In this model (described in depth in subsequent section), each unit
length of the grating is assumed to contribute equally to the overall initial intensity of the
diffraction pattern. Discrete volume elements are randomly removed from the surface of
the polymer, and the resulting intensity is calculated based on the fraction of grating
remaining. A similar trend is observed as for the experimental data, where the intensity
decays exponentially as a function of mass. This suggests that within this region, the
rate of degradation (Am/At) is linear, despite the exponential shape of the intensity vs.
time curve, since even after complete degradation of the gratings on polymer surface,
the degradation rate essentially remains constant, as do the surface area available for
enzymatic attack. A linear rate is typical of surface-limited reactions *°. Ultimately, the
intensity of the diffracted beam tends towards zero. At this point, the thickness of the

grating is insufficient to introduce the phase difference required for diffraction to occur.

Diffraction Efficiency and Surface Profile

The changes in the surface profile of PHB gratings at different stages of the
degradation process, and their relationship to the diffraction intensity were determined
using AFM and manual observations of the diffracted beams, respectively. Figure 4.3.a
shows AFM images of a PHB grating imaged after different degradation times. For the
control sample, and the sample incubated for 30 mins, the 125 nm high grooves with
1.64 um pitch are clearly seen. With passing time, the grating surface was found to

erode and become more randomized, which is concomitant with the observed decrease
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in diffracted beam intensity (Figure 4.3.c). Figure 4.3.b shows a cross-section of the
PHB surface at different degradation times measured by AFM, which illustrates that the
grating periods were eroded within 120 minutes of exposure to the enzyme solution. We
can also observe the increase in RMS roughness and appearance of deep pits and

crevasses on the surface, indicative of polymer degradation and erosion.
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Figure 4.3 Surface profile and corresponding changes in diffraction efficiency at
different degradation times. (a) Surface morphology of the PHB sample (processed at
80°C and aged for 1 day) after exposure to a solution containing ~ 0.17 pg/mL of the
depolymerase enzyme PhaZCte (corresponding to high conc. in Figure 4.2), as
measured by AFM. Samples exposed to water for 24 hours (Control), and to the
enzyme solution for 30 minutes, 60 minutes, and 120 minutes are shown from left to
right. Inset images are shown at higher magnification (3 pm scale bar). (b) 2D cross-
sectional profiles for each sample. (c) Corresponding diffraction patterns expressed

as colored intensity maps.
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Diffraction Efficiency and Degradation Rate

These results clearly show that the diffraction-based degradation sensor can
provide information about the degradation of polymeric thin films. The change in mass
that leads to the observed change in diffraction efficiency can be estimated based on
the geometry of the sample. A 1-cm? polymer film with a thickness of 1 um weighs only
about 10™ g (assuming a density of 1.25 g/cm®), and a substantial fraction of material
has to be removed to result in a measurable change in weight. The grating over the
same 1 cm? area (with height of 125 nm, where the peaks and valleys have equal width)
has a mass of only ~ 8 x 10° g / cm?, and, the removal of this small mass from the
surface leads to a substantial change in optical properties. In fact, the entire mass of the
grating does not need to be removed to produce a measurable change; the area of
grating illuminated by the beam (< 2 mm2) is much smaller than the total area of the
sample (1 cmz). The change in intensity from 100% to 0% in the illuminated region
therefore corresponds to a decrease in mass of < 2 x 107 g (the total mass of the
grating within the illuminated area). Furthermore, in Figure 4.2, five intermediate
measurements can be seen during the switch from the diffracting to non-diffracting
states, which, assuming a linear relationship, would correspond to steps of ~ 2 x 10
g/cm?, or 3 x 10 g (for a spot size of 2 mm?). Even smaller mass changes could be
resolved using smaller beams (for example a focused 50 um? beam spot could monitor

a sample with a mass in the range of 1072 g).
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The mass changes of 3 x 10 g (for a spot size of 2 mm?) that can be qualitatively
observed using our sensor are considerably lower than the limit of detection of a
traditional micro-balance (~ mg). On the other hand, the mass resolution of the
diffraction sensor is slightly weaker than that which can be achieved by quartz crystal
microbalance (QCM) under ideal, adsorption-only conditions (typically ng/cm?,
compared with pg/cm2 here). However, the complex interplay between enzyme
adsorption, desorption and polymer mass-loss kinetics occurring during a degradation
process interferes with QCM measurements*®. The diffraction approach affords the
advantage of highly localized analysis of the polymer surface, where the minimum area
of sample required is limited primarily by the size of the beam spot, the ability to align
the beam with the sample area, and the sensitivity of the photodiode. Further theoretical
analysis of the diffraction system would be required to relate the change in optical
properties in our sensors directly to mass. As a starting point, the next section provides
a probabilistic model that can be used to approximately estimate the mass loss for a
given decrease in the diffraction intensity. Nonetheless, qualitative analysis of very
small sample sizes is possible using our sensor in its current state, allowing the
comparison of the stability and degradation of polymers with different properties and/or

exposed to different degradation environments.

Probabilistic Model
In the experimental data showing the intenisty of a beam diffracted by a polymer
grating as a function of degradation time, the change in diffraction intensity (Ai/At) does

not provide a direct measure of the degradation rate, which is usually expressed as
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mass loss per unit time (Am/At). The change in diffraction intensity can be related to the

mass loss rate in differential form as:

Al AL Am
At~ Am At

In this equation, we can obtain Ai/At from the experimental results. However, it is
challenging to measure Ai/Am, since the mass changes of the gratings are too small

and subtle to be determined accurately using traditional methods.

To explore the relationship between diffracted light intensity and mass, a
probabalistic model was implemented. In this model, the grating and substrate were
divided into rectangular elements, and the grating is defined by lines of elements which
are 125 nm taller than the substrate beneath. This simplified model assumed that each
unit length along the edge of the constituent lines contributes equally to the overall
intensity of the diffraction pattern. Elements (i.e. mass) were then randomly removed
from either the grating or substrate, and the new diffraction intensity was calculated
based on the new total length of edges present between the grating (crest) and adjacent
substrate (trough). An edge was considered to be an interface (along the original edge
of the line) where a step height difference of 125 nm or greater exists (the height may
increase if a section of the substrate adjacent to the line is removed, although the

probability of very large step heights is vanishingly small).

In the model, the polymer film (including the grating and the polymer layer
beneath the grating) was assumed to be composed of unit elements of constant size

(length x width x thickness = 800 nm x 800 nm x 125 nm). The width and height of the
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unit element were chosen to correspond to the width and thickness of the grating,
respectively, and the length was chosen to match the width. These unit elements were
then removed from the polymer surface in a probabilistic manner. Consequently, the
shape of the grating changes and more randomness was introduced on the surface.
This is certainly an approximation of the physical process; in reality the size of a
polymer unit would be smaller, and a more complex model would be required to
describe the relationship between the surface profile variations in the nanoscopic scale
of individual polymer chain and the intensity of the diffracted beam. Nonetheless, the

described simplified system can lead to some useful insight, as described below.

Figure 4.4 shows a set of theoretical surfaces obtained by removing a certain
number of elements in the probabilistic model. The mass loss at a given point was
calculated based on the number of elements removed, the size of an element, and the
density of the polymer. The corresponding intensity was determined by scaling the initial
intensity by the fractional length of remaining edges between the gratings and substrate.
The profiles obtained are similar to the AFM profiles of the polymer samples at different
stages of degradation (Figure 4.3), indicating the ability of the model to approximate real
world changes experienced by the polymer surface. Figure 4.4 also includes the
diffraction intensity as a function of mass loss as predicted by the model. From these
results, we found that the diffraction intensity follows an exponential decay trend versus
changes in mass on the polymer surface as expressed by:

I = Ioe_aM
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Here, | is the intensity of the diffracted beam, I, is the initial intensity of the
diffracted beam, « is a dimensional constant which depends on the surface area being
monitored, the density of the polymer and the dimensions of the volume element. For
PHB with 1 cm? surface area and the volume element size selected for the current
model (800 nm x 800 nm x 125 nm), the value of o. = 1.6 x 10’ mm?*-hr/g. M represents
the mass change experienced by the modeled surface. Using this relation, the intensity
change that corresponds to a given mass loss can be estimated (Ai/Am). As for the
calculations given in the previous section, the total change in mass corresponding to a
100% drop in intensity is 2 x 10 g/cm?; intermediate mass loss values as small as (0.5
x 10°® g/cm?) can be easily read off of the x-axis for a given change in intensity on the y-

axis.

The mass values depicted on the x-axis are calculated knowing the size of the
volume elements considered in the model, and are valid for the specified grating
geometry (125 lines with a width of 800 nm, spaced with a pitch of 1600 nm) and
polymer density (1.25 g/cm3). To translate these values to another polymer grating,

precise knowledge of the grating geometry and polymer density would be required.

The theoretical curve also follows the latter part of the plot depicting the
normalized beam intensity versus time (Figure 4.2). Importantly, this result suggests
that within this region, a constant rate of mass loss — as expected for a surface-limited
reaction — yields the resulting exponential change in diffraction intensity. Interestingly,

the subtleties of the initial part of the curve are not captured by the model. In the
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experimental results, there is a more gradual decrease in intensity as a function of time
at the start of the results (Figure 4.2). This may indicate that the mass loss is initially
limited, due to non-solubilizing chain scission. Alternatively, the differences observed
here may stem from the fact that this model assumes a linear relationship between the
number of edge units comprising the grating and diffraction intensity, whereas the actual
physical relationship between these variables may be non-linear. An extensive physical
model would be required to elucidate the relationship between the change in shape of

the grating and the change in the diffraction intensity.
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Figure 4.4 The intensity vs. mass loss plot and representative polymer surface
profiles obtained from the probabilistic model. Surface profile with (a) 1000 volume
elements removed, (b) 4000 volume elements removed, (c) 10000 volume elements
removed. Volume elements of dimensions 800 nm x 800 nm x 125 nm were
randomly removed according to an equal probability, independent of location on the
surface.
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Processing Conditions and Degradation Rate

The conditions under which polymer thin films are processed influence properties
such as crystallinity, which in turn impact degradation and stability. Due to the small
mass of thin films, it is challenging to characterize the relationship between these
parameters. Therefore, we used the diffraction approach to test the effect of processing
temperature (and consequently crystallinity) on the degradation rate of PHB thin films of
thickness ~ 925 nm. Samples with varying crystallinity were prepared by solvent casting
PHB films at different temperatures; these samples were then incorporated into the
degradation sensors. Figure 4.5.a shows the X-ray diffraction patterns of these films,
where the amplitude of the crystalline peaks increases with temperature. At higher
temperatures, there is more thermal energy and mobility available to the polymer chains
to form ordered structures®, and crystallinity increases from about 25% at 80°C to about
28% at 140°C. Figure 4.5.b shows the combined plot of the change in diffraction beam
intensity versus time for these PHB films. The inlay shows the Ai/At and estimated mass
loss rate (Am/At) for the different samples. The change in diffraction intensity, and the
total time for degradation of the gratings were found to increase with increasing

crystallinity.

The results indicate that the films processed at elevated temperatures tend to be
more crystalline (Figure 4.5.a), and degrade slower than the samples prepared at low
temperatures (Figure 4.5.b). This behavior is in agreement with previous work 4
conducted on 50 ym thick PHB films. In that work, mass data was only collected at two

timepoints (0 hrs and 19 hrs), since mass changes in the order of milligrams were
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required for consistent measurements using a micro-balance. As an additional
verification, we also monitored the degradation of PHB films (processed at 80°C) in an
enzyme solution (~ 0.2 pg/ml) using a micro-balance. Statistically significant changes in
mass were observed after 2 hours of degradation. The mass loss rates per unit area
observed (~ 17 ug/hr.cm?) were on-par with the values that we estimated for the
diffraction-based sensor. However, both longer testing times (including at least 2 hours
of enzymatic degradation for measurable mass loss and 24 hours for drying prior to
measurement) and larger samples (with a mass of 0.014 g and total surface area of 4

cm?) were required to achieve measurable changes in mass in the time reported.
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Figure 4.5 Plots showing the degradation behavior of PHB samples prepared at
different solvent casting temperatures. (a) XRD patterns for PHB samples prepared
at different solvent casting temperatures. The amplitude of the (202), (110) and (040)
crystalline peaks increases with increasing processing temperature. (b) The plot of
decrease in diffracted beam intensity with time. The inset graph shows the slope of
the diffracted intensity over time and the equivalent degradation rate as a function of

solvent casting temperatures.
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Using the degradation sensor, we were able to detect changes in degradation
rate for a range of PHB samples. The simplicity of this technique allowed us to measure
differences in degradation stability of polymer thin films with minimal sample preparation

and shorter testing times than possible with advanced gravimetric techniques.

Applications

The diffraction-based degradation sensor can thus be utilized to characterize polymer
thin films and to determine how different variables impact their degradation and stability.
These variables can include both properties of the polymer (composition, processing
conditions, thermal history, etc.) and environmental conditions (temperature, humidity,
pH, enzyme concentration, etc.). For example, we used the diffraction sensor to
observe how differences in enzyme concentration affect the degradation of PHB (Figure
4.6). Enzymatic degradation is a complex process, which includes adsorption and
desorption of the enzyme to the surface of a film, and a hydrolysis process. In our
experiments, we found that the two highest enzyme concentrations we used (1.36 and
0.78 pug/mL) resulted in nearly identical degradation rates (as determined by the slope of
the intensity-time curve), while at lower enzyme concentration a slower rate was
observed. The slope of these curves plotted against the enzyme concentration is shown
as inset in Figure 4.6, which indicates that the degradation rate follows a saturation
trend characteristic of enzyme-mediated surface degradation®®. The degradation rate
resulting from different enzyme concentrations are easily discerned in a few hours,
providing an alternative method to mass loss experiments — which are time-consuming,

and are less sensitive and reproducible.
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Figure 4.6 Degradation stability of PHB films exposed to solutions of depolymerase
enzymes (PhaZCte) at various concentrations. Inlay plot provides a measure of the
degradation rate as a function of enzyme concentration. The appearance of PHB film
before (smooth and flexible) and after (porous and fragile) enzymatic degradation is
shown in the inlay images.

Beyond degradation, these sensors can be used to study the impact of
environmental factors such as moisture on the degradation/dissolution of materials used
in transient devices, such as silk. From the literature, it is known that the dissolution
characteristic of silk is dependent on the proportion of B-sheet structures and that a
simple physical/chemical treatment can be used to affect this proportion*. To compare
the effect of different treatments, we fabricated silk gratings and exposed these films to
different chemical and thermal treatments. Figure 4.7 shows how methanol and thermal
treatments affect the dissolution stability of silk films of thickness ~ 15 ym in water.
Sensors were constructed using the following samples as the polymer diffraction

grating:
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. An untreated, amorphous silk film prepared by aqueous solvent casting and
drying for 24 hours at 23°C that readily dissolves in water. The normalized
diffracted beam intensity for this sample upon complete dissolution (which
occurred within a second after exposure) in water was set as 0%.

. Asilk film (~ 15 ym thick) solvent cast at 60°C for 1 hour that is partially stable to
dissolution in water. The normalized diffracted beam intensity obtained for this
sample was 28%.

. A silk film (~ 15 ym thick) solvent cast at 100°C for 1 hour that is partially stable
to dissolution in water. The normalized diffracted beam intensity obtained for this
sample was 55%.

. An amorphous silk film (~ 15 ym thick) treated by methanol exposure for 1 hour
to render it insoluble in water. The normalized diffracted beam intensity of this
sample upon immersion in water was taken as 100% since this sample was

insoluble in water.

The average diffracted intensity over the time period of interest for an insoluble

sample (methanol-treated silk film) and for an entirely soluble sample (untreated silk) is

used as the reference for 100% and 0% normalized intensities respectively. The

dissolution of silk film is rapid process taking place within microseconds. Therefore, in

these Figures, the exponential decay of intensity is not observed due to the fast time-

scale of the process. Rather, the value plotted corresponds to the steady-state value of

the diffraction intensity after the partial dissolution of the samples. Using these values, it

is possible to compare the dissolution stability of all the intermediate, partially soluble
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samples. The real-time diffraction intensity measurements were able to differentiate
clearly between all these samples (Figure 4.7), each of which achieved a different
stable diffraction intensity when exposed to water. From these results it can be seen
that heat and methanol treatments improve the dissolution-resistance of silk, with the
film exposed to the higher temperature treament undergoing lower dissolution than the
film exposed to the lower temperature treatment. Such small changes in the surface
stability between samples is challenging to measure using existing approaches and only
a few specialized techniques'® are currently available for such analysis. The
degradation sensor thus opens up possibilities for rapid screening of resorbable

polymer materials for use in transient devices.
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Figure 4.7 Characterization of dissolution stability of silk films. The silks films were
made more resistant to dissolution in water by heat treatment or methanol treatment.
Inlay images are representative diffraction patterns for each silk film. Images show a
transient electronic device on silk substrate and the dissolution of the device in water.
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4.5. Discussion

Depending on the nature of degradation processes and the optical properties of
the polymer, the degradation sensor can be altered to obtain suitable information for a
variety of materials and conditions. For instance, an opaque polymer surface could be
studied by converting the setup to work in reflection mode. Similarly, if the polymer or
the surrounding environment (e.g. solutions) absorbs visible light, the wavelength of the

light and the periodicity of the gratings could be altered with similar outcomes.

The automated diffraction intensity measurement thus enables us to determine
the degradation kinetics with high sensitivity and reliability. Alternatively, we could use
the macroscopic optical properties — diffraction at a specific angle and the rainbow-like
coloration under white light (Figure 4.1.a & 1.b) — of the diffraction gratings to
qualitatively observe the environmental stability of polymers, providing us an simple,

rapid method to analyze different polymeric materials.

One limitation of the diffraction method is that materials that absorb significant
amounts of water during the degradation or undergo physical, surface redistribution
without degradation (like starch and proteins) may be challenging to characterize, as the
absorption of water and surface redistribution can distort the grating and cause varitions
in optical properties without actual degradation/removal of material. Therefore, prior
knowledge of the material being tested and further characterization is required to
determine if useful results could be obtained for these types of materials, which would

be equally challenging to monitor using other existing methods.
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To increase the utility of the sensor, and to directly relate a given change in
intensity to a change in mass, a precise knowledge of the relationship between the
intensity of the diffracted beam and the shape of the grating is required. Further
modeling should be undertaken to explore how the changing shape of the diffraction

grating affects the intensity of the diffracted beam.

4.6. Conclusion

As polymer thin films occupy more and more space in the technological
landscape, and as the reduction in the dimensions of these films brings forth new or
different properties, it becomes crucial to appropriately characterize these materials and
understand their properties. One property that may be different or amplified at the small
scale is degradability, which may or may not be desirable, depending on the application.
Unfortunately, many of the conventional metrologies are not amenable to accurately
evaluate thin film properties such as degradation rate and stability due to the small
masses of the films. We have demonstrated how a simple diffraction-based degradation
sensor can be used to evaluate these very properties in polymeric thin films that
degrade by a surface erosion process. The sensor was used to compare the effects of
polymer crystallinity and depolymerase concentration on PHB biodegradation, and to
monitor the dissolution stability of silk films, all for films with thicknesses at the nano-
and micro-scale. A probabilistic model was also developed to explore how the diffracted
beam intensity changes as a function of mass loss during degradation, and to estimate

the rate of mass loss. The power of the method lies in the fact that the small changes in
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the shape and surface of the grating lead to measurable changes in the intensity of the
first-order diffraction beam. In addition, the intensity of this beam may be monitored in
situ, simplifying the monitoring and the sample handling required to collect data (as
compared with advanced gravimetric or chromatographic analysis). The potential
applications of the degradation sensor are numerous and their number should continue
to grow as new materials and properties are developed, and as interest in degradable

materials continues to grow.
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5. Enzymatic Degradation of Dimensionally Constrained Polyhydroxybutyrate
Films

This manuscript characterizes the degradation of PHB films of different thicknesses
utilizes the diffraction-based degradation sensor discussed in Chapter 4. The effect of
nanoscale dimensional constraint on the degradation of polymer thin films has not been
characterized in the literature, since there were previously no suitable techniques to
determine degradation in samples with small mass and dimensions. In this manuscript,
solvent casting process was used to prepare films ranging from 10’s of ym to 10’s of nm
and the degradation characteristics of each film was determined using the diffraction
sensor. The results indicated an inhibition of enzymatic degradation when the PHB films
were constrained down to the nanoscale. This paper compares the degradation
characteristics of the films of different thicknesses and discusses the underlying
mechanisms behind the degradation characteristics exhibited by polymer films

constrained down to the nanoscale.

This article was published in the journal Physical Chemistry Chemical Physics under the
title, “Enzymatic degradation of dimensionally constrained polyhydroxybutyrate
films”. The contents are reproduced here in accordance with the author’s rights and
copyright policies of the publisher, The Royal Society of Chemistry, and the Journal

Physical Chemistry Chemical Physics.
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Enzymatic degradation of dimensionally constrained polyhydroxybutyrate films
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5.1. Abstract

The effect of dimensional constraint, imparted by the variation in film thickness, on the
enzymatic degradation of polyhydroxybutyrate (PHB) is reported. The characterization
of the crystalline structure and the surface topography of solvent-cast PHB thin films
revealed strong correlations between film thickness and both crystallinity and crystal
anisotropy, with the polymer film becoming more amorphous with decreasing thickness.
The enzymatic degradation of PHB films was characterized using a high precision
diffraction metrology, which enabled the visualization of small variations in the
degradation behavior. The results show that the degradation rate increases with
decreasing thickness, due to a corresponding decrease in crystallinity. However, in a
nanoscopic ultra-thin PHB specimen, produced by p-transfer molding, enzymatic
degradation was impeded. The enzymatic degradation rate of PHB films therefore was
found to exhibit a discontinuous trend with respect to film thickness, initially increasing
as film thickness was reduced, then decreasing dramatically once the thickness was
reduced to tens of nanometers. In this regime, enzymatic degradation was hindered by

the absence of crystalline regions in the films. These results show that a nanoscale
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dimensional constraint on PHB films can result in specimen with a tunable response to

extracellular enzymes.

5.2. Introduction

Ultrathin polymer films are used in advanced applications such as organic
electronics'>, functional coating® and drug delivery systems’®. As a result, considerable
attention has been paid to characterizing the properties of highly constrained polymer

11-17

films . The physical constraint of sample thickness has been shown to affect

16,17 10,11,16

properties such as molecular mobility ™', crystal growth rate , crystallinity and
surface energy. As polymer films become more dimensionally constrained — through a
reduction in thickness — both the extent and the rate at which the polymer chains can
form crystalline structures decrease. For biodegradable films, these variations can in
turn affect the degradation behavior.

Polyhydroxybutyrate (PHB) is a polymer of biological-origin'®'®

(produced by
certain types of bacteria and fungi) that has been the subject of extensive research as a
model system to understand crystallization kinetics?® and enzymatic degradation®?’.
PHB obtained from its natural source is known to have high stereo-regularity?® and
purity®, which makes it susceptible to crystallization once it is extracted from microbial
cells™. lts relatively low glass transition temperature (T4, ~ 2°C) also allows for cold
crystallization at room temperature?*. These factors result in a high degree of
crystallinity and a strong tendency towards the formation of large (up to 100’s of um)

thermodynamically stable super-structures known as spherullites®, which are

composed of juxtaposed layers of ordered lamellar structures and randomly coiled
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amorphous regions. In an unconstrained thick sample, spherulitic structures are formed
without inhibition. However, when the sample is dimensionally constrained (as in the
case of thin films), crystals tend to grow in a discontinuous fashion, resulting in lamellar
structures that can be visualized as plate-like features on the polymer surface?®?”. Such
a constraint on the polymer leads to a host of microstructures and properties rarely

observed in bulk PHB.

Studies on the crystallization behavior of spin-cast PHB films have shown that
when film thickness decreases, both the crystalline structure and the degree of
crystallinity are affected'’. Both the slow crystallization rate and low degree of
crystallinity observed for PHB films in these studies were attributed to two factors: (1)
below certain values, the thickness of the polymer film was small when compared to the
critical nucleus size, thus inhibiting the formation of stable nuclei, and (2) polymer chain

mobility was reduced in thin samples, impeding the crystallization process .

PHB can be degraded by enzymes known as PHA depolymerases®®>?, and this
degradation process is dependent on the structure and the properties of the polymer
film33. In particular, the crystallinity of PHB is known to impact its enzymatic degradation

34,35

behavior™ . In previous work PHB samples with lower crystallinity were shown to

undergo faster enzymatic degradation than highly crystalline samples®®.

Although many previous studies have characterized the crystallization kinetics of

polymer thin films'"'®, the enzymatic degradation of dimensionally constrained polymer
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films has not been systematically studied. One of the main factors that preclude the
characterization of degradation in polymer thin films is the inability of existing
characterization techniques — such as gravimetry and spectroscopy — to monitor the
degradation of thin film samples with small masses. We have recently demonstrated a
method to monitor the degradation of polymer thin films based on diffraction®®. This
method can qualitatively track the degradation of polymer thin films, allowing the effects
of different processing conditions, film properties, or degradation environments on
degradability to be discerned®. In this method (Figure 5.1), the surface of the polymer is
patterned with microscopic grooves to form a grating. When this grating is illuminated
with a laser, the light is diffracted and the intensity of the diffraction pattern can be
monitored. As the polymer grating degrades, the intensity of the diffraction pattern
decreases, and this change in the diffraction intensity can be used as a qualitative
measure of the degradation rate. This diffraction-based degradation sensor affords the
ability to characterize samples of extremely small mass and dimensions, including thin
films, as long as consistent diffraction gratings can be patterned/replicated on the
surface®. Here, we use this technique to determine the effect of reducing the film

thickness (down to ~ 40 nm) on the degradation rate.
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Figure 5.1 The diffraction-based degradation method. a) The schematic that shows the
essential components of the degradation sensor, which includes a light source,

degradation environment, polymer film patterned with diffraction grating and

photodiodes to measure.

In this paper, we characterize the effect of dimensional constraints on the
properties of PHB films and the resulting enzymatic degradation behavior. Samples of
different thicknesses with gratings on their surface were prepared by solvent casting
PHB from acetic acid on a polydimethylsiloxane (PDMS) grating. The physical
properties of the samples were characterized by X-ray diffraction and atomic force
microscopy (AFM). The enzymatic degradation of these samples was then measured
using the diffraction-based technique described above. To produce nanoscale films
constrained in two dimensions, PHB samples were prepared using p-transfer molding,
which resulted in a periodic array (center to center spacing of 2 ym) of PHB micro-rods
with thickness of 40-50 nm. The properties of this sample were also characterized and

compared with thicker PHB films.
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5.3. Materials and Methods

The PHB (98%) used for the work was obtained as thermally processed pellets
(BRS Bulk Bio-pellets, Bulk Reef Supply, Golden Valley, USA). The purity of as-
received PHB was established to be 98% in our previous work®’. The PHB pellets were
washed with isopropyl alcohol and otherwise used as received. Acetic acid (99%) was
obtained from Sigma-Aldrich, Canada. The PDMS (Sylgard 184, Dow Corning, Canada)
with diffraction gratings on its surface was used as the substrate for solvent casting of
PHB thin film. PDMS substrates were prepared by mixing part A and part B solutions in

1:10 ratio, as recommended by the supplier.

Fabrication of PHB thin films with gratings on surface
The PHB thin films were prepared by using acetic acid as solvent using an

established protocol®’

. Briefly, PHB was dissolved in acetic acid (~0.05 g/ml) by boiling
the solution (boiling point of 118°C) in a sealed beaker for 40 minutes (while stirring) to
create a homogenous solution. The solution was then diluted with acetic acid to the
required concentration to prepare PHB films of different thicknesses. In this work,

solution concentrations of 0.01, 0.001 and 0.0001 g/ml were used to prepare PHB films

of thicknesses of 3 ym, 600 nm, and 150 nm, respectively.

A PDMS master mold with microscopic grooves on the surface with a periodicity
of 2 um, height of 120 nm, and fill factor of 50% was used as the substrate to prepare
PHB films patterned with diffraction gratings suitable for the enzymatic degradation

experiments. Approximately 0.3 ml of PHB acetic acid solution was poured and allowed
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to dry on the PDMS substrate maintained at 140°C. 30 seconds after the film was
completely dry (as determined by visual observation), the substrate was removed from
the hotplate and allowed to cool to room temperature. The PHB film was then
transferred onto a glass slide and sectioned into 1-cm? samples. The samples were

aged for 7 days before characterization and degradation studies.

Fabrication of PHB micro-rods by p-transfer molding

The ultra-thin PHB micro-rods were prepared using a solvent assisted y-transfer
molding technique®®. Approximately 0.3 ml of dilute PHB acetic acid solution (0.0001
g/ml) was poured on a PDMS substrate patterned with diffraction gratings. The
substrate was then flipped onto a glass surface to allow the PHB solution to spread and
fill the microchannels formed between subsequent peaks of the PDMS gratings and the
glass surface. The filled sample was heated at 140°C for 3 minutes to remove any
excess solvent. Thus, micro-rods of PHB were formed on the glass surface after the
removal of the PDMS mold. The samples were aged for 7 days before characterization

and degradation studies.

Optical Microscopy

The superstructural features on the PHB surfaces were visualized using a Leica
DM4 P microscope with cross polarizer filters. Cross-polarized images were obtained
with a full wave A plate to improve contrast between crystalline and amorphous regions.
Solvent-cast PHB films of different thicknesses were placed in conformal contact with a

glass slide and were imaged at magnifications of 200x and 400x. To facilitate the
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visualization of the crystalline regions, PHB films of different thickness were prepared
without diffraction gratings on the surface and imaged under -cross-polarized

microscopy.

X-ray diffraction (XRD)

The crystalline peaks of the various PHB thin films were determined using a
Rigaku X-ray diffraction (XRD) system in glancing incidence angle mode. An Ultima VI
goniometer fitted with a thin film attachment was used to characterize the samples.
Scans were carried out between 5° and 40° at a rate of 2°/min using Cu Ka X-rays at 44
kV. An X-ray beam spot of 5 mm diameter was used for all scans. The samples were
mounted on a glass slide to keep them as flat as possible. Baseline correction from the

XRD pattern was carried out using the software Igor Pro 6.35A5.

Atomic Force Microscopy (AFM)

The surface morphology and the 2D cross-section of PHB thin film surfaces were
determined using a Bruker Nano Dimension Edge AFM. It was operated in tapping
mode using a tip with a spring constant of 40 N/m. The images were obtained over 20
pm x 20 ym areas for all samples and 2D cross-sectional profiles of PHB gratings were

obtained using the NanoScope Analysis software.
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Diffraction-Based Degradation Sensor

The enzymatic degradation of the PHB films of different thicknesses was carried out
using a recently developed diffraction-based degradation sensor*® (Figure 5.1). Briefly,
the polymer film was patterned with a diffraction grating on its surface (as described in
section 2.1). The film was mounted inside a plastic cuvette, with the surface of the
grating in contact with the solution of PHA depolymerase enzyme maintained at a room
temperature. A diode laser (A = 650 £ 10 nm, power = 2.5-3 mW) was directed through
the cuvette, passing through the diffraction grating at an angle of 90 degrees to the
surface. A pair of photodiodes in reverse-biased configuration was placed at 10 + 0.5
cm from the sample to collect the light from the first order diffraction spots. The entire
sensor setup was maintained in complete darkness during the experiment to prevent
interference from stray light. As the polymer degraded, the grooves comprising the
grating became less defined, and the resulting diffraction efficiency decreased. The light
source and the photodiode were controlled using a data acquisition system developed
in-house based on the Arduino programming environment. The system was
programmed to switch on the laser once every 15 minutes and to acquire 10 data points
from each photodiode within 10 seconds. The average of these data points was
reported as the diffracted beam intensity at this time point. At least 3 diffracted beam
intensity measurements were used to construct the diffracted beam intensity curve. The
intensity at each time point was normalized to the diffraction intensity at the beginning of
the degradation reaction and plotted against degradation time, as was shown in Figure

5.1.b.
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5.4. Results and Discussion
Appearance and Microstructure of PHB films

PHB films of different thicknesses (3 ym, 600 nm, and 150 nm) were solvent cast
on flat glass substrates from solutions at different concentrations and the microstructural
variations were characterized using optical microscopy. Visually, all the films were

observed to be homogeneous and translucent, with uniform, planar surfaces.

Figure 5.2 shows the microscopic features of the three different thicknesses of
flat PHB thin films (without diffraction gratings) as imaged by optical microscopy. A
cross-polarizer with retarder plate was used to improve contrast between the crystalline
and amorphous regions of the polymer samples, wherein the blue regions correspond to
ordered regions and the yellow regions to amorphous regions. Despite a similar
macroscopic appearance, the microstructure and the crystallization conditions can be
drastically different depending on the thickness of the film. From Figure 5.2.a, we can
observe that the thicker film consists of randomly oriented, crystalline structures
throughout the sample, which are commonly observed in bulk PHB samples where
dimensional constraints do not play a dominant role in crystal nucleation and growth.
Further reduction in the thickness of the polymer film (Figure 5.2.b and 2.c) resulted in
more anisotropic structures, since three-dimensional crystalline structures (such as
spherulites) become kinetically unfavorable under constrained conditions. Overall, the
random distribution and extent of ordered structures were found to decrease as the film
thickness was decreased. The 150-nm film (Figure 5.2.c) has a relatively feature-less

surface with very few crystalline regions (blue) visible. This reduction in the relative
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abundance of crystalline structure has been shown to arise from the limitation on the
polymer chain mobility imparted by the dimensional constraint'’. Previous works have
confirmed these observations, where the crystalline regions become more anisotropic

as thickness decreases®***!.

Figure 5.2 Cross-polarized microscopy images of samples of different thicknesses:
a) 3 um, b) 600 nm, and c) 150 nm.
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Crystallinity and Crystal Anisotropy

The crystalline state of the polymer thin film is very important since the nature
and quantity of the ordered structures play dominant roles in macroscopic properties
such as degradation behavior. In this work, crystallinity and crystal anisotropy of the
PHB films were characterized using thin film glancing angle X-ray diffraction (XRD)

analysis.

Figure 5.3.a shows XRD patterns of PHB films of various thicknesses with
gratings on their surface. The XRD patterns show a general trend where decreasing
sample thickness results in the loss of certain peaks corresponding to the orthorhombic
crystal planes of PHB, namely the (110) and (111) that are associated with the edge-on
crystal planes. This result indicates that the crystal growth tends to be more anisotropic
for dimensionally constrained (i.e. thinner films), where the crystals are forced to grow
more preferentially in the plane of the polymer film direction (i.e. flat-on crystals result).
These results agree well with a previous study investigating the crystallinity of spin-cast
PHB thin films which showed that crystal anisotropy is greatly influenced by dimensional
constraints, with thinner films exhibiting more anisotropy*. In addition, the inference
from XRD patterns are consistent with the general conclusions drawn based on optical

microscopy.
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Figure 5.3.b shows that overall percentage crystallinity (%C), as calculated from
XRD patterns. The crystallinity was found to be lower for smaller thicknesses. These
results are consistent with previous studies which have shown that crystallinity
decreases when the film thickness is reduced*?. To enable optical monitoring of
degradation, the surface of the polymer must be patterned with a diffraction grating. To
verify that the crystallization behavior is not impacted by the formation of the diffraction
gratings on the PHB surface, we also collected XRD patterns for PHB films of similar
thickness without gratings (Figure 5.3.c). No significant difference was observed
between films of similar thickness with gratings on the surface and without; all of the
same peaks are visible with a similar pattern. Overall, the XRD patterns show that the
crystallinity decreases and the crystal anisotropy increases, as PHB film thickness is

reduced.
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Figure 5.3 Crystalline state of the PHB thin films. a) Combined plot of XRD patterns
for PHB films of different thicknesses. b) Percent crystallinity vs. film thickness
calculated from XRD patterns. c) XRD pattern of PHB films without gratings patterned
on their surface.
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Surface Structure and Uniformity

The surface topography and the uniformity of the PHB films patterned with
diffraction gratings on their surface were characterized over areas of 20 pym? (Figure
5.4.a)and 3 um? (Figure 5.4.b) using AFM. The low magnification AFM of the PHB films
show the uniform micro-grooves of the diffraction gratings formed by the replica molding
process. For each case, the thickness of the grooves (120 nm) is less than the overall
thickness of the sample (3 ym, 600 nm, and 150 nm). The pattern on the PHB surface
was found to be identical irrespective of the overall film thickness, indicating that the
thickness does not affect the replication of the diffraction gratings. The high
magnification AFM images (Figure 5.4.b) show the presence of fine lamellar structures
in the thick PHB films. While the thin films also contain some lamella on the surface, the
relative abundance was found to decrease considerably as the film thickness
decreased. These observations support the XRD results (Figure 5.3.b) indicating that
the tendency to form crystalline structures decreases with reduced film thickness.
Figure 5.3.c shows the phase mode AFM profiles of the different films. The images were
obtained over the same area on which the height mode images were captured. The
phase mode images illustrate line-like structures arranged with 8-10 nm spacing,
corresponding to the lamellar layers present in the PHB crystals. The AFM images of
the thickest sample (3um, Figure 5.4.c, first column) also show the S-shaped bending
profile typical of unconstrained crystal growth. Such surface features (repeating
structures of the lamellae and S-shape beading patterns) become less apparent in the
thinner films (second and third columns). In addition, the 150-nm thick films have a

relatively smooth, featureless surface, with a few regions showing flat structures with an
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average step height of ~ 10 nm (comparable to the dimension of the c-axis of the
orthogonal PHB crystal). This indicates that the long-axis of the lamella is oriented
parallel to the direction of the film (flat-on crystal). These observations are in agreement
with the inferences made from the XRD patterns (Figure 5.3.a) which point towards the
emergence of crystal anisotropy (favoring flat-on orientation) as the film thickness

decreases.
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Figure 5.4 Surface profile of the PHB thin films. a) AFM surface profiles (20 pum2) of
the PHB films patterned with diffraction gratings on their surfaces. b) High
magnification (3 ym2) AFM profiles show the presence of crystalline lamella on the
surface. c) 2D cross-sectional profiles of PHB films showing the repeating pattern

concomitant with edge-on lamellar orientation in thick films and flat-on orientation in

the thin films.
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Enzymatic Degradation Behavior

The enzymatic degradation of PHB thin films of different thicknesses was
characterized using the diffraction-based method previously developed®. Figure 5.5
shows a plot of the change in normalized diffraction intensity with respect to time for
PHB films with surface gratings immersed in a solution containing the enzyme PhaZce.
For each film, the intensity of the diffraction pattern decreases over time, due to the
gradual erosion of the diffraction grating that occurs during degradation®. The initial
thickness of the diffraction grating was the same for each film (120 nm), and the time
required for the relative intensity to go from 100% to 0% is dependent on the rate at
which the diffraction grating degrades from 120 nm to a few nm — at which point the
intensity of first order diffracted beams is no longer observable. Considering a laser spot
size of 2 mm? (which was used in this work) and surface density of 1.13 g/cm?, this
corresponds to a total change in mass of ~ 1 x 10° g. Thus, the rate of change of
diffraction intensity provides a representation of the degradation rate. From the plot of
Figure 5.5.b, we can observe that the diffracted beam intensity decreases consistently
for all the thin film samples. Further, the rate of change in intensity was found to
negatively correlate with the overall thickness of the PHB film, with the thicker film
degrading at the slowest rate. The increasing degradation rate with decreasing film
thickness (and consequent decrease in crystallinity) confirms expectations based on
previous work that demonstrated that the degradation rate has an inverse relationship
with crystallinity”®. However, unusual degradation behavior may arise when the PHB

thin film is constrained down to the nanoscale.
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Figure 5.5 Degradation behavior of the PHB films. a) Initial diffraction patterns of PHB
films of different thicknesses, and b) Normalized diffraction intensity vs. time plot
obtained by exposing the PHB thin films of different thickness to a PhaZcte enzyme

solution.

PHB Ultra-Thin Film Constrained to Nanoscale

It has been shown that when the thickness of a polymer sample is constrained
below the critical value required for the formation of thermodynamically stable nuclei,
crystallinity can be completely suppressed'®. While this has interesting implications for
the properties of PHB, monitoring the degradation behavior of such thin samples is
challenging using traditional techniques. To the best of our knowledge, no previous

work has characterized the degradation behavior of nanoscale polymer films. To
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evaluate the effect of nanoscale constraint on enzymatic degradability, we used solvent
casting and p-transfer molding to produce periodic p-rods of PHB, which, while being
highly constrained in two dimensions, can still produce a consistent diffraction pattern.
This enables us to use the diffraction method to characterize the degradation behavior
of the PHB nanostructure in a holistic manner. Figure 5.6.a and 6.b shows the AFM
image and cross-sectional profile of the PHB nanostructures fabricated by p-transfer
molding. These images show that the surface consists of microscopic lines of PHB (40-

50 nm in height) with a periodicity of 2 ym.

The crystalline state of the p-transfer molded PHB is a critical factor influencing
its degradation behavior. Figure 5.6.c shows the XRD pattern obtained for the p-transfer
molded PHB surface. which only shows a broad, amorphous halo and no crystalline
peaks, indicating the absence of crystalline structures. The complete absence of
crystalline regions in the sample can influence the enzymatic attachment process —
which usually takes place in the crystalline regions of the polymer while hydrolysis takes
place in the amorphous regions — and result in unexpected degradation properties. The
PHB micro-rods were exposed to enzyme solutions and the diffraction intensity was
monitored to determine their degradation behavior. Figure 5.6.d and 6.e show the
surface profile of y-transfer molded PHB before and after 4 hours of exposure to the
enzyme solution. The surface structure of the 150 nm thick PHB films before and after 4
hours of degradation is depicted in Figure 5.6.f and 6.g. Surprisingly, the p-transfer
molded PHB did not exhibit visible degradation after 4 hours, whereas the 150-nm thick

film showed substantial degradation over the same time period. The minimal variation
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on the p-transfer molded PHB surface after 4 hours of exposure to the enzyme solution
is in total contrast to the appearance of the 150-nm sample, which experienced
considerable surface erosion over the same period of time. The respective diffraction
intensity vs time relationships are shown in Figure 5.6.h. It can be observed that the
diffraction intensity essentially stays constant over 4 hours for the p-transfer molded
PHB. These results show that the p-transfer molded PHB, containing no crystalline

structure, does not have short term susceptibility to enzymatic degradation by PhaZce.
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Figure 5.6 Appearance and properties of PHB ultra-thin films prepared by y-transfer
molding on a glass substrate. a) Surface topography obtained by AFM. Inset shows
the corresponding diffraction pattern of the ultra-thin PHB sample; b) 2D cross-
sectional profile of the PHB surface; c) XRD pattern of the ultra-thin PHB film; d) the
surface of py-transfer molded PHB film at the start of degradation; e) the surface after
4 hours; f) the surface profile of 150-nm thick PHB film at the start of degradation; g)
the surface after 4 hours of degradation; h) the plot comparing change in diffraction

intensity of the p-transfer molded film and the 150-nm thick film.
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Such resistance to enzymatic degradation has been found in previous studies for
synthetic, atactic PHB which is intrinsically amorphous and is incapable of
crystallizing****. The observations in the present work involve PHB which can crystallize
readily in unconstrained states. To the best of our knowledge, this is the first study in
which a crystallizable form of PHB has been constrained sufficiently to preclude
crystallization and enzymatic degradation. No other previous study has studied the

degradation of such heavily constrained PHB samples.

This resistance to enzymatic degradation of nanoscale PHB can be explained
based on the mechanism of the enzymatic degradation process. The enzymatic
degradation is a two-step process involving: 1) attachment of the enzyme to the polymer
surface by the binding domain and 2) hydrolysis of the polymer chain in amorphous
regions by the catalytic domain. The degradation cannot proceed with high specificity
and at an elevated rate without the binding step®, which is where the nanoscale
constraint on the PHB ultra-thin film intervenes. Typically, the binding domain of the
enzyme can attach to PHB only in the presence of a stable, repeating molecular
arrangement (such as the crystalline regions of the polymer)*>. The absence of crystal
structures in a p-transfer molded PHB film makes it a challenge for the enzymes to bind
to the polymer surface, which is an important first step in the degradation process.
Therefore, the high specificity and increased degradation rate afforded by the enzymatic
binding process is impeded. In addition, the crystalline domains can act as pinning
agents for the amorphous polymer chains and can increase the probability of enzyme

attachment, which facilitates the degradation process'. It is well understood from
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previous work that polymer chain dynamics and glass transition temperature can
experience a sudden transformation if the polymer is constrained to be completely
amorphous*®. This phenomenon can cause the degradation behavior to follow a

discontinuous trend as the PHB film thickness is decreased to the nanoscale.

These results highlight how dimensional constraints afford the ability to control
and tune the biodegradation rate of the polymer depending on the application and

material requirements.

5.5. Conclusion

As polymer thin films have become more technologically important, the interest in
studying and characterizing their degradation and stability has increased significantly.
PHB, with its unique set of properties such as biodegradability, near-ideal crystallization
behavior, and bio-sustainability, is an extremely relevant material to study under
different dimensionally constrained states. Studying the effect of dimensional
constraints on a fundamental property — namely, enzymatic degradation behavior — is
of great relevance from both a fundamental and application point of view. This work
characterized the degradation behavior of PHB films with thickness ranging from 40 nm
to 3 um. The studies showed that the degradation behavior of the PHB film could be
influenced and tuned by altering dimensional constraints. Further, these results show
how PHB becomes resistant to enzymatic attack when the constraints are high enough

to preclude crystallization. The properties explored in this work can be utilized to create
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PHB-based systems that have a controllable set of degradation behavior and

properties, by changing the physical dimensions of the polymer film.
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6. Time-temperature indicator based on enzymatic degradation of dye-loaded

This manuscript proposes a time-temperature indicator based on the degradation of a
dye-loaded PHB film (as developed and characterized in Chapters 3 thru 5), which can
be used to determine the change in quality of food products in the supply chain. The
kinetic parameters of the TTI device were determined by observing the rate of release
of the dye from the PHB matrix due to enzymatic degradation. The article is the first
instance of a TTI being developed based on a dye-loaded polymer that can easily be
produced roll-to-roll, enabling the possibility of a commercially viable TTI, that is also
kinetically accurate. Further, the kinetic parameters were found to be in line with the
decay kinetics of some fresh meat and dairy products which indicate the potential for

the proposed TTI for monitoring a range of fresh food products.

The article has been published in Biotechnology Journal under the title, "Time-
temperature indicator based on enzymatic degradation of dye-loaded
polyhydroxybutyrate”. The contents are reproduced here in accordance with the

author’s rights and copyright policies of the publisher, Wiley, and Biotechnology Journal.
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Time-Temperature Indicator Based on Enzymatic Degradation Of Dye-Loaded
Polyhydroxybutyrate

Preetam Anbukarasu, Dominic Sauvageau, Anastasia Elias’

Department of Chemical and Materials Engineering, University of Alberta, Edmonton,

Alberta, Canada.

6.1. Abstract

We describe an enzyme activated time-temperature indicator (TTIl) which produces a
direct colour change concomitant to variations in integrated time and temperature
conditions. This direct colour change is realised by degrading a dye-loaded
polyhydroxybutyrate (PHB) film by a depolymerase enzyme. The degradation of the
PHB film by the enzyme causes the release of the dye in solution, which in turn
undergoes an optical transition from clear to coloured with elapsing time. Macroscopic
and microscopic optical observations confirmed the uniform distribution of the dye in the
PHB film. The dye release kinetics, mediated by the enzymatic reaction, were tested at
different temperatures ranging from 4°C to 37°C, and were used to determine the
suitability of a dye-loaded PHB as a time-temperature indicator for fresh food products
based on kinetic parameters previously reported. The kinetic analysis showed that the
activation energy of the dye release process was 74 kJ/mol, and that, at 37°C, the dye
would be totally released within 6 hours. However, when incubated at 4°C, the TTI
requires in the range of 168 hours (7 days) to release all the dye. These kinetics values
highlight the potential of the TTI for monitoring fresh food products that have optimum

shelf life around 4°C.
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6.2. Introduction

Time and temperature are primary factors that affect the shelf-life of perishable
products such as meat ', dairy * and vegetables >®. Time-temperature indicators (TTI)
are devices that can monitor the integrated effects of time and temperature and produce
a measurable response, which makes them useful for quality and shelf-life assessment

9-11

of such products Ideally, the relationship between this response and the

degradation of the product monitored should be directly proportional.

Several TTls for food product monitoring can be found both in the literature and
as commercial products. These TTls can be classified based on the mechanism used to

measure the effects of time and temperature: this includes bio-chemical TTls (microbial

14—16) 17-19
)

12138 enzymatic , and physico-chemical TTIs (diffusion-based TTls
polymerization reaction, thermochromic reaction, etc.) ?>?>. Among these, bio-chemical
TTIs have the most suitable kinetics for monitoring fresh food products, since both
bacterial and enzymatic activity are good markers of microbial growth; food degradation
processes, and, thus, of the resulting loss in quality. The literature shows interesting

implementations of bacterial TTls 2323

, Where a bacterial culture is grown inside the
TTI, and the changes in the pH/chemical composition are used to indicate the loss of
quality. However, bacterial TTIs have practical difficulties in manufacturing, handling
and safety that make them unsuitable for food products. Enzymatic TTls, in contrast,
have most of the advantages of microbial systems while being more robust and easier

to implement in a compact package. Consequently, some enzymatic TTls have been

developed and commercialised, such as VITSAB Smart TTI seafood label °, i-Point and
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the Bio-Medical Sciences Inc. TTI ?*. Enzymatic TTls are also described in the literature.
Ramstad et al. developed one of the first enzymatic TTls in which an oxidizing enzyme
was used to degrade a phenolic compound ' Yan et al. have proposed a urease-based
TTI 2°, while Yan et al. have developed an amylase-based TTI . Wu et al. have used
lipase to break down glyceryl tributyrate, and visualised the degradation using a pH strip
that changed colour as the enzyme solution became more acidic due to the release of
degradation products [26]. In this approach, it can be challenging to determine the
useful life left in the product since the pH strip changes colour drastically when the
acidity of the solution exceeds a threshold. Further, the use of additional components
(pH strip and barrier materials) in the TTI increases the manufacturing cost and

complexity of the device.

In this work, we describe an enzymatic TTI that undergoes a colourimetric
change based on the degradation of polyhydroxybutyrate (PHB) by a PHB
depolymerase enzyme (from Comamonas testosteroni), PhaZce. PHB is a
thermoplastic, biodegradable polymer of bacterial origin, which can be processed into

26—

uniform films by both thermal and solvent-assisted processing 2°=*°. PHB is inexpensive,

chemically resistant to most solvents, and can be degraded by a wide array of PHB

depolymerase enzymes 232

, suggesting that it could be useful for TTI applications. The
hydrolysis reactions catalyzed by PHB depolymerases are known to have activation
energies in the range of 70 to 85 kJ/mol **2. Since these values are in the vicinity of the

activation energies of the degradation processes of perishable products such as fresh
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33

meats, some vegetables and dairy products °°, PHA depolymerases are good

candidates to monitor their loss in quality.

The TTI presented herein is comprised of a dye-loaded PHB film exposed to an
enzyme solution, which directly undergoes a change in colour upon exposure to an
enzyme solution. The degradation of the polymer releases dye into the solution, causing
its colour to change gradually from clear to coloured at a rate determined by the
temporal and thermal exposure history of the device. Figure 6.1.a shows a schematic of
the enzymatic degradation of dye-loaded PHB film which results in blue coloration of the
enzyme solution with progressing time. A conception of the TTI device suitable for
deployment in commercial products is also shown in Figure 6.1.b. Figure 6.1.c shows

the photographs of a prototype device.
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Figure 6.1 Schematic showing the enzymatic degradation of the dye-loaded PHB film
and its applications as a time-temperature indicator. A) The process of enzymatic
degradation and change in color of the enzyme solution which is related to the
temporal and thermal exposure history. B) Schematic conception of a TTI device.
The device can be activated by pressing the tab which brings the PHB film in contact
with the enzyme solution. The change in color of the solution can be observed
through the visual window and the gradient scale can be used to estimate the
remaining shelf life of the product. C) Photographs of a simple prototype TTI based
on the enzymatic degradation of dye-loaded PHB. With passing time, the display
window shows more intense blue colours, which is concomitant with the time and

temperature conditions experienced by the product that is monitored.
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In this study, we investigated the preparation and characterization of the dye-
loaded PHB film from which the dye is released, and its enzymatic degradation
behaviour. The degradation experiments performed with the dye-loaded PHB were
carried at temperatures ranging from 4°C to 37°C to determine the dye release rate and
activation energy of degradation. From these results, the suitability of using the dye-
loaded PHB, degraded by the enzymatic solution for monitoring the shelf-life and loss of

quality of food products was evaluated.

6.3. Materials and Method

The PHB (M, ~ 79,000 £+ 1230, as determined by gel permeation chromatography) used
for the work was obtained as thermally processed pellets (BRS Bulk Bio-pellets, Bulk
Reef Supply, Golden Valley, USA). The purity of as-received PHB was established to be
98% in our previous work **. The PHB pellets were washed with isopropy! alcohol and
otherwise used as received. Acetic acid (99%) was obtained from Sigma-Aldrich,

Canada.

The blue dye (Brilliant Blue FCF) was obtained from Sigma Aldrich (Canada, product
no. 80717-100MG) and mixed with deionized water (3.3 mg/ml) to form a homogenous
solution, and used to prepare the dye-loaded PHB films. Polydimethylsiloxane (PDMS)
(Sylgard 184, Dow Corning, Canada) was used to prepare the substrate for solvent
casting the PHB thin film. The PDMS substrate was prepared by mixing part A and part

B in a 1:10 ratio, as recommended by the supplier.
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Preparation of dye-loaded PHB film

The PHB pellets were dissolved in boiling acetic acid (boiling point of 118°C) on
a hot plate while stirring, as described in our previous work **. The solution was then
diluted down to a concentration of 0.005 g of PHB per 1 ml of acetic acid. The solution
was cooled to 25°C, and 1uL of the Brilliant Blue dye solution was added to each 1 ml of
PHB-acetic acid solution. The coloured PHB solution (0.3 ml) was then poured on the
PDMS substrate (19.5 mm x 19.5 mm) maintained at 80°C, and the solution was
allowed to dry for 5 minutes to assist evaporation of the solvent. After drying and
complete removal of the solvent, a uniform PHB thin film containing the brilliant blue dye
was formed on the substrate; the typical thickness of the resulting film was about 900
pm. The film was then cooled to room temperature, peeled from the substrate, and cut
into rectangles of 1 cm? dimension. The PHB film was then mounted on the inside
surface of a disposable UV-VIS micro-cuvette (Sigma Aldrich, Canada). Care was taken
to mount the film away from the optical path of the cuvette. All dye-loaded PHB films
were aged for at least 21 days before the experiments. The molecular weight of the
PHB films after solvent casting was measured using gel permeation chromatography.
No statistically significant variations between as-received and solvent cast PHB (MW of

as-received PHB: 79,000 £+ 2130; MW of PHB film: 81,200 + 2300) was observed.

Preparation of PHB depolymerase enzyme
Comamonas testosteroni (DSMZ 6781) was grown under the cultivation
conditions recommended by the provider (Tryptic Soy Broth — TSB, Becton Dickinson,

30°C, 150 rpm) until it reached an approximate optical density at 600 nm (OD600) of 4.
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Shake flasks (250 mL) containing 1% w/v of bulk PHB film suspended in a mineral
medium (medium 457 DSMZ — Brunner) were inoculated with 10% v/v of bacterial
culture for a total volume of 40 mL. The cultures (in which PHB was the only carbon
source) were incubated at 30°C and 150 rpm for 3 days until they reached an average
ODG600 of 5.4. The cultures were centrifuged (Sorval RC 6 PLUS, Thermo) at 10,000xg
and 4°C for 30 min. Supernatants were pooled, filter sterilized, and stored at 4°C to be
used as the enzyme solution. Preliminary PHB degradation experiments were
conducted using different enzyme concentrations (0.25 pg/ml, 0.025 pg/ml and 0.0025
pg/ml) on the dye-loaded PHB processed at 80°C. From these results, the enzyme
solution concentration of 0.25 pg/ml was found to be the most appropriate for monitoring

fresh milk and meat products, and was used in all subsequent experiments.

Preparation of enzymatic TTl and kinetics studies

To characterize the response of the TTI, the dye-loaded PHB film was mounted
inside a clear plastic cuvette. The TTIl was activated by adding the extracellular enzyme
solution into the cuvette, so as to bring the PHB film in contact with the enzyme. As the
PHB degraded, the dye contained within the film was released into the enzyme solution.
This color change rate was taken as the dynamic response parameter, F(t, T) of the TTI.
The kinetics of dye release were determined by placing TTIs in a climate-controlled
incubator maintained at temperatures ranging from 4°C to 37°C (deviation of £1°C). The
dye release rates were measured quantitatively at a time interval of 15 minutes by using
a UV-VIS spectrometer (Ultraspec50, Biochrom, Cambridge, UK), such that the beam

path transected the solution but not the film. Similarly, the dynamic response of the TTI
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was characterized for all relevant temperatures at constant time intervals as the colour
transitioned from clear at the initiation of TTI to deep blue at the completion of the dye

release process.

UV-VIS Spectroscopy

The color of the solutions was monitored as a function of time using a UV-VIS
spectrometer (Ultraspec50, Biochrom, Cambridge, UK). The absorbance values of the
degrading solution were obtained at the wavelength 628-630 nm, corresponding to the
peak absorbance wavelength of the brilliant blue dye used in this work. The optical
absorbance was used as the dynamics colour change parameter to determine the

kinetics of the reaction.

The UV-VIS spectrometer was also used to obtain a spectrum scan (200 nm to
800 nm) for the degradation solution at different times to confirm the release of the dye

as the degradation process took place.

Optical microscopy and visual observation

The dye-loaded PHB films were observed under a transmission mode optical
microscope (Zeiss Axio Imager 2) to determine the uniformity and distribution of the dye
in the PHB matrix. The images were obtained at different magnifications to determine

the size and distribution of dye agglomerates within the sample.
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Scanning Electron Microscope

The surface morphology of the dye-loaded PHB film at different stages of the
degradation process was studied using a field emission scanning electron microscope
(JEOL, USA). The images were obtained under secondary electron mode at a beam
potential of 5 kV, to bring out the variations in the surface morphology of the PHB film

as it degrades over time.

6.4. Results
Characterization of dye-loaded PHB

The appearance and homogeneity of the dye-loaded PHB was determined using
visual observation and a transmission mode optical microscope. Figures 6.2.a and 2.b
shows an image of a dye-loaded PHB film beside a colourless, control PHB film,
contrasting the difference in appearance. The control PHB film was found to have a
mildly cloudy appearance with no traces of colouration, while the dye-loaded film was
blue, with similar opacity. At the macroscopic scale, the distribution within the dye-
loaded sample was found to be uniform, and no apparent agglomeration of the dye
particles was observed. Figures 6.2.c to 2.e show optical microscope images of the dye-
loaded PHB at three different magnifications. At low magnification (50x, Figure 6.2.c),
the dye appears to be uniformly distributed in the polymer matrix. Particles with a range
of sizes can be seen, with diameters of up to approximately 20 uym. At high

magnifications (>200x), individual dye particles were clearly visible; these particles were
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uniformly dispersed. Overall, the diameter of the dye particles was observed to range

from 2-20 pym.
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Figure 6.2 Photographs and optical micrographs of the PHB films loaded with dye. A)
PHB without dye, B) PHB loaded with Brilliant Blue FCF. C) 50x magnification showing
the presence of small agglomerates. Some sparsely distributed, larger agglomerates (>
10 pym) were also observed in the sample. D) 125x magnification and E) 200x
magnification which show the size of the smaller agglomerates and the uniform
distribution of the dye within the sample. The inset image shows the individual particles
of dye embedded in the matrix (Inset scale bar: 5 pm).

To verify the stability of the dye under non-enzymatic conditions, dye-loaded
films were washed repeatedly with water and soaked in mineral medium for several
days. Under these conditions, there was no apparent discoloration of the sample, (or
coloration of the water), indicating that the dye was securely contained by the PHB
matrix. This result shows that the dye does not migrate readily out of the PHB matrix

without the enzyme solution.
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As described above, the TTIl was activated by exposing the dye-loaded PHB to
the depolymerase enzyme solution that causes the degradation of the PHB, resulting in
a controlled release of the dye contained within the matrix. Figure 6.3.a shows a
schematic of the degradation process and the consequent release of dye from the PHB
matrix at different stages of degradation. Figure 6.3.b shows a representative sample
for which half of the film was exposed to the enzyme solution and the other half was
exposed to air for 24 hours. The half that was exposed to the enzyme appeared
colourless, since most of the dye was released into the solution due to the degradation
process. The unexposed half of the PHB film, in contrast, retained the loaded dye.
These results show that the deterioration of PHB matrix can lead to the release of the
dye. If the solution is confined to a small enough volume, its colour is expected to

change considerably, providing a direct reporting mechanism.
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Figure 6.3 Schematics, images and scanning electron microscopy (SEM) of the PHB
film loaded with dye and degraded for different times. A) Schematic (left) and
corresponding optical images (right) showing the release of the dye from the PHB
during degradation. The images depict the enzyme solution, which goes from clear to
blue as the dye is released. B) Photograph of a PHB film loaded with dye; the bottom
half of the sample was exposed to a degrading enzyme solution and the top half was
exposed to air. The part of the film exposed to enzyme has degraded and released all
the dye while the dye in the top half remained in the sample. C) SEM of as-fabricated
PHB film. SEM of film exposed to enzyme D) for 6 h, E) for 16 h and F) for 24 h.
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To fabricate a TTl based on the degradation of a dye-loaded PHB, it is important
to understand the nature and uniformity of degradation of the polymer matrix at various
stages of the process. Figure 6.3.C to 3.F show the surface morphology change that
occurs in the dye-loaded PHB film at different stages of degradation, as observed by
SEM. The as-fabricated PHB film (Figure 6. 3.C) was found to have a relatively smooth,
uniform surface profile. When exposed to the enzyme solution, the polymer chains
hydrolyzed and eroded away during the early stages of degradation. Consequently, the
surface became more irregular (Figure 6. 3.D). As the degradation proceeded beyond
16 hours (Figure 6. 3.E and 3.F), most of the PHB film eroded away and the backing
layer used to mount the PHB film started to be exposed (darker regions). The SEM
images thus clearly depict the surface degradation, the evolution of porosity in the film,

and the overall roughness with time.

Kinetics of dye release from PHB matrix

To investigate the rate of colour change of the solution resulting from the
degradation of dye-loaded PHB, samples were incubated in enzyme solutions for
various times and at various temperatures, and the colour of the solutions was
monitored using UV-VIS spectrometry. During the degradation process, the solutions
transitioned from clear to coloured as the samples released the dye. Figure 6.4 shows
the change in optical absorbance vs. wavelength at different degradation times for a
sample incubated in enzyme solution at 24°C. The plot shows that the maximum
absorbance occurred at 628 nm (OD628), which is the peak absorbance wavelength of

the Brilliant Blue FCF dye. Therefore, all kinetic experiments were carried out by
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measuring the change in optical absorbance at 628 nm and using it as the colour
response parameter.

At a constant temperature, the colour response of the TTI, F(t)r, can be
expressed as follows:

dF(t)r=k dt

Where k is the rate constant of the dye release process, and t is the time for
which the TTl is active. The optical absorbance at 628 nm as a function of time is shown
inset in Figure 6.4, and corresponds to the color response function F(t)r. This curve F(t)r
is initially linear (indicating that the color changes at a constant rate) and then reaches a
plateau once all of the dye is released (in this case, after around 6 hours). The linear
region of the graph is consistent with pseudo-zero-order kinetics for a surface degraded
by an enzyme at elevated concentrations, and the slope of this region is the rate

constant, k.

The temperature dependence of the rate constant (k) and the activation energy
of the dye release process (as mediated by PHB degradation) can be determined by
incubating the dye-loaded PHB in enzyme solution at different temperatures and
measuring the rate constant (k) for each temperature. The activation energy can then
be determined using an Arrhenius equation, which is expressed in the natural logarithm
form:
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Where kju is the pre-exponent factor, and E, is the activation energy of the dye
release process. Plotting In k against 1/T will produce a straight line, the slope of which

is the activation energy and the intercept gives the pre-exponent factor.

The optical response of the dye-loaded PHB exposed to enzyme was measured
at 4°C, 15°C, 24°C and 37°C to estimate the kinetic parameters of the of the TTI.
Similar to the representative plot in Figure 6.4, absorbance was found to increase
monotonically with increasing degradation time for all experimental temperatures.
Figure 6.5.a shows this linear relationship between the optical response function vs time
for samples incubated at different temperatures. The plot also shows that the rate of
change in optical absorbance (rate constant, k) increases with increasing degradation

temperature.
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Figure 6.4 A combined plot of the UV-VIS spectrum of the degrading solution exposed
to the PHB loaded with Brilliant Blue FCF dye for different time spans. The plot shows a
maximum peak at 628-630 nm, which corresponds to the absorption wavelength of the
blue dye. The negative control sample exposed to water for 24 hours showed minimal
optical absorbance at 630 nm, indicating that the enzyme in the solution is necessary
for rapid dye release. The inset plot shows the monotonic increase in optical
absorbance at 628 nm with the passage of time.
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Figure 6.5 Kinetics of the TTI based on dye-loaded PHB films. A) Combined plot of
optical absorbance (absorbance) at 628 nm of the degrading solution versus time. Each
curve was obtained at different temperatures to find the rate of dye release and the total
time required for complete release of the dye with respect to temperature. B) Plot of In k
vs 1/RT, which was used to determine the activation energy. C) Plot of optical

absorbance vs. temperature at different degradation times.
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Figure 6.5.b shows the natural log of k vs. 1/RT, which was used to determine
the activation energy of the dye-release process. The activation energy calculated from
the slope of the curve is Ea ~ 74 kd/mol. Figure 6.5.c shows a combined plot of optical
absorbance vs. temperature obtained at different times during degradation, which
shows how the OD follow an exponential trend, as is typical for reactions that can be

modeled by Arrhenius equation.

6.5. Discussion
Dye-loaded PHB in enzyme solution changes color intensity at a linear rate

A TTI with widespread applicability must undergo a gradual and predictable
change in color as a function of both time and temperature. In our work, this color
change results, as the dye-loaded polymer matrix is degraded by exposure to enzyme
solution, releasing dye into the solution itself. We found this dye release rate and the
color intensity change to be linear at a given temperature for a predictable period of time
(Figure 6.5.a), eventually rolling off to a saturation trend as the PHB was completely
degraded and the dye was fully released into the solution (Figure 6.4, inset). This

linearity can be attributed to a number of factors, as discussed below.

A uniform distribution of the dye in the polymer matrix is desirable to ensure a
constant rate of dye release as PHB degrades. As shown in Figure 6.2, the dye
particles (with sizes in the range from 2 to 20 ym) were found to be dispersed

throughout the matrix. In addition, we found that the dye was stable in the polymer
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matrix under normal storage conditions. PHB films exposed to water for over 7 days did
not experience any color change whereas the samples exposed to enzyme solution
resulted in complete degradation of the PHB films and release of all the dye dispersed
in the polymer matrix (Figures 6.3.a and 3.b). We attribute this stability to the relatively
high molecular weight and consequent hydrophobicity of the PHB (which limits the
amount of water that can diffuse into the matrix and dissolve the dye). This uniformity
and stability facilitates a gradual release of the dye as the PHB film is degraded by the

enzyme.

Enzymatic degradation of PHB is a surface-mediated reaction, suggesting that
the dye in the polymer will be released at a constant rate as long as the surface area of
PHB film remains relatively constant through the degradation process. In the case at
hand, even if small variations in the surface area were initially observed due to
preferential erosion of amorphous regions of the polymer matrix by extracellular PHB
depolymerase enzymes such as PhaZce >° (Figure 6.3.c thru 3.f)), the dye was
released at a linear rate and no apparent deviation from linearity was observed until the
PHB film was all completely degraded. Overall, these results indicate that enzymatic
degradation of a dye-loaded polymer is a viable system for the implementation of TTI

devices that have a predictable response.
The response of the TTI varies with temperature

The temperature dependence of the degradation process (particularly of the rate

constant, k) is the key factor allowing the enzymatic degradation of the polymer to be
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leveraged to track time and temperature exposure. It has been shown previously that
the highest activity for the extracellular enzyme used in this work (PhaZye from C.
testosteroni) occurs around 70°C (at a pH of 8.5) . All temperatures investigated here
are below this optimal value, and at higher temperatures a higher rate constant is
observed than at lower temperatures. It is known from the literature that the rate of
degradation is also pH dependent [41]. For simplicity, the pH in our work was kept as

constant.

The results in Figures 6.5.a and 5.b show that the dye-loaded PHB degraded by
a suitable enzyme can produce a visible response at a rate that varies with the
temperature, indicating its utility in estimating the quality of some food products,
including dairy and fresh meat. Food itself undergoes spoilage at different rates
depending on the temperature of storage; the temperature dependence of this rate is
described by the activation energy. The reaction in an ideal TTl should have an
activation energy similar to that of food spoilage, such that it can change color at the
same rate as the food spoils. Based on the kinetic analysis, the activation energy of the
TTI was found to be 78 kd/mol. This value is within the acceptable range for the
activation energy of fresh meat and dairy products (~70-90 kd/mol), as proposed by
Labuza et al. **. For the system described here (using the enzyme Phaz from C.
testosteroni), the dye is completely released in 6 hours at 37°C, and 168 hours (7 days)

at4°C.
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However, the response time and kinetic behavior of the TTI should be altered
depending on the application of interest. The ability to tune the kinetics and response
time can enable the TTl to be used for monitoring a wider range of products. We
propose that different depolymerase enzymes can be used to tune the Kkinetic
parameters of TTI, since many PHB depolymerases enzymes are found in nature, each
with a different activation energy and optimal temperature for activity 23”8 It would
therefore be possible to change the rate of dye release and tailor the kinetics of the TTI
for a given time and temperature combination by changing enzyme concentration and/or

by using a different enzyme.

Further, the response time of a TTl can be altered simply by changing the
thickness of the PHB film. The enzymatic degradation of PHB can be considered as a
zero-order reaction since the surface area essentially remains a constant as the
polymer surface erodes away. As the surface of the polymer film degrades, the density
of active sites on the surface remains constant for most of the degradation process, and
since the enzyme concentration remains constant during the reaction, the reaction will
proceed as pseudo-zero order with respect to the polymer substrate. The linear
response at a given temperature, as shown in Figure 6. 5.A, supports this idealization.
Due to this pseudo-zero-order kinetics, an increase in PHB film thickness would result in
a proportional increase in the time for complete release of the dye from polymer matrix,

while maintaining the kinetic parameters a constant.
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In addition to these parameters, factors such as storage temperature, pH and
substrate concentration can also influence the response of an enzyme-catalyzed
reaction. Typically, the enzyme activity increases with an increase in temperature, until
the optimum activity is reached % Beyond this point, the enzyme rapidly loses activity
and becomes less effective at catalyzing the substrate **. Therefore, while selecting
enzymes for TTI, it is important to consider the maximum temperature to which the
product will be exposed and use enzymes that do not lose activity in the working
temperature range and time scales of the TTIl. The PhaZ from C. testosteroni used in
this work has optimum activity at 70°C which makes it a suitable candidate for
monitoring food products that would not be exposed to elevated temperatures during
storage. In addition to temperature, pH *® and substrate concentration can also impact
the apparent activity of the enzymes. However, in a TT| device the pH and substrate
concentration can be considered to be invariant when a solid film with uniform surface
area is available, and sufficient liquid medium is present to prevent substantial reduction
in pH during degradation. Nonetheless, these parameters can also be altered to tune
the response time and kinetics of the TTI. The interplay between these different factors
can thus be utilized to fine tune the response of the TTI based on the specific needs of

an application.

Viability and practical applicability
The proposed TTI based on the dye-loaded PHB was adapted to create a simple
prototype (as shown in Figure 6. 1.C). The prototype was created by mounting the dye-

loaded PHB film (out of the line of sight, behind the press tab symbol) inside a small
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plastic package that contains the enzyme solution. The volume of the liquid was
deliberately kept small (1 ml) and the prototype was constructed to cut out all stray light
to maximize the extent of change in color as the dye is released. The colour seen in the
window of the TTI intensifies with proceeding time after the device is activated, due to
the release of dye into the solution. A semi-quantitative measure of the remaining useful
life of the product being monitored can be obtained by comparing the coloration of the
TTI with a reference gradient scale, similar to the one shown below the visual window
(Figures 6.1.b and 1.c). A major advantage of our system is that the TTI that can
produce a direct visual change, without depending on a secondary mechanism (like pH
indicators or secondary reaction substrates) to indicate the response. This simplification
in design can allow for a streamlined manufacturing process, improved reliability and a
lower manufacturing cost of the TTI. One factor to consider while using enzymatic
devices is the need to keep the enzyme active before its deployment in food packages.
Therefore, suitable storage conditions or additives must be used to maintain stability
and consistent response of the TTI, as is the case with all existing commercial

enzymatic and microbial TTls.

6.6. Conclusion

Time temperature indicators are useful devices for food quality monitoring and
their utility depends on their accuracy and the ease of implementing the device in the
food-packaging infrastructure. Most existing TTls are limited in terms of cost,
complexity and/or reliability. In addition, these devices typically require secondary

indication mechanisms such as a pH indicator to visualize the response. In this work,
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we have developed a TTI based on the enzymatic degradation of a dye-loaded PHB
which has the potential to meet the needs of an accurate and cost effective TTI. The
proposed device overcomes most of the disadvantages of existing TTIs and makes
possible a streamlined, reliable device. We have shown that the degradation of PHB
and the subsequent release of the dye into the degrading solution display kinetic
properties similar to those of the loss of quality of certain food products. The kinetics of
the dye release was studied and was found to yield an activation energy of 74 kd/mol,
which is suitable for monitoring many dairy and fresh meat products. PHB, which can be
degraded by robust depolymerase enzymes with a wide range of activation energies,
has the potential to be a good candidate for TTI applications in the food processing
industry. Overall, the demonstrated devices have the potential to act as low-cost TTls

for food quality monitoring.
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7. Summary and Conclusions

The present work demonstrates that the enzymatic response of PHB can be controlled
by using acetic acid solvent casting and suitable processing parameters. Additionally,
PHB surface degradation can be characterized by using polymer surface patterned with
diffraction gratings. The findings and the methods developed in this work were used to
create an enzyme-responsive architecture which can be used in a platform technology
for food quality assessment and bacterial sensing. More specific conclusions of the

studies presented in each chapter follow.

The use of glacial acetic acid as a viable eco-friendly solvent for processing and
controlling PHB properties has been demonstrated in Chapter 3 entitled: “Tuning the
properties of polyhydroxybutyrate films using acetic acid via solvent casting”. The work
was the first instance of acetic acid being demonstrated as a useful solvent to process
PHB, for which chloroform was the only widely-used solvent until this work. Solvent
casting temperature has been shown to play an important role in determining the
physical properties of PHB, with variations observed in the optical, mechanical and
thermal properties of PHB. These properties were compared with PHB films cast from
chloroform, and the results showed that using acetic acid provides more flexibility in the
conditions for PHB processing. In addition, the versatility of the acetic acid based
solvent casting process has been demonstrated by preparing PHB films with a wide

range of thicknesses (ranging from 50 ym to 10 nm) and different optical properties
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(ranging from transparent to opaque), and by spray coating of PHB thin films on flexible
substrates.

A method for sensitive characterization of the surface degradation of polymeric films
was proposed and validated in Chapter 4 entitled “A Diffraction-Based Degradation
Sensor for Polymer Thin Films.” The work demonstrated that the surface degradation
behavior of polymers could be studied by patterning the test surface with diffraction
gratings and by observing the diffraction patterns as the polymer surface degraded. The
intensity of the diffracted beam was found to decrease concomitantly with the erosion of
the polymer surface. A probabilistic model has been developed to determine semi-
quantitatively the degradation behavior of the polymer surface and its relationship with
the decrease in diffraction intensity. In the chapter, the effect of solvent casting
temperature on the enzymatic degradation of PHB and dissolution stability of silk films
were explored as a proof of concept. The method was further utilized to study the effect
of dimensional constraint on the degradation behavior of PHB in Chapter 5 entitled
‘Enzymatic degradation of dimensionally constrained polyhydroxybutyrate films”
(Chapter 5). The results showed that the thickness of the films have a substantial
impact on the degradation of PHB, with thin films degrading more rapidly than their
thicker counterparts. However, when the films were constrained down to the nanoscale,
the degradation was found to cease. This behavior was attributed to the absence of

crystalline structures necessary for the enzymatic attachment and degradation of PHB.

In Chapter 6 entitled “Time-temperature indicator based on enzymatic degradation of

dye-loaded polyhydroxybutyrate.”, the temperature dependent degradation behavior of
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a dye-loaded PHB film was utilized to fabricate and demonstrate a time-temperature
indicator which can be used for quality assessment of food products. The degradation
temperature was found to influence the dye-release rate, thus providing a simple visual
indication of the integrated time and temperature history to which a food product has
been exposed. The suitability of the proposed time-temperature indicator for application
in food products, namely fresh meat and dairy, was assessed based on the apparent

activation energy of the degradation process.

The findings in this thesis, in addition to forming an integral part of the platform
technology for pathogen detection, can have application in a wide variety of fronts. For
instance, the method to process PHB using acetic acid (Chapter 3) can be utilized to
prepare biodegradable parts and sensing components (such as porous implants and
micro-optical sensors) which are challenging or impossible to manufacture using
traditional fabrication techniques. The diffraction-based degradation sensor described in
Chapter 4 has potential to enable rapid, non-contact analysis of degradation and
stability of several materials, including polymers and metals. The method also has the
potential to be incorporated into a plate reader enabling high throughput analysis of
samples. The method is of interest to industrial research labs during large-scale
materials screening where a semi-quantitative estimate of degradation rate is sufficient
in the initial stages. The results presented in Chapter 5 provides an insight into the
fundamental degradation behavior of a polymer film constrained in the nanoscale. This
chapter adds to the current literature and provides exciting future directions wherein the

degradation of the polymer can be controlled by changing the dimensional constraint
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applied on the material. Further, the nanoscale PHB films fabricated in this chapter can
be used in biomolecule sensors and food quality sensors. Enzymatic TTl based on PHB
thin film demonstrated in Chapter 6 has potential application in the meat and dairy
supply chain for total quality assessment. The novel TTI architecture based on a dye-
loaded polymer film could lead to more research on TTls involving other polymer and

enzyme systems.
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