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Abstract

Among biodegradable polymers, starch has attracted significant interest and is currently used
in numerous industrial applications. This is because of its renewability, biodegradability,
abundance, and cohesive film-forming properties. Moreover, the hydroxyl (-OH) groups
associated with the anhydroglucose units provide it with several modification possibilities.
These features resulted in a substantial interest for its use in several advanced functional material
applications in addition to the typical consumer plastic applications. This thesis focuses on
modification of starch for functional material applications where starch is used as one of or the

major constituent.

The goal is to create polymeric materials based on starch and targeted two material
applications: Hydrophobic and melt processable starch esters for possible degradable plastic
applications, and antimicrobial polymer surfaces for packaging and biomedical devices where
starch is used as the major constituent. The use this biodegradable polymer could potentially
complement and replace non-degradable polymers obtained from fossil fuels such as
polyethylene and polypropylene. However, its hydrophilicity, limitations in thermal and
mechanical properties, rapid degradability, and strong intra- and intermolecular hydrogen
bonding in the polymer chains limit its melt processability and subsequently its widespread
commercial application as a renewable polymer. It is therefore necessary to modify it to mitigate

these limitations and bring about other desirable properties.

To achieve this goal, a controlled modification of starch to replace the -OH moieties was
carried out using reagents that target the required applications. The extent of modification which
is tunable is estimated based on the degree of substitution or percent grating efficiency. Based on

this, the effect of modification can be analyzed using different techniques. In the first study, an

v



esterification of starch using an activated fatty acid (lauroyl chloride) was carried out in a
controlled reaction conditions. An analysis of the modified starch esters revealed melt
processable and thermoplastic starch with film forming properties. This implied that the
esterified starch could be used in industrial thermoplastic and melt-processable applications

without the use of external plasticizers or modifiers.

In a second modification, a systematic study was carried out to investigate the
antimicrobial efficacy of starch as an antimicrobial carrier to prevent the leaching out of the
antimicrobial agent, to create antimicrobial surfaces for packaging and biomedical surfaces
applications. Antimicrobial properties were introduced on starch by grafting with the biocide,
polyhexamethylene guanidine hydrochloride, in a two-step homogenous reaction process. The
modified starch was then incorporated into PLA films at various concentration and the
antimicrobial efficacy is evaluated by testing against a Gram positive bacterium, Bacillus subtilis
and a Gram negative bacterium, Escherichia coli using a shaking flask method and an agar plate
assay. The results revealed that the polymer surfaces have high antimicrobial potency and
deactivate or reduce the growth rate of bacteria on contact. This material has great potential for
use on surfaces requiring minimal to no bacterial contamination such as medical devices and

food packaging applications.
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Chapter 1. Introduction, Objectives, Motivation and Outline
1.1. Introduction and Motivation

Biodegradable polymers obtained from renewable natural resources have recently been
receiving increasing attention due to their potential as alternatives to traditional petroleum-based
plastics. Among the various sources, polysaccharides stand out as a highly convenient feedstock
because they are readily available, renewable, inexpensive and provide great stereochemical
diversity. Starch, a renewable polysaccharide polymer, has attracted a lot of attention as a
feedstock due to its melt processability after plasticization, renewability, biodegradability, low
cost, and abundance of —OH leaving it open to a number of modification possibilities. However,
its hydrophilicity, limitations in thermal and mechanical properties, too rapid degradability, and
strong intra— and intermolecular hydrogen bonding in the polymer chains limit its melt

processability and subsequently its widespread commercial application as a renewable polymer.

In order to use starch as a feedstock for applications, it is necessary to modify it to mitigate these
limitations and bring about other desirable properties. The rich ~OH groups on the structure of
starch allows chemical modification and changes the polymer structure and properties, which can
be investigated using different analytical techniques. Starch based polymers are a potential
substitute to fossil fuel-based polymers because of the low cost, abundance, renewability and
biodegradability. For instance, it is envisaged that using starch as a feedstock for plastics and
food packaging applications can reduce the problem caused by plastics pollution. As a result, it is

important to modify starch accordingly for material applications.



1.2. Objectives and Motivation
The objective of this thesis was to modify starch for use as a feedstock for material
applications. Two modifications were carried out and the properties of the modified material

evaluated for specific applications. This was carried out according to the following steps.

Hydrophobic and melt processable starch laurate esters

e The first step was to modify starch using the selected fatty acid in a controlled
esterification process. Our target was to replace the hydroxyl groups in starch to instill
hydrophobicity and melt processability in the material. The degree of substitution was
then evaluated.

e The next step was to analyze the properties of the modified starch and evaluate how the
degree of substitution affected the material properties. The changes in morphology,
network thermal stability, hydrophobicity, solubility profile, and thermal transition events
were studied. The hydrophobicity and melt processability were most important amongst
other properties due to their importance for plastics applications. At the end of this stage,

the minimum degree of substitution required for the application was established.

Functionalized microparticles for antimicrobial surfaces

e Here, the selected antimicrobial agent was grafted on the backbone of starch. The
target was to use starch as a carrier of antimicrobial properties, which can be blended
or used as a filler with other polymers for antimicrobial surface applications such as
food packaging materials and biomedical devices.

e Polymer films made for the modified starch-polymer blend were then tested against

bacteria to elucidate the antimicrobial performance and establish the minimum



concentration of modified starch to inhibit the growth of bacteria. At the end of this
study, the minimum inhibitory concentration to prevent the growth of bacteria was
established.

e Due to the low molecular weight of PHGH, it has been reported to leach out of
polymer systems. Attaching it to the backbone of high molecular weight starch and

using the modified starch with other polymers systems can prevent leaching.

A summary of the discussed research objectives and stages are shown in Figure 1-1.

[ Modification of Starch for material applications ]

[ Hydrophobicand melt processable starch esters ] [Antimicrobial polymersurfaces ]

PHGH graftingontostarch Y+

* Grafting efficiency
+ Thermal stability

Esterification with lauroyl chloride] +——
+ Controlledtemperature
+ Varied molarratio

Use asfiller in PLA films and test
antimicrobial efficacy
* Shaking flask test

* Agar plate assay
+ Forms films?

|
Thermally stable?

Ves l No Yes No

Analyze
* Optimal DS?
* Hydrophobic?

¢« Melt processable?

)
Use as thermoplastic polymer Adjust End Adjust parameters
Use asfillerin other parameters and repeat
thermoplastic polymers and repeat

Figure 0.1. Overall research goals and objectives

1.3. Thesis Outline

This thesis is presented in 5 chapters as described below:

The first chapter is an introduction of this work. It covers the motivation, research objectives and

outline.



The second chapter provides detailed background and literature review. It discusses the physical
and chemical properties of starch, modification types and application of starch and its derivatives

for functional applications.

The third chapter investigates a facile, one-step hydrophobic esterification of starch and structure-
property correlations of the modified starch for melt-processable applications. It presents a short
introduction into the topic, materials and experimental methods, experimental results and

discussion, and concluding remarks.

The fourth chapter investigates functionalized starch microparticles for antimicrobial surfaces. It
presents a short introduction into the topic, materials and experimental methods, experimental

results and discussion, and concluding remarks.

Chapter 5 presents the overall thesis conclusions and recommendations for future work.



Chapter 2. Literature Review: Modification of starch for renewable polymer
and advanced material applications'

2.1. Introduction

Polymers are key materials to mitigate society challenges in the areas of transportation,
construction, consumer plastics (e.g. packaging, shopping bags, and cutlery), architectural and
industrial coatings, sustainable energy generation, clean water and defense and security. The
continuously increasing demand for polymers driven by global population growth, and concerns
associated with environmental pollution from solid polymers (e.g. consumer plastics), and the
threat of global warming related to the production of polymer feedstock necessitates the
development of sustainable and innovative strategies for the polymer industry 2. The use of
biomass such as plant fibers, biopolymers produced from natural resources or microorganisms is
being explored in numerous applications and across industries *~°. While there are some
successes in some niche application markets, renewable polymers that are currently produced at
a large scale often are costly and have inferior performance compared to their petroleum-derived
counterparts.

Among the natural materials, starch is one of the least expensive polysaccharides with a huge
potential for solid plastic and other functional polymer applications. Starch, the focus of this
work, is a polysaccharide synthesized by plants and found mainly in cereals, roots tubers, fruits
and legumes in the range of 25-90% 7. It is a semi-crystalline polymer comprised of about
1,000-2,000,000 anhydroglucose units (AGU) linked by a-1,4 glycosidic bonds®. The AGU

units in the starch chain have three reactive hydroxyl groups, in most cases one primary and two

! A version of this chapter has been published. E. Ogunsona, E. Ojogbo, T. Mekonnen, Advanced
material applications of starch and its derivatives, Eur. Polym. J. 108 (2018) 570-581.
doi:10.1016/j.eurpolymj.2018.09.039.



secondary hydroxyl groups making it amenable to various modification chemistries. Several
review articles and books have been published on the physical properties, chemical structures,
characteristics, and modification of starch *~'!. Thus, this review will selectively focus on the
recent progress in the application of starch as a feedstock for advanced and functional material

applications of starch.

2.1.1. Starch as a renewable material feedstock

A starch granule is synthesized via the polymerization of glucose that is produced via
photosynthesis of carbon dioxide in plants. It is mainly used as food and finds use in a variety of
industrial applications '2. The major industrial use of starch besides food is as a composition in
adhesives and paper binders, textiles, chemical production, a feedstock for fermentation and
other industrial products !*. The interest in starch for use in advanced materials applications is
accrued from its widespread geographic distribution from various plants, low cost, and
abundance. Starch as a macromolecule is also appealing because of its physical, chemical and
functional properties such as ease of water dissolution, water retention properties, gelatinization,
pasting behavior when subjected to temperature and ease of modification to optimize functional
properties '*. Unfortunately, the hydrophilic nature of starch alongside its brittleness,
retrogradation and thermal degradation has limited its extensive use for industrial polymer
applications that require mechanical integrity. Therefore, in most cases, the functional group of
starch, i.e -OH group, is modified to mitigate the aforementioned limitations and obtain desirable

properties for its success in industrial materials application.

Native starch granule is composed of amylose, a linear glucose chain attached by a-1,4 glucosidase
bond, and amylopectin, a branched glucose chain with branching at a-1,6 postition®. Many studies

have shown that the amylose-amylopectin ratio affects the functionality and chemical properties



of starch as a biopolymer ®!4. Table 2.1 shows various botanical sources of starch and the amylose-

amylopectin ratio.

Table 0.1. Botanical sources of starch and their corresponding amylose/amylopevctin ratio, and
crystallinity

Source Crystallinity (%) Amylose Amylopectin Reference
(%) (%)
Rice 3815 20-30 80-70 16
Potato 23-5315 23-31 77-69 17
Cassava 31-59!8 16-25 84-75 19
Waxy cassava N/A 0 100 19
Wheat 36-391° 30 70 16
Corn 43-48" 28 72 20
Sorghum 22-28!1 24-27 76-73 22

The structure and composition of starch are responsible for both its physical and chemical
properties. The ratio of amylose to amylopectin and the overall structure of starch varies based
on the botanical sources, growing climate conditions, geographic location for cultivation and soil
type!”. Starch has A, B and C crystal structures, which is a function of its origin. In general, it
has a small granule size and comes in various shapes based on the source®. The granule is
composed of anhydroglucose units linked by a-1,4 glycosidic bonds to form amylose and
amylopectin polymer entities. Amylose is a linear polymer with a-1,4 glycosidic bonds linking
the anhydroglucose units with an average molecular weight of 1 x 10 g/mol. It accounts for the
amorphous structure in the starch granule. Amylopectin, on the other hand, has a higher
molecular weight averaging about 1 x 10® g/mol and linked by short a-1,4 glycosidic bonds with
high branching at the a-1,6 positions that account for the crystallinity in starch®?*. The branching
of amylopectin polymer creates double helix of approximately Snm length in the starch granule
that aligns in the crystalline region?*. The crystalline region is represented by double helices as

shown in Figure 2.1.



X-ray diffraction of the macroscopic view of starch under illuminated light showed a positive
birefringence indicated by a maltese cross, demonstrating an arrangement of the macromolecular
units represented by a helix in the starch morphology, which disappears upon disruption of the
starch granule®. This interchanging arrangement of amorphous and crystalline lamellae in the
starch granule is responsible for the semi-crystalline nature of starch with a crystallinity ranging

from 20 to 45%2*.

Reducing end
Lipid """~ Nanocrystals

Amorphous
growth ring -

.~

A»

; .
Amorphous s
lamella -_—

-—

Crystalling % v
lamella WA= Biocklets [ T

Figure 0.1. Representation of starch structure (a) Corn starch granules (30 pm), (b)
semicrystalline and amorphous starch growth rings (120-500 nm), (c¢) crystalline
and amorphous lamellae (9 nm), (d) growth rings and blocklets internal structures
(20-50 nm), (e) Double helices of amylopectin, (f) starch nanocrystals or called
crystalline lamellae when starch nanocrystal is prodced via acid hydrolysis, (g)
molecular structure of amylopectin (0.1- 1 nm), (h) molecular structure of amylose
(0.1-1 nm). Adapted from Le Corre et al ?*. Elsevier copyright © 2014.

Another important component found in starch is phosphorus, a non-carbohydrate component.

Phosphorus exists as monoesters of phosphate and phospholipids. Its presence in the starch granule



influences the gel strength, lucidity and solubility depending on the macro-polymer with which it

bonds®.

2.2. Modifications of starch

Native starch is hydrophilic in nature, insoluble in water at room temperature, and suffers from
retrogradation. Furthermore, it cannot be melt-processed as it degrades under relatively low
temperature and lacks mechanical integrity. These shortcomings have limited its use for polymer
applications requiring mechanical strength and thermal stability, especially in the plastic industry
where starch needs to be melt processed in most cases. Also, the poor solubility of starch in cold
water limits its potential application as an additive in some applications such as enhanced oil
recovery (EOR) and drilling fluid additives. Thus, starch modification is desirable not only to
mitigate these challenges but also to bring about other functional properties. Some of the properties
that can be achieved via starch modification include thermal stability, hydrophobicity,
amphiphilicity, paste clarity, mechanical strength, freeze-thaw stability retrogradation resistances

amongst others %!, Several starch modification processes are reported in literature including,

32,33 34-37 38-40

physical processes , chemical modifications , enzymatic , and biotechnological

approaches '® or combinations.

2.2.1. Chemical Modifications

Chemical modification of starch is an important modification route that involves the blocking or
introduction of functional groups to impart desirable physical and chemical properties while
maintaining chain integrity, thereby extending its application. Because of the intrinsic advantage

of an abundance of hydroxyl groups on the structure of starch, different chemical modifications

41-43 34,4445 28,46-48

have been studied, including etherification , oxidation , acetylation , esterification



49-52 53-55 56,57

, polymer grafting >3, crosslinking %7, silyation >*%°, hydrolysis ¢!~ etc. A combination
of physical and chemical modifications can also be conducted. The physicochemical properties
that can be modified include gelatinization, retrogradation, viscosity and pasting properties,
thermal stability, solubility, hydrophilicity, and compositions. The extent of modification depends
on the crystallinity of starch, amylose to amylopectin ratio, reaction conditions, and molecular

distribution of starch ®*. Some of the common chemical modification of starch as applied to

material application are reviewed in the following sections.

2.3. Starch and its Derivatives for Advanced Functional Applications

2.3.1. Application of Starch in Self-Healing Polymeric Materials

Hard and brittle polymers and their composites such as thermosets fail catastrophically when
cracks develop and grow in their structure. Rapid failure occurs as the crack grows and propagates
through the polymer leaving it with the inability to transfer stress efficiently. Elastomers and very
low modulus phases can be introduced into the polymer to tackle this problem; they can absorb,
deflect or stop these cracks from further propagation when introduced in very small and well
dispersed phases®>. However, the inclusion of this type of phase typically deteriorates the
mechanical properties of the polymer such as the tensile and flexural strengths and moduli.
Mitigating this problem without diminishing the physical properties of the polymer has led to the
development of self-healing polymers. Self-healing polymers typically contain hard crosslinked
formaldehyde-based microcapsules shells which are well dispersed within them®’. This is carried
out to allow the microcapsules survive the process of dispersion within the polymer phase without
rupture. These microcapsules usually contain highly reactive liquids (healant) such as epoxies,
glycidyl methacrylate (GMA) and isocyanates. These liquids, typically monomers can readily react

with multiple functional groups on polymer chains because of the presence of reactive groups on
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their chains. The self-healing mechanism occurs when the microcracks within the polymer

propagate, meet and, rupture one or multiple microcapsules containing the healant. The healant

flows into the cracks, bridges the gaps and crosslinks over time depending on its surrounding

temperature and the type of crosslinking agent present within the polymer phase. Figure 2.2A

shows a schematic of the mechanism by which self-healing polymers repair microcracks.
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Figure 0.2 . Schematic representing (A) typical mechanism in self-healing polymer with specific
reference to start as healant in WMS resin and (B) the esterification reaction
occurring between BTCA and WMS. (C) Morphology of WMS resin revealing self-
healed WMS resin after fracture with ligaments of crosslinking WMS as healant.

Adapted from Kim et al.%®

. Elsevier copyright © 2017.

Most self-healing polymers and their healants are petroleum based. However, the utilization of

biobased derivatives as healants in polymers have been developed®®®. However, only one study

has utilized starch as healant in self-healing polymers to the best of our knowledge. Waxy maize

starch (WMS) otherwise known as waxy corn starch was used both as the healant and polymer®®.

The WMS was gelatinized to activate the hydroxyl groups on the starch and then encapsulated
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with poly(d,1-lactide-co-glycolide) (PLGA) by double emulsion solvent evaporation technique.
These microcapsules were then incorporated into gelatinized WMS alongside
butanetetracarboxylic acid (BTCA) and sodium hypophosphite monohydrate (SHP) as cross-
linking agent and catalyst respectively, then cast into a mold to produce sheets, which were cured
and cut into test samples. Figure 2.2A is a representation of the mechanism through which self-
healing occurs when the crack ruptures the microcapsule and exposes the WMS. The catalyst and
crosslinking agent were added in excess to ensure good dispersion and contact with the WMS
liquid when exposed due to rupture of the microcapsule. The self-heal mechanism occurs through
SHP catalyzed esterification reaction between the carboxyl groups of the BTCA in the matrix and
the hydroxyl groups of gelatinized starch as represented in the schematic in Figure 2.2B. The
results showed that the healing efficiency increased with increasing microcapsule concentration
up to 20 wt. %. It is conceivable that the higher the microcapsule concentration, the greater the
probability of the crack rupturing more of these capsules and exposing the healant resulting in
better crack bridging. Figure 2.2C shows the micrograph of a bridged crack after 24 hours of
healing of WMS resin with 20 wt.% of microcapsules. The disadvantage to having high
concentrations of microcapsules especially in thermoset resins is the potential reduction in the
strength of the matrix especially if the interfacial bond between the shell and the matrix is poor as
observed in the aforementioned study. This can be alleviated by introducing a compatibilizer to
improve the interfacial adhesion between the matrix and capsules. In the aforementioned study,
polyvinyl alcohol was used as an interface to improve bonding between the WMS resin and the
microcapsule. Micromechanics of polymer reinforcement has shown that spherical particles are
most efficient for improving the impact strength or toughness of a polymer while fibrous or platelet

particles can drastically improve the strength®. Therefore, it will be of great advantage to develop
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a method of producing microcapsules which are elongated to have an elliptical or fibrous shape.

This will not only act as reinforcement for the matrix but will greatly increase the efficiency of the

self-healing mechanism as there will be high probability of rupturing these fibrous capsules due to

it greater aspect ratio.

In Table 2.2, a comparison between close or comparable healing parameters such as healing

efficiencies, healant, curing temperatures and mode of evaluation of self-healing polymers are

summarized. Starch based healant showed a tremendous healing efficiency of 51 and 66 % in

comparison to other healants used. Starch being a biodegradable and green material with low cost

gives it great advantage to be further explored as a healant with other polymeric materials as well.

Table 0.2. Self-healing polymers with similar healing parameters and mode of evaluation.

Self- Mode of Healing Parameters Ref
Healing Evaluation Healant Healant Curing Curing  Healing
Material Concentration Temperature Time  Efficiency
(wt. %) © (h) (%)
Comn Tensile Gelatinized corn 20 21 24 51 o8
Starch Fracture Starch
Resin Stress
Tensile 20 21 24 66
Fracture
Toughness
Epoxy Tensile Dicyclopentadiene 20 25 48 45 7
Fracture 20 25-30 48 80
Toughness 10 Room N/A 75 7
temperature
Tensile 40 N/A 48 14 2
Fracture
Poly Tensile Vinyl 20 N/A N/A 120 7
(dimethyl Tear functionalized poly
siloxane)  Strength (dimethyl
elastomer siloxane)/ platinum

catalyst
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2.3.2. Application of Starch in Porous Foam Structures

The bind ability of starch has given rise to its use as a binder, pore former for metallic and ceramic
porous foam structures’*"?. Applications requiring environments with elevated temperatures and
pressures or materials that are inert and biocompatible typically use ceramic or metallic foam
structures. These structures have typically been manufactured using other methods such as

replication method®®8!

where the ceramic for example fills the empty space of polymer foam
structure, is solidified and then the polymeric foam is burned out to reveal the porous ceramic
structure. Use of additives as pore formers in coagulating the ceramic particles is another method
used in porous ceramic foam structures®>**. However, the disadvantage to this is, the ceramic
structure is always dependent on the empty structure of the polymeric foam used. Another method
used is the agitation of a suspension containing the ceramic particles and foaming agent, which
results in closed cell foam generation. A porous structure is formed with the removal of the liquid
and sintering of the formed structure. However, these methods have disadvantages as the formation
of the pores cannot be controlled. This subsequently results in physical properties and dimensions

of part produced which are dependent on the process. Likewise, dispersion agents and chemicals

used in the process are typically expensive and not environmentally friendly.

Starch can provide a lending hand to be used as a pore former in the creation of porous ceramic
and metallic structures’”®*. The manufacturing of the porous structures with starch is done by
starch consolidation”*. The process occurs when a specific amount of starch (the pore former) is
added to a specific amount of ceramic slip, which is a suspension of ceramic powder in water (the
solids) and heated under constant stirring®’. The starch granules swell resulting from water intake
when the hydroxyl groups are exposed under elevated temperature. This causes water to be drawn

from the slip and forces the ceramic powder to consolidate into a solid porous structure. The pore
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size of this structure is controlled by the swelling of the starch granules; the more it swells, the
larger the pore size of the structure is. The swelling or gelation of the starch also act as a binder
for the newly formed structure. The structure is dried; starch burned out and then sintered. A study
investigating the use native and etherified potato starches for the manufacture of alumina foams
was conducted by Lyckfeldt and Ferreira’. In this work, the effectiveness of using modified starch
(trade name of Trecomex) in comparison to native starch was examined. It was found that
gellability and dispersibility of starch in water played a huge role in the production of the porous
ceramics structure without critical deformation to its structure. Subsequently, it was also found
that the modified starch was better at consolidating the alumina particles. Likewise, it was found
that the higher the starch content, the greater the pore size was. Similar result was obtained when
5 and 40 wt. % starch concentrations were used as pore former in the manufacture of cordierite

ceramic foam structures’’.




Figure 0.3. Structures of porous alumina made using a 55% volume fraction of starch that are
from (a) rice starch (b) corn starch, and (c) potato starches. Adapted from Davis et
al.>. Wiley copyright © 2000.

Similarly, the pore structure and size are dependent on the type of starch used”. The larger the
granular particle size of the starch is, the larger the porosity of the structure. Figure 2.3 shows the
porous structure of alumina porous structures formed using (a) rice, (b) corn and (c) potato starches
as pore formers. The granular particle size of these starches increases in the following order; rice
< corn < potato. It can be observed that the rice starch showed smaller but somewhat
interconnected and co-continuous pore structures (Figure 2.3a). As the particle size is increased,
the pores begin to segregate (Figure 2.3b) and finally separate when the particle size is the largest
(Figure 2.3¢). This suggests that the pore size not only can be engineered by selecting pore formers
with desired particle size, but the networking or open porosity of the structure can be controlled as
well. The use of starch as pore former has also been applied using the consolidation method in the
production of titanium foams with open cell structures®®. Figure 2.4 shows the effect of the
modified starch (Trecomex) on the storage modulus of the starch, alumina slip mixture (slurry)
obtained from rheological analysis. It was observed that at higher temperatures, the slurry
containing modified starch exhibited better storage modulus than that containing natural starch.
Due to the initial gelation process required to modify the starch, the modified starch is susceptible
to gelation at lower temperatures than the natural starch is. Therefore, it swells faster resulting in
consolidation and reduced segregation of the alumina particles and higher storage modulus of the

slurry approximately above 55°C.
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Figure 0.4. Effect of modified and unmodified starch on the storage modulus of alumina/starch
slurry for porous structure manufacture. Adapted from Lyckfeldt et al.”*. Elsevier
copyright © 1998.

2.3.3. Applications of Starch in Water Treatment

Water treatment has been one of the greatest challenges for environmental science because of the
ever-increasing amounts and types of contaminants found in it. As technology evolves, the use of
various chemicals which are toxic to both humans and the environment are also evolving. Filtration
using micro and nano membranes have been employed to remove solid contaminants®®%’,
However, soluble contaminants are sometimes notorious to get rid of. Most research have been
able to remove these contaminants, however, at the cost of using other chemicals (e.g.
polyacrylamide) which could potentially be harmful if trace amounts are left behind. Therefore, a
substantial research focus is in place to utilize green or environmentally friendly materials and
approaches to decontaminate water. Starch has an abundant potential for use as a substitute of
other potentially toxic polymers used in in water treatment. This is because starch is non-toxic,

sustainable, relatively low cost, and amenable to various chemical modifications that are of interest

to water treatment applications. Furthermore, the -OH functional groups on starch structure could
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be used as anchor points of contaminant particles®® in water treatment. Starch as a sorbent or
functional material in wastewater treatment has numerous advantages such as it availability across
the world and renewability, which makes it feasible and attractive economically. In terms of its
properties in relation to water, it has excellent swelling capacity which in turn makes gives it fast
kinetics and excellence at removing a wide range of pollutants. Due to its functional groups, it can
easily be modified and tailored to target specific pollutants. The gelation characteristics of starch
allows it to be soluble in water at elevated temperatures has made it a suitable choice to be used as
a dispersant for nanoparticles used in water decontamination®®. Better dispersion of these

nanoparticles will result in improved reactivity to efficiently decontaminate water.

A study by He and Zhao prepared Fe-Pd nanoparticles with and without the use of starch as the
dispersing agent or stabilizer for the dechlorination of trichloroethene (TCE) hydrocarbon®.
Morphological analysis through transmission electron microscopy showed that Fe-Pd
nanoparticles without starch were agglomerated and formed a network or dendritic floc with
varying densities (Figure 2.5a). Contrarily, starch-Fe-Pd nanoparticles exhibited remarkable

dispersion (Figure 2.5b).

(a) (b)

200 nm

Figure 0.5. Transmission electron microscopy of Fe-Pd nanoparticles prepared (a) without and
(b) with starch as stabilizing agent. Adapted from He et al.®°. ACS copyright ©
2005.
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It was found that iron-starch interactions and development of intra-starch Fe clusters contribute a
crucial part in dispersing and stabilizing the iron nanoparticles. These nanoparticles were tested
for their efficiency in the dichlorination of TCE. The dichlorination rate of starch-Fe-Pd was found
to be significantly greater than particles not stabilized with starch. This is because the exposure of
the particles to reactivity was far greater when starch was used as a stabilizer in comparison to
agglomerated particles, which only reacted with particles that were exposed. To understand the
efficiency of starch as a stabilizer, another research has reported similar dichlorination rate but
with a concentration of 200 times the amount of Fe particles®. A summary of starch derivatives
used in the removal of pollutant from water are presented in Table 2.3. One major drawback of
starch use in water decontamination is that the particle size varies with plant source and therefore

might perform differently due to difference in surface area.

Table 0.3. Starch based materials used in water decontamination.

Material Contaminant Ref.

Starch-Fe-Pd Trichloroethene 89

Starch xanthate Ni?*, Cu**, Cr** o1

carboxymethyl starch Pb?*, Cd*", Cu* 92

Polymerized starch with epichlorohydrin Dyes 93
2.34. Applications of Starch as Excipient in the pharmaceutical Industry

An excipient is defined by the international pharmaceutical excipient council (IPEC) as “any
substance other than active drug or pro-drug that is included in the manufacturing process or is
contained in finished pharmaceutical dosage forms”. Other entities categorize them according to

their functions in the final manufacture drug such as binders, dis-integrants, diluents and

19



lubricants®**. The application of starch in the pharmaceutical industry spans from its use as non-
active ingredient, drug delivery to coating and binders in drugs. It is also an important excipient,
which the industry uses extensively”. This is because of its physical characteristics and properties
such as smoothness and ability to be molded, gellability and binding capacity. Moreover, its
abundance and availability coupled with low cost, biodegradability and biocompatibility makes it

an attractive material to the industry.

The ability of starch to gel has found use as a binding agent in the production of capsules and
tablets through the process of wet granulation®. Starch is especially suitable in this process as it
can act as a dispersing agent to uniformly distribute the drug particles in either high or low
concentrations and binds the particles to form loose agglomerates while allowing for easy
compression thereafter, to form compacted tablets typically for oral ingestion®’. It is typically used
at low concentrations of about 3 to 20 wt. % with respect to the weight of the compacted tablets>’.
This range of starch concentration is due to the variance in the type and concentrations of other

materials used in the formulation as well as parameters in the production of the tablets.

Although starch has been applied as a binder in tablet and capsule production, it also functions as
a disintegrant®®; it aids the break up capsules shells and tablets for quick release and assimilation
of the active components of the drug into the body®. Starch is one of the most commonly used
disintegrant in the drug industry for tablet and capsule manufacture. The hydrogen bonds between
the starch molecule and the other constituents of the tablet after compaction of the drug help bind
the tablet. However, when the drug encounters an aqueous medium (water), the starch granules
absorb it; this results in the disruption of hydrogen bonding, swelling of the granules which then
elastically deforms®®. This process loosens up the compacted tablet particles, which eventually

breaks apart. Figure 2.6 shows a schematic of the process of drug disintegration into particles,
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which are then absorbed by the body. Depending on the type of starch used and its position as
either indo, exo, or indo-exo-disintegrants, drug composition and parameter used in the

manufacture just to mention a few, the rate of disintergration varies significantly®s.

Low rate dissolution of tablet

/—_\ Ultfafi"? Drug assimilated in body
particles in

and absorbed in blood

Compact Tablet Coarse tablet particles Fine t.ablet gastrointestinal
particles tract
\ I Q@ %%,
@ L8
— P P —) Ui s5oe
[~ <@ O [ L= Y ‘i."t" 0%
[ X Iy e

B ™

High rate dissolution of tablet

Figure 0.6. Schematic representation of tablet disintegration and assimilation into the body **.

Starch is widely used as a disintegrant because it is required at a relatively low concentration
ranging from 3-15 wt. % of the total drug weight’®!%, Native starch in comparison to modified
starch, such as regelatinized starch perform not as well as modified starch in its binding and
disintegrant applications in drugs®®. This is due to the partial opening of the starch granules after
pregelatinization, thereby allowing the exposed hydroxyl groups form hydrogen bonds with other
starch molecules and active drug particles in the tablet. This results in better dispersion of the
starch within the drug. Hence, bonding is improved and render the disintegration of the drug more

efficient.

2.3.5. Advances in Drug Delivery using Starch
Starch as a green and biocompatible material has currently attracted a substantial interest as a
potential drug delivery agent as well as in controlling the rate of active drug release over periods

of time. The drug release over time of tablets can be controlled through the modification of the
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[ 101105 styydied various

dual functional native starch used as binder and disintegrant. Odeku et a
starches from various sources in tablet manufacture and found that the rate of disintegration, which
is also related to the rate of active drug component release was greatly affected by the source of
the starch and the modification type done to the native starches. Depending on the type of
modification carried out to starches such as acid modified, pregelatinized, freeze-dried, crosslinked
and hydroxypropylation, the disintegration and binding properties are significantly affected which
consequently affects the rate of drug release. Similarly, the source of the starch is also great

influencing factor of these properties as well. Therefore, it is important that the right source of

starch and modification be chosen to target specific drug release.

Alexiou et al'® conducted a study to explore the biocompatibility and reactivity of starch as a
carrier for targeting cancer cells. In this study, iron oxide nanoparticles were sized with modified
starch containing phosphate groups, which were then infused with mitoxantrone as
chemotherapeutic drug '%. It was shown that by applying a magnetic field over the cancer tissues
in the subject, these nanoparticles concentrate in these areas and destroy the cancer cells by

penetrating them.

Ahmad et al'””!%® developed a novel method of drug delivery in the gastrointestinal tract (GIT)
using bioadhesive microspheres (BAM) synthesized from rice starch by double emulsion
evaporation method. In this study, BAM was used as a carrier for metronidazole for colon and
intestinal disease treatment. It was shown that these microspheres were able to withstand microbial
degradation and hydrolysis from enzymes, acids and alkalis, thereby resulting in slow drug release
for a prolonged period. It was also suggested that this novel application of starch can be used as a
carrier for other types of effective drugs to combat gastrointestinal tract infections. Using the same

1109

rice starch but modified by carboxylation and oxidation, Ahmad et al'™ studied the drug release
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rate of tablets containing metronidazole. It was found that the modified starches were effective in

the release rate and varied depending on what environment the tablet was in within the GIT.

The thermo-sensitivity of starch derivatives has recently been geared towards drug delivery'!°.
This novel research is based on previous technology where thermo-sensitive polymers have been
used in drug delivery'!!. The swelling and expansion, which occur when starch is exposed to
moisture at elevated temperatures has been used to control the release of drugs. This mechanism
was applied to corn where it was degraded using acid to expose functional groups on the starch
granules'!®. This treated starch was then reacted with butyl glycidyl ether under controlled
parameters to yield micelles of 2-hydroxy-3-butoxypropyl starch polymers. Prednisone as the
choice of drug was then loaded into the modified starch through a dialysis process. The results
showed that the modified starch carrying hydrophilic alkyl groups can form micelles and the lower
critical solution temperatures (LCST) of this starch was a function of the degree of molar
substitution (MS) of butyl glycidyl ether to the anhydroglucose units of the starch molecules. By
doubling the MS from 0.32, the LCST was decreased from 32.5 to 4 °C. This indicates that the
micelles can be designed to swell and control the rate of drug release at different temperatures.
With the LCST of the modified starch micelles determined to be 32.5 °C, they were tested for their
drug release in distilled water at 20 and 40 °C. It was found that 38 % of the drug was released at
20 °C while 90 % was released at 40 °C. In both cases, the duration of the study was 100 h. At
temperatures above the LCST, the micelle structure was less stable and resulted in a failure to
confine the drug and therefore caused it to leach out of the structure. Starch in combination with
polymers for porous media and drug infusion is another area that has also been investigated.
Microcapsules, where starch is utilized in drug delivery has also been investigated. These

applications of starch in drug delivery systems have been summarized in Table 2.4.
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Table 0.4. Modified starch and their application towards drug delivery systems

release was from the PV A phase while the
sustained release was from the starch phase. This

Material Delivery Preparation Result/Summary Ref.
Method Technique
Corn Porous Emulsion This study was able to produce microparticles 12
starch- microparticl | solvent ranging in sizes from 5 to 900 um with both
Polycaprol | es extraction/ smooth and porous surface morphologies. In-vitro
actone evaporation | studies also showed that there was a steady release
blend of the drug of choice over a 30-day period,
indicating its potential as a carrier for other active
drug ingredients
Sweet Microparticl | Spray-drying | This studied produced heterogeneously shaped 13
potato es of gelatinized | particles which showed a drug release
starch starch sustainability of over 6 h. it also showed that the
concentration of starch used in the production of
the particles as well as that of the model drug
affect the release rate.
Corn and | Hydrogel Isostatic The result from this study showed that corn 14
potato ultra-high starch-based hydrogel carrier exhibited sustained
starches pressure drug release while potato starch-based hydrogel
exhibited fast drug release. This study showed that
the source of the starch can significantly affect the
developed drug carrier properties.
Hydrolyze | Microspher | Single This study produced microspheres with diameters | >’
d potato es emulsion ranging from 3 to 540 pum. Particle size was shown
starch crosslinking | to be dependent on the crosslinking reaction while
the release of the drug was rapid within the first 2
h regardless of medium used.
Glutinous | Microfibers | Electrospinni | Changing the ratio of starch to PVA ratio showed | !°
rice starch ng an effect on the type of fibers produced; either
and beaded or smooth cylindrical fiber. The study also
polyvinyl showed that the fibers had high water-soluble
alcohol index which was excellent to be used as a drug
blend carrier. Drug release test showed that the initial
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indicates that a quick and sustained dose can be
applied when using a model drug.

Crosslinke | Mucoadhesi The results showed that the nanoparticles were 116
d starch ve starch effective in rapid drug release and dependent on
nanoparticle the particle size. Likewise, the degree of
S crosslinking was observed to have an effect on the

drug release rate as well.

2.3.6. Antimicrobial Films and Coatings based on Starch

The proliferation of antibiotics resistant bacteria has posed a substantial demand for innovative
strategies to fight pathogenic bacterial infection in the health and personal care as well as food
contamination. Polymers that have antimicrobial properties represent a valuable alternative to
conventional antibiotics and is currently gaining interest in coatings, personal care and active
food packaging, and biomedical applications. Typical antimicrobial agents used with polymers
are organic or inorganic acids, metals, alcohols ammonium compounds or amines !'7. However,
due to the low molecular weight of these antimicrobial agents, their retention capacity has been
reported to be poor causing them to leach out when applied directly to a substrate or polymer
system, thereby inhibiting their antimicrobial performance. The interest in starch as an
antimicrobial agent carrier is accrued from its film-forming properties, and high molecular
weight. The use of such high molecular weight polymer as a carrier of antimicrobial polymer
eliminates the problem of leaching via entanglement and other interactions with the baseline
plastic making polymer ''®!1° In addition, starch is economical, environmentally friendly, and
non-toxic making it appealing in food packaging and biomedical applications. Typically, the
antimicrobial agent is covalently bonded to starch via a synthetic strategy to improve its retention

in polymers.

25



Guan et al ' synthesized antimicrobial modified starch by covalently bonding
polyhexamethylene guanidine hydrochloride (PHGH) with potato starch through a coupling
reaction using glycerol diglycicyl ether (GDE) to improve its adsorption on cellulose fibers. A
shaking flask method was used to evaluate the biocidal activity against E. coli and S. aureus
while atomic force microscopy was used to monitor the antimicrobial mechanism. Their results
revealed that 1 wt.% PHGH modified starch in cellulose fibers inhibited the growth of the
studied bacteria by almost 100 % . A similar study carried out by Ziaee et al ''® using
modified starch containing 12 wt.% PHGH with as low as 20 mg/g PHGH modified starch
dosage on cellulose fibers revealed excellent antimicrobial activities against E. coli bacteria as
indicated by the collapse of bacteria membrane investigated by AFM and the growth of C.
globosum fungi investigated by SEM. In this studies, introducing the modified starch in fibers
increased the tensile index and decreased the tear index simultaneously !'®. Several other authors
have also researched and reported positive antimicrobial outcomes by using guanidine

hydrochloride based modified starch %121,

Pelissari et al prepared a film from plasticized starch-chitosan modified with oregano essential
oil (OEO) at concentrations of 0, 0.1, 0.5 and 1 % and investigated the antimicrobial properties
against Bacillus cereus, Escherichia coli, Samonella enteritidis and Staphylococus aureus using
the disk inhibition zone method. From their results, although a higher inhibition halo was
observed for B. cereus and S. aureus (gram positive) and a smaller inhibition halo for S.
enteritidis and E. coli (gram negative), all OEO modified films exhibited inhibition zones, which
increased with an increase in OEO concentration. The presence of OEO in starch films not only
improved the biocidal activity but also improved hydrophobicity and water vapor barrier

properties 22,
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Shen et al plasticized potato starch and prepared antimicrobial starch films modified by
incorporating potassium sorbate or chitosan at concentrations of 0, 5, 10, 15 g/100 g starch and
observed the biocidal activity of modified films against E. coli and S. aureus. Films prepared
with 10% or less potassium sorbate could not suppress the growth of E.coli and showed no
inhibition zones. They suggested an interaction between the hydroxyl group in starch and the
carboxyl group in potassium sorbate limited the release of potassium sorbate responsible for
inhibiting the growth of bacteria from the film; hence limiting the biocidal activity. On the other
hand, significant inhibition zones were observed when the concentration was increased to 15 %
resulting from the release of sorbic acid from the starch films. The films prepared with chitosan
revealed inhibition zones at 5 % with an increase in the inhibition zone diameter as the
concentration increased to 15 %. Potassium sorbate starch films tested against S. aureus revealed
no inhibitory zones as compared to chitosan-starch films which inhibited the growth of S. aureus
at 10 % concentration; with no change in activity with an increase in concentration. The films
that revealed inhibition zones in both cases showed no contamination, which suggests that these
antimicrobial agents inhibited the growth of other microorganisms as well. In addition to the
biocidal activity, the presence of these antimicrobial agents impacted the mechanical properties,
water vapor and oxygen permeability, and solubility of films !2. Other examples of starch

utilization in antimicrobial polymer applications are presented in Table 2.5.

Table 0.5. Antimicrobial modified starch and its activities.

Source Agent

Starch Antimicrobial | Concentration | Microorganism Remarks Reference

Potato PHGH 1 % E. coli 100 % inhibition 1o

S. aereus
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12 % E. coli Excellent 18
C. globosum antimicrobial
activities
Cassava | Chitostan- 0.1,0.5,1% | B. cereus, E. coli, S. | Increased biocidial 122
oregano enteridites, and S. activity against gram
aereus positive than gram
negative bacteria
Sweet Potassium 5,10,15 % E. coli No inbibition zones 123
Potato Sorbate at<10 %
S. aereus No inhibition zones
Chitostan 5,10,15% E. coli Inhibition began at 5
% concentration;
increased with
concentration
S. aereus Inhibition at 10 %, no
increase with
concentration
Tapioca | Chitostan 1 % Lactobacillus spp Low effectiveness 124
Zygosaccharomyces | Effective
bailii
3% Zygosaccharomyces
bailii
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Chitostan- Lactobacillus spp No inhibition
Potassium
sorbate
Wheat Chitostan Various B. subtilis Low inhibition 123
E. coli
Chitostan- 8 % B. subtilis Efficient inhibitory
lauric acid E. coli effect
Potato Guanidine 4,8,12,16 mol | E. coli Excellent 120
starch hydrochloride | % compared | S. aereus antimicrobial
to starch properties
2.3.7. Other advanced applications of starch and its derivative materials

Technological advances and research have certainly focused on the use of starch in various
applications such as electronics, photonics, energy, sensors and superhydrophobic surfaces. The
property and ability for the starch to form thin films when gelatinized and cast on a substrate
have lent itself as a moisture barrier in the application of superhydrophobic papers. In a study by
Chen et al, a superhydrophobic paper was fabricated by the casting of two layers of solutions on
the surface of paper '%°. The first layer comprised of a gelatinized starch composite containing
enzyme, sizing agent, crosslinker and aluminum sulfate as a pH adjuster and was rolled on while
the second layer was a suspension of hexamethyldisilazane treated silica nanoparticles (HMDS-
SiNPs) in ethanol. This layer was immediately sprayed on after the application of the gelatinized
starch and allowed for the ethanol to evaporate. This allowed for the bonding of the HMDS-

SiNPs to the starch layer while it was curing. Results from the contact angle test showed that the
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treated paper was superhydrophobic with a contact angle of 162 degrees as shown in figure 2.7a.
The presence of the HMDS-SiNPs on the surface acted to repel the water molecules. In a
submersion test, both treat papers with and without the first layer of gelatinized starch were
completely submerged in water for a period of 2 mins. The paper without the starch layer was
completely soaked and allowed water to penetrate through its fibers. However, the paper with
both layers treated was dry after the 2 mins water immersion. For this, it was suggested that the
thin film formed from the crosslinked and gelatinized starch clogged the porous structure of the
paper fibers and prevented water from penetrating through it. Other significant improvements
noticed were increased mechanical durability of the treated paper. Likewise, the visual
appearance of the paper after treatment was not affected since very thin layers were applied. It
can be observed that the tailoring of starch with other materials can provide several interesting
attributes with numerous applications; one such feature is hydrophobicity of starch that is

inherently hydrophilic.

Starch has been shown to have comparatively good optical properties, which can be channeled
for use in various applications. The application of starch as a substrate in photonics in
comparison to other biopolymer substrates has been investigated by Cyprych et al '*” and shown
to have greater photostability due to its low oxygen permeability. In this study, starch was
gelatinized using water and then doped with rhodamine 6G water solution, which acted as a light
amplification medium. This mixture was casted on a glass substrate and allowed to air dry,
forming a layer of rhodamine 6G doped modified starch. When the doped starch was
photoexcited, a generation of random lasing effects was observed due to the formation of a
random roughness of the starch granules deposited on the substrate. In comparison to other

biomaterials such as DNA, and proteins, starch could exhibit better photonic properties. Figure
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2.7b shows a schematic of the mechanism of random lasing due to the random formation of
starch granules on a glass substrate. This work showed that starch has the potential to be used in
photonic applications such as light emitting diodes and color imaging. With further research and

development, the future of and applications of starch-based phonic materials seems promising.
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Figure 0.7. (a) Contact angle test of superhydrophobic paper modified with starch composites.
Adapted with permission '2°. Copyright 2017. Elsevier, (b) Schematic representation
of random lasing of modified starch on glass substrate after photoexcitation is
applied. Adapted with permission '2’. Copyright 2017. Elsevier, and (c) The effect of
frequency changes of PEI and PEI/starch film sensors materials as a function of
carbon dioxide concentration. Adapted with permission '?8. Copyright 2011.
Elsevier.
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With the rate of carbon dioxide emissions from our ever-growing industries around the world,
we have seen great significance in climate change. One of the areas starch has been used is in
research and development of sensors for carbon dioxide. In a study by Sun et al '?%,
polyethylenimine (PEI) and polyethylenimine-starch composite films were spin coated on quartz
crystal microbalance sensors. Carbon dioxide and nitrogen gases were pumped alternatively and
the sensitivity through frequency changes were observed. It was noted that the PEI/starch
composite exhibited significantly higher sensitivity to the carbon dioxide. Figure 2.7¢ shows the
effect of carbon dioxide gas concentration on the frequency changes of both PEI and PEI/starch
films. Both films showed an increase with increasing carbon dioxide concentrations while the
PEl/starch film showed significantly greater frequency changes in comparison to that of the PEI
film. It was postulated that the greater sensitivity to carbon dioxide was due to the more
protonation of the amino groups within the PEI polymer thereby increasing recognition of carbon
dioxide at the polymer layer. The mechanism through which this occurred was deduced to come
from the presence of starch attracting moisture to the surface of the film and subsequently
interacting with carbon dioxide to form carbonates and bicarbonate ions. This study shows that

starch is a versatile material and with fundamental understanding of its properties, it can be

geared towards specific applications.

2.4. Outlooks, Prospects and Conclusions

The environmental concerns from the utilization of non-sustainable, non-biodegradable and toxic
feedstock in industrial applications have created an increased interest for the need to research and
develop biomaterials with starch being a sort after and potential candidate because of the many
benefits it brings. The environmentally friendliness and ease of chemical modification such as

gelatinization and blending of starch with other materials such as polymers have been shown to
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produce desirable properties suited to specific end use. By varying the type, level and degree of
modification in modified starch, the physicochemical properties of the final material based on
starch can be varied. Utilization of starch as healant in self-healing thermoset resins have shown
to be a viable alternative material to currently used highly reactive and toxic chemicals ®%. Drug
delivery systems require carriers and materials that can easily be modified and used as carriers
for dosage of active drugs at specific sites. Starch has shown great promise for use in drug
delivery system especially because of its biocompatibility and degradability within the subject
after effective release of the drug. Likewise, it is less-expensive and readily found across the
globe. Properties of starch such as bindability, and gel-ability has found many uses in the
pharmaceutical industry to act as disintegrants, binders, dispersants and lubricants. They have
also found utilization in the production of porous metallic and ceramic media for applications
such as filtration and tissue engineering. With the world focused on moving towards
sustainability, starch has found itself as one of the for front runners in the development of
functional materials for advanced applications. While starch can complement efforts towards the
development of renewable polymers, perceived competition with food production could limit its
extensive utilization in commodity applications. However, its use in functional and advanced

material application is expected to attract more attention.
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Chapter 3. Hydrophobic and Melt Processable Starch-Laurate Esters:
Synthesis, Structure — Property Correlations?

3.1. Introduction
Plastics are used in a variety of applications such as automobiles, textiles, packaging,

construction, cosmetics, electronics and medicine'?’

. However, the largest application of plastics
remained food packaging and containment applications (e.g bags, cups etc.) whose growth is
attributed to a shift in product lifetime from multiple to single use due to the low cost and ease of
processing these polymers. Such single use of plastics led to municipal solid wastes that consist
of a high percentage of these plastics creating a serious environmental challenge. Common
plastics used in such commodity applications are polyethylene (LDPE and HDPE), polystyrene,
polypropylene, polyethylene terephthalate etc*. Unfortunately, these plastics are sourced from
fossil fuel, and are resistant to biodegradation. Thus, after their useful lifetime, they accumulate
in the natural environment, and in most occasions, end up in water bodies thereby posing
potential harm to aquatic life!*°. These shortcomings have prompted research interest in

alternative bio-resourced feedstock. This is because natural polymers are renewable and typically

degrade in the natural environment by the actions of microorganisms.

Starch is among the most promising natural polymers because of its renewability,
biodegradability, abundance, low cost, film-forming properties and ease of modification !*!:132,

Nevertheless, native starch without modification is not suitable for most polymer applications.

This is partly because the hydroxyl groups of starch readily associate with moisture via hydrogen

2 A version of this chapter has been published. E. Ojogbo, R. Blanchard, T. Mekonnen, Hydrophobic
and Melt Processable Starch-Laurate Graft Polymers: Synthesis, Structure — Property Correlations, J.
Polym. Sci. Part A-Polymer Chem. (2018). doi:10.1002/pola.29237.
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bonds leading to high moisture sensitivity. Moreover, the amylose and amylopectin fractions
form inter- and intramolecular hydrogen bonds that raise its melting temperature beyond its
degradation temperature'32. Strategies to modify starch for material application can be: (a)
conversion into low molecular weight hydroxylated compounds, such as dextrins and other
glycolized products and their utilization as a monomer for polymer synthesis, (b) hydrolyze it
into glucose and utilize the glucose in fermentation process for producing polylactic acid (PLA),
polyhydroxyalkanoates (PHAS) etc., (¢) thermoplastic modification that involves the addition of

external plasticizers and high temperature processing in an extruder 313,

Among the various modifications, thermoplastic starch (TPS) has attracted the most
attention because of the ease and low cost of the process. However, leaching out of external
plasticizers, water sensitivity, premature aging caused by re-crystallization, brittleness, and too

136138 hag limited it from achieving the touted potential. The direct blending

fast biodegradation
of starch with other polymers has also been extensively investigated with some success *>!*°. An
alternative approach to mitigate these challenges is to chemically modify starch (e.g
etherification, esterification, crosslinking, acetylation, oxidation etc.) that involves replacement
of the —OH groups with other suitable functionalities while maintaining the backbone chain
intact. Each anhydroglucose unit (AGU) of starch has three -OH groups that could allow
substitution of other chains to a maximum degree of substitution (DS) of three that paved a way
for several types of modifications. Esterification of starch is among the several chemical
modification efforts that are extensively reported in the literature. For instance, esterification

with organic acids such as acid anhydrides and fatty acids introduces both hydrophobicity and

thermoplasticity in starch'#,
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The incorporation of short-chain fatty acids (C» to Cs) on the structure of starch has been
studied by some groups'4!~143, Although the water vapor permeability of the modified starch has
improved, the resulting materials were brittle and required external plasticizers'#'~!4}. Attaching
medium (Cs — C12), and long chain (Ci3 — Cz1) fatty acids could offer better processability, and
mechanical properties. However, the increase in the chain length could result in limited

substitution efficiency (low DS) because of steric hindrance and unfavorable side reactions

140,144

In this research, a robust and single stage modification of starch with fatty acid is investigated to
produce a renewable and biodegradable plastic alternative to polyolefins and other bio-based
polyesters. An activated fatty acid with a medium chain length (C12), lauroyl chloride, was
selected here to replace the hydroxyl groups of starch and produce starch — fatty acid esters.
Lauroyl chloride is prepared from lauric acid that is typically derived from coconut oil in the
presence of thionyl chloride. The level of modification, estimated here as the degree of
substitution (DS), was controlled by varying the mole ratio concentration of the lauroyl acid to
the anhydrous glucose unit (AGU) of starch. Pyridine was selected as the solvent for the reaction
based on previous research reported in the literature®’. Detailed structural studies of the fatty acid
modified starch and correlation of the modification efficiency with the structure - properties of

the material are elucidated in this study.

3.2. Materials and Methods

3.2.1. Materials
Cornstarch containing approximately 73% amylopectin and 27% amylose was obtained from
Sigma-Aldrich. All starch samples were dried to a moisture content of below 1% prior to use.
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The drying was conducted at a temperature of 70 °C for 24 h under reduced pressure and stored
in an airtight container. Lauroyl chloride (98%, 0.946 g/mL), pyridine (> 99%, ACS grade),
chloroform (= 99.8%, for HPLC), toluene, dimethyl sulfoxide (DMSO), tetrahydrofuran (THF)
(= 99%, ACS grade) were also supplied by Sigma Aldrich. Acetone (= 99%, lab grade), and

ethanol (= 99%, lab grade) were obtained from VWR.

3.2.2. Methods

3.2.2.1. Esterification of starch with fatty acids

The esterification reaction of starch with lauroyl chloride was carried out in accordance with the
method of Winkler et al?’. Dried starch was first dispersed in pyridine at 10% (w/v) ratio using a
homogenizer and transferred to a three neck round bottom flask equipped with a magnetic stir
bar and thermometer. It was then assembled in a silicone oil bath under reflux condition and
under agitation. A calculated amount of lauroyl chloride (1 mol, 1.5 mol, 2 mol and 4 mol ratio
corresponding to the anhydrous glucose unit (AGU) of starch) was added dropwise to the starch
dispersion using a burette. The reaction was then conducted at 110 °C for 1h under constant
stirring (~400 rpm), after which it was cooled and precipitated in 150mL of ethanol. The
precipitate was isolated using vacuum filtration, and solubilized in warm chloroform or THF for
purification. It was then precipitated in ethanol and centrifuged to remove the raffinate, and
washed twice in ethanol and twice in acetone. The product was then dried overnight under

reduced vacuum.

3.2.2.2. Degree of substitution

Elemental Analysis
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The carbon content in our samples was determined by combustion conversion into gas, using a
4010 Elemental Analyzer (Costech Instruments, Italy) coupled with a Delta Plus XL (Thermo-
Finnigan, Germany) continuous flow isotope ratio mass spectrometer (CFIR-MS). For this,
samples were prepared by milling a dried material into a fine powder using a mortar and pestle,
followed by drying overnight at 110°C. The degree of substitution (DS) of the -OH groups of
starch with the laurate was calculated in accordance with Vaca-Garcia et al (2001)'%, using the
relationship between % C obtained from elemental analysis and the DS as shown in equation

(3.1) and (3.2):

12.011(6+12 )
12.011[6+12DS]+1.008(10+22 )+15.999(5+DS)

%C = (3.1)

_ %C(0.01)(162.141)-72.066
DS = 144.132—(%C)(0.01)(182.307) (3.2)

Fourier transform infrared spectroscopy (FTIR)

FTIR analysis was conducted using a Nicolett 6700 by Thermo Scientific FTIR, in which 16
scans were collected and averaged. Sample pellets were prepared by first crushing the individual
samples of the modified starch and KBr with a mortar and pestle. The powdered samples were
then mixed (5 mg of the samples and 200 mg KBr), dried at 80 °C for 1h under vacuum, and
pressed into pellets at 10,000 psi for 2 minutes using a Carver Press. In the case of the most
modified starch sample (using 4 mol lauroyl chloride), the sample was dried, and a thin film was
cut from the material for direct scanning. A pellet made of just 200 mg KBr was used as the

background when scanning all powder samples, and air was used for the most modified starch
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sample. For comparison purpose, the intensities of the graphs were adjusted by normalizing the

starch reference peak at approximately 1000 cm™,
Nuclear magnetic resonance ('H-NMR)

Proton NMR was carried out using a Bruker 500 MHz high-resolution spectrometer. The spectra
were acquired on samples dissolved in either DMSO-dg, CsDsN (pyridine-d), or CDCI; at a
frequency of S00MHz at room temperature. The solutions were prepared using 10mg of samples
in 0.7mL of solvent, then heating overnight at approximately 80°C (pyridine and DMSO

solubilized samples) and 50°C (Chloroform solubilized samples).

3.2.2.3. Morphology

X-ray diffractometry (XRD)

X-ray patterns of native starch and modified starch were collected using a Bruker D-8 focus
powder x-ray diffractometer operated at 40 kV and 40 mA with Cu Ka. Data was acquired
between 260 of 5°and 50° at a scan speed of 1s/step and increment of 0.02. Powdered samples
were used for all XRD analysis except for the highly modified sample. In the case of the highly
modified starch (with 4 mol lauroyl chloride), the sample was pressed into a plastic sheet

because the resultant product after the reaction was a plastic lump.

Scanning electron microscopy (SEM)

The morphology of starch and modified samples were observed using an Oxford instruments

Quanta FEG 250 Environmental microscope. The environmental SEM was used due to the non-
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conductive nature of samples. The samples were placed on a stub with double-sided adhesive

tape, and photomicrographs were then recorded at various magnifications.

3.2.2.4. Thermal properties and structural analysis

Thermogravimetric analysis (TGA) was carried out using Q500 TGA equipment from TA
instruments. 5-10 mg of samples were placed on platinum pans and heated from 25 °C to 500 °C
with a heating rate of 5 °C/min under nitrogen atmosphere. Differential scanning calorimetry
(DSC) was conducted using DSC (TA Instruments, Q-200) in a nitrogen atmosphere. For this
test, an accurately weighed sample between 5 and 10 mg was placed on hermetic aluminum pans
and loaded onto the instrument. Samples were then scanned from room temperature (25°C) to
220 °C with a heating rate of 20 °C/min to clear the thermal history of the samples. The sample
was then cooled to -50 °C, followed by a second heating from -50 °C to 220 °C at the same
heating rate as the first heating. The second heating cycle was used to investigate the thermal

transitions of the specimens.

Dynamic mechanical analysis (DMA) measurements were conducted using a (TA instrument,
DMA Q800), in tension mode on specimens with free dimensions of 0.14 x 12 x 55 mm?. The
tests were carried out by heating the samples from -40 °C to 120 °C with 1 Hz oscillating stress.
The storage (E') and loss (£") moduli and damping factor (tan 6 = E"/E") were determined. The
glass transition temperature was assigned to the temperature of the maximum loss factor peak
combined with the £’ drop and the peak of E".

3.2.2.5. Contact angle measurements

Contact angle measurements were carried out using a custom-built optical sessile drop system

equipped with new era pump systems. For this test, the modified starch samples were solubilized
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in an appropriate solvent and casted on glass plates. Triplicates of solution casted films were then
allowed to dry overnight prior to testing. About 3uL of deionized water droplet was dropped on
the surface of the samples, and images were captured using a video camera. These images were
taken at 0, 45 s and 90 s after dropping the water to study the interaction of water with the

specimens over time, and a Matlab software was used to measure the contact angle.

3.2.2.6.  Solubility in organic solvents

The solubility of the starch — fatty acid esters were studied in water, DMSO, THF, chloroform,
and toluene to observe how the samples interacted with solvents of different polarities and how
solubility changes with the increase in the substitution level.10 mg of each sample was placed in
each of the five solvents and homogenized. They were then heated to temperatures below the
boiling points of each of the respective solvents for 24 hours while being mixed periodically. The
homogenized suspensions or solutions were then kept for 12h undisturbed, and solubility was

observed visually.

3.3. Results and Discussion

3.3.1. Esterification of starch

The esterification of starch with fatty acids was conducted in a one-step homogenous process
using an activated fatty acid. The activated fatty acid, lauroyl chloride, was a medium chain
length fatty acid chloride usually prepared by the action of an excess thionyl chloride on lauric
acid that was derived from coconut oil. While the esterification of starch using acid chlorides has

27,146

been reported in some literatures, a controlled esterification that ranges from low degree to

complete substitution of the —OH group with laurates to render the starch —fatty acid ester melt
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processable, coupled with the structural characterization of the modified material was rather
scarce. The reaction in this study was conducted at a constant temperature, agitation and reaction
time, while varying the concentration of laurate to the anhydrous glucose unit (AGU) of starch to

obtain various levels of substitution.

It was observed that the modified starch stayed suspended in the pyridine solvent despite a high
degree of modification. These results were attributed to the effectiveness of using pyridine as the
reaction media. The nucleophile pyridine acted here as a reaction media, catalyst and scavenger
for the acid (HCI) that could form from the reaction of lauroyl chloride with bound moisture in
starch, which otherwise could hydrolyze starch!4’. Figure 3.1 illustrated pyridine’s involvement
in the reaction as a catalyst, as it initially forms a complex with the reactants (a), then breaks off
unchanged (b). This mechanism (a) was proposed by Koivu et al (2016)'4%. However, it was
expanded to include the proceeding steps (b) where the pyridinium salt is produced, as seen in
literature %’. This is a very important step, because it prevents the production of undesirable HCI
from the hydrogen and chlorine ions (in addition to moisture) that can potentially hydrolyze
starch into dextrins or glycolized monomers. The formation of a pyridinium chloride by

scavenging free CI coming from the acid chlorides was reported before 4.

Furthermore, pyridine worked well as a reaction media due to the increased solubility of the
product as the reaction takes place, thereby leaving the product in solution during reaction.
Despite the fact that native starch was not soluble in pyridine, the intense homogenization
mixing dispersed starch well that resulted in a reactive gel at high temperature (110 °C) during
the reaction. As the reaction proceeded, the modified starch stayed as a stable gel in the pyridine

that assisted the continuation of the esterification till a complete substitution of the —-OH
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functional groups with lauric acid®’. This was much more effective than using traditional starch
solvents (e.g. DMSO), as the esterified starch product could experience reduced solubility and
perhaps precipitation with an increase in the level of modification, which could limit the extent

of modification?’.
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Figure 0.1. Scheme for (a) activation of lauryl chloride with pyridine, (b) esterification reaction
of activated lauroyl chloride with starch in the presence of pyridine and Cl-
scavenging of pyridine.

The starch — laurate ester products obtained from the reaction were all white powders, excluding
the reaction that was carried out using a 4 mol lauroyl chloride/mol AGU ratio. This product was
soft and sticky prior to drying. The dried material was a fairly clear, flexible and squishy
material. It appeared that the modification that substituted about three laurate chains per glucose
monomer (assuming complete substitution) completely transformed the starch into a different

material.

The solubility of the starch — laurate esters in certain solvents was also a sign of the product’s
changed properties. During the washing process, the starch esters with 2 mol and 4 mol ratio of

lauroyl chloride (Lauroyl chloride: AGU) exhibited complete dissolution in chloroform. This
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was an initial proof that the laurate chains had been introduced, since the addition of the laurate
aliphatic groups increased its affinity for solvents with lower solubility parameters. The

solubility parameters of DMSO and water, which both solubilize native starch, are 26.4MPa'”?

and 48MPa'’? respectively; whereas chloroform has a lower solubility parameter of 18.7 MPa'”?
150 The sample modified with 1 mol lauroyl chloride was soluble in THF, indicating low degree
of modification ?’. However, an excess of THF solvent was needed for such dissolution. On the
contrary, it was noted that pyridine could completely dissolve this material at concentrations as
high as 1.4% (w/v) pointing out that, there was some degree of modification as starch is only
dispersible in pyridine. Starch — laurate esters prepared with 1.5 mol ratio lauroyl chloride
exhibited an enhanced solubility, indicating a higher degree of modification in comparison to the

use of 1 mol ratio of lauroyl chloride. The solubility observations here were in agreement with

Winkler et al?’.

3.3.2. Degree of substitution (DS) analysis using elemental analysis (EA) and 'H-
NMR

The degree of substitution of —OH groups with lauric acid as a result of the esterification was
estimated using elemental analysis (EA) and '"H-NMR techniques. The mass percentages of
carbon determined via elemental analysis are presented in Table 3.1. The EA degree of
substitution was then calculated based on these carbon percentages using Equation (3.2). The
results showed that the degree of substitution increased with an increase in the concentration of
the mole ratio of lauroyl chloride to the starch in the reaction while keeping other reaction
conditions (e.g. temperature, mixing rate, time) constant. It was interesting to note that the use of
4 mol ratio of lauroyl chloride resulted in an almost complete —OH substitution (DS 2.9 from a

possible DS of 3).
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Table 0.1. Percent carbon, degree of substitution calculated using elemental analysis (DSga) and
DS calculated form 1H-nmr

Sample % C (average | *DSga *DSNmR
from EA)

Starch 44.64 + 3.1 - -

1 mol ratio 55.79+4.2 0.46+0.01 | 0.45+0.01

1.5 mol ratio 64.49 £ 2.1 1.21+0.01 | 1.31+0.03

2 mol ratio 68.77+3.9 2.10 £0.17 | 1.96 +0.02

4 mol ratio 70.90 £ 5.1 2.88+£0.19 | 2.92+0.07

* Values are average *+ standard deviation.

"H-NMR spectra were collected for native starch and modified samples, and results are presented
in Figure 3-2. This was to verify the degree of substitution obtained from the elemental analysis.
From the native starch spectra, it was evident that the protons showed up starting from about
3ppm. Contrarily, peaks appeared starting from the three terminal hydrogens of the laurate chain
(0.85 ppm) on the starch — laurate esters. This included the first methylene group beside the
carbonyl group (2.1-2.4ppm), the next methylene group (1.5ppm), and all other methylene
groups on the chain (1.2ppm)'*’. The peaks had slightly shifted upwards for the starch — laurate
esters with DS 0.5 and DS 1.2, where the corresponding peaks occur at about 0.95 ppm, 2.5ppm,

1.8ppm, and 1.3 ppm, respectively. This shift could be attributed to the use of a different solvent.
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Pyridine was used for the low DS esters as opposed to chloroform that was used for the high DS

(2.1 and 2.9) esters, as the solubility of these esters were limited to chloroform.

Intensity

Chemical Shift (ppm)

Figure 0.2. 'H-NMR spectra of (a) native starch in DMSO, (b) 0.5 DS ester in pyridine, (c) 1.2
DS ester in pyridine, (d) 2.1 DS ester in CDCl3, and (e) 2.9 DS ester in CDCl3

In both esters that were solubilized in chloroform (DS 2.1 and 2.9), proton signals were observed
at 3.6-4.3ppm, 4.5-5ppm, and 5-5.4ppm, corresponding to the three peaks outlined in Figure 3.2.
Due to the large peak area compared to the other peaks, it was assumed here that the last peak
consisted of overlapping protons. Also, there were three peaks at 4.4ppm, 3.5ppm and 3ppm on
the DS 2.1 starch ester that were here assigned to the protons of the hydroxyl groups due to their
disappearance in the 2.9DS ester, as shown in Figure 3.3. For the calculations of the degree of
substitution, the signal from methyl group of laurate (0.85ppm) was compared to the signals of

starch observed at 3.6-4.3ppm, 4.5-5ppm, and 5-5.4ppm. This was similar to the method reported
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by Namazi et al '*°, where the signals of protons from 4.58-5.5ppm were used as the reference
corresponding to starch. The spectra of the lower DS esters contained several overlapping peaks,
so the signals from the hydroxyl groups could not be distinguished from the hydrogen peaks. For
these samples, it was assumed that the number of hydroxyl groups of starch did not change much
after the modification, as the degree of substitution was lower. Therefore, the signals from the

hydroxyl groups were included in the starch reference signals.
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Figure 0.3. 'H-NMR spectra of the proton signals of the starch backbone, for the 2.1DS and 2.9
DS esters dissolved in CDCls.

The DS values were then calculated in accordance with Equation (3.3) for the DS 2.1 and 2.9DS

samples, and in accordance with Equation (3.4) for the 0.5 and 1.2 DS esters, and results are

presented in Table 3.1.

ISignall
— 3
DS = 3.3)
4
ISignalz
— 3
DS = 5 (3.4)
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where Ig;gnq refers to the integral the methylene signal at 0.85 ppm and, Iysyq refers to the
integral of the four protons at 3.6-4.3ppm, 4.5-5ppm, and 5-5.4ppm on the higher DS samples.
Is;gnaiz refers to the integral of the methylene signal at 0.95ppm and I,y refers to the integral
of the four signals from the starch backbone and the three from hydroxyl groups, which appeared
between 4-6.4ppm on the lower DS samples. Comparison of the degree of substitution obtained

from EA and '"H-NMR exhibited good agreement as shown in Table 3.1.

3.3.3. Structural evolution due to esterification by FTIR spectroscopy

A comparative structural study between the native starch and the corresponding starch-laurate
esters were monitored by FTIR spectroscopy (Figure 3.4). IR results revealed clear structural
changes as a result of the esterification. The broad peak between 3000-3600 cm™'on Figure 3.4 (a
and b) was attributed to the vibrational stretching of hydrogen-bonded OH groups 2’. The peak
intensity reduced with an increase in the degree of esterification (Figure 4 ¢, d, and ) due to the
substitution of the starch -OH groups with laurate chains. A strong and sharp peak within the OH
band was also noted at approximately 3565 cm™! in the samples with a DS >2. This was most
likely due to the occurrence of free OH groups with limited hydrogen bond forming capability.
When many of the starch -OH groups were replaced, the remaining ones became more isolated
and had no adjacent -OH groups with which they could form inter- or intramolecular hydrogen

bonds '*!, resulting in a diminished peak.

The peak that loomed at approximately 1740 cm™! in the starch— laurate samples was attributed to
the vibration of an ester -C=0 bond that was formed as a result of the esterification modification.

The ester peak intensity increased with the the degree of substitution, elucidating the increased
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ester formation connecting laurate chains to the starch molecule. The peaks at 2925 cm™ and
2852cm™! were attributed to the -CH vibrations?’. As expected, the esterification of aliphatic fatty
acid caused a gradual increase with the increase in the degree of esterification. This peak was
prominent with the most esterified starch (DS 2.9). Because this sample was not prepared in the
conventional way with a similar concentration to the other samples (as shown in the methods
section), the peaks within the -CH signal could not be resolved. The peak around 2850 cm™! was
specifically representative of the aliphatic -CH bonds introduced by the substituted laurate '*°.
This was an additional evidence of the substitution of the hydrocarbon chains, as this peak
appeared only in the modified starches and exhibited an enhanced intensity with increasing DS,

as noticed from Figure 3.4 (b, ¢, and d).
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Figure 0.4. FTIR spectra of (a) starch, (b) Starch ester DS 0.5, (c) Starch ester DS 1.2, (d) Starch
ester DS 2.1, and (e) Starch ester DS 2.9.
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3.3.4. Effect of lauric acid esterification on the morphology of starch

X-ray diffractometry was used to analyze crystallization behavior of the native and esterified
starch, and the diffraction patterns are laid out in Figure 3-5. The native starch exhibited type A
crystalline structure that is typical of cereals starch, with two single peaks at 26 of 15° and 22°,
and a doublet at 17° and 18°. It is well established that starch is a semi-crystalline polymer with
the branched amylopectin chains responsible for the crystallinity while the linear amylose
responsible for the amorphous segments'>2. The formation of inter- and intramolecular hydrogen
bonds is responsible for the highly ordered crystalline structure in starch. At low degree of
esterification (DS 0.5), only a few hydroxyl groups have been replaced by the lauric acids,
therefore the formation of intermolecular hydrogen bonding was possible. However, the
diffraction results exposed that the granular crystal has been damaged, and a broad peak was
noted even with this low DS. This loss in crystallinity indicates that modification took place not
only in the amorphous region, but also in the crystalline region. This was because the starch has
swollen enough via the pyridine at the reaction temperature that provided access for the
substitution of —OH with lauric acid to occur in regions that are not otherwise accessible.
Additionally, a small new peak emerged at 20 of 8° that could be attributed to the crystallization

Ji 153

of laurate. Kong et a reported similar crystallization of lauric acid in polyurethane (PU)

conjugates as a result of a combination of peaks of PU and lauric acid substituent.

As the DS increased, the crystal peaks became narrower and narrower owing to the incorporation
of an increased number of medium chain laurates that pushed the starch molecules apart. This
gave rise to an increased mobility of the substituted chains and more free volume causing limited

crystal formation. At a high degree of modification (DS 2.9), the crystalline structure was
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completely lost and the starch- laurate provided a broad and low-intensity diffraction pattern
indicating that this material was completely amorphous. This has resulted from an almost
complete replacement of the hydroxyl groups with the laurate. Such replacements would not
allow re-establishment of hydrogen bonds that are accountable for the formation and stabilization

of starch crystals.

Intensity
\ ;}

Diffraction angle (20)

Figure 0.5. XRD pattern of (a) native starch, (b) DS 0.5 modified starch, (c) DS 1.2 modified
starch, (d) DS 2.1 modified starch, and (e) DS 2.9 modified starch.

The effect of esterification on the morphology of starch was further investigated using scanning
electron microscopy (SEM), and images are illustrated in Figure 3.6. Upon the incorporation of
laurates, the round and smooth granules of the native starch (Figure 3-6a) started to change. A
low degree of laurate substitution (DS 0.5) maintained the granules with minor surface
deformation and roughness as shown in Figure 3.6b. As the substitution density increased, a

significant deformation of the granules was observed. For instance, the esterification with a DS
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of 2.9 resulted in complete disruption of the granules resulting in a porous and amorphous
structure. In summary, the XRD and SEM morphology study clearly illustrated that the
incorporation of laurate to starch transformed it into a novel material with no tendency of
crystallization. This has been a limiting factor in many starch modification efforts for bio-plastic

applications.

Figure 0.6. SEM images at magnification 1000x of (a) starch (b) Starch ester DS 0.5, (¢) Starch
ester DS 1.2 (d) Starch ester DS 2.1, and (e) Starch ester DS 2.9

3.3.5. Thermal stability of the starch- laurate ester structures
The thermal stability of the starch ester polymers is an important attribute for their use in
thermoplastics, as most plastic processing operations require high temperature. Studies !>+ 16

have shown the thermal degradation of starch involves the dehydration of the —OH from the

glucose monomers followed by main chain secession to produce volatile compounds. The —OH
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significantly participate in thermal condensation reactions, and are responsible for thermal
degradation below 300 °C '*7. Thus, the replacement of the starch —OH moieties via laurates
could improve the thermal stability. TGA study was conducted over a temperature range of 25

°C to 600 °C and results of weight loss are presented in Figure 3.7 (a and b).

The lauric acid incorporation invariably altered the thermal degradation behavior. A higher
degree of lauric acid substitution (DS 2.1 and 2.9) resulted in a remarkable improvement in both
the onset and peak degradation temperatures, illustrating the suppression of the starch
degradation via —OH dehydration. However, the onset degradation temperature of the low DS
esters was slightly lower than the native starch despite the overall thermal stability

improvements. Similar results were reported by Elomaa et al®

in their study of acetylated starch,
where the degradation of lower DS starches occurred in two stages: one below and the other

above the onset degradation of starch.

The reduction in the onset of degradation was more evident in the DS 0.5 sample where two
degradation stages occurred, as seen by the two apparent equal peaks in the weight % derivative
curve of Figure 3.7b. The first peak began at lower temperatures compared to starch but followed
the same peak degradation and endpoint. The first peak was most likely from the —OH groups of
the unmodified portion of starch within the low DS sample. The reduced initial degradation
temperature compared to starch was possibly due to the disruption of the crystal structure of
starch as a result of the modification. The loss of crystallinity as such increased the number of
exposed hydroxyl groups available for thermal dehydration as compared to the semi-crystalline
structure of native starch where some of this —OH groups are hidden in the crystal structure. The

second peak, similar to starch, could be attributed to the degradation of the main polymer chain.
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The peak degradation temperatures of native starch and starch —laurate esters are listed in Table
3.2. It was observed that the most thermally stable material was the highly modified starch-
laurate (DS 2.9), which exhibited a peak degradation that is 68 °C above that of native starch.
Though the onset degradation temperatures of the low DS starch esters were generally below that
of starch, it was evident from the plots that such weight loss in the early stages was minor. A
marked thermal stability enhancement was noticed as a result of high fatty acid substitution
density as observed from the DS 2.1 and DS 2.9 starch esters. Moreover, a single stage and
sharp derivative degradation peak were observed in the esters that were indicative of a great
structural uniformity as a result of the modification. This was quite a contrast with native starch,
where the amylose and amylopectin display varying levels of thermal stability and as a result
non-uniformity as a biomolecule. While the thermal stability of pure lauric acid is not
specifically impressive (197°C)!®, the starch — laurate ester network generally showed good
stability. In summary, the incorporation of fatty acids on starch positively affected the thermal
stability and structural uniformity of starch. Highly modified starch with a DS of 2.1 and 2.9
exhibited a peak degradation temperature of 362 °C and 364 °C, respectively. These degradation
temperature ranges point out that they are amenable for thermoplastic processing as a sole bio-
polymer, or to be melt blended with other traditional polymers. This is because most commodity
polymers (e.g. PLA, PHB, PE, EVA, PPC)!3215%16% that can potentially be blended with the

starch — laurate are processed within a temperature range of 120 to 220 °C.
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Figure 0.7. (a)TGA plot of native starch and modified starch esters, and (b) weight loss
derivative.

Table 0.2. List of maximum degradation temperatures obtained from TGA.

Sample (DS) Peak Degradation 10 % weight loss
Temperature (°C) Temperature (°C)

Native starch 303 290

0.5 305 (1% stage) 267

368 (2" stage)

1.2 343 267

2.1 362 305

2.9 364 330
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3.3.6. Surface wettability behavior

The use of contact angle measurements to study the surface wettability and other surface
properties is well established. Typically, the surface wettability behavior of polymers is
expressed using a contact angle formed between the solvent droplet and the polymer that comes
in contact, and how they interact with time. In this study, deionized water was used as the solvent
to study the water wettability of native and modified starch films. The water droplet spread on
native starch films as shown in figure 3.8a forming a small contact angle. This was due to the
strong interaction of water with the hydrophilic native starch. As expected, the water kept
spreading and got absorbed by the native starch film with time. As laid out in Figure 3.8b, about
34% reduction in the contact angle was observed within the 90 s observation time for native

starch films.

On the contrary, the lauric acid modified starch films exhibited hydrophobicity with contact
angles greater than 90°. The increase in contact angle resulted from the replacement of the
hydrophilic hydroxyl group in starch by the hydrophobic aliphatic chains of the lauric acid. The
water resistance of modified samples improved significantly even with the DS 0.5 starch —
laurate depicted by the high contact angle (>90) formed. The images presented in Figure 8a also
revealed no visual change in the size of the droplet at 0, 45 and 90 s for modified materials,
indicating very minimal or no water absorption by the starch- laurate samples as opposed to the
native starch. Thitisomboon et a/'** noted similar results for octanoyl and dodecanoyl modified

starch esters. Their study showed a contact angle of 80.5° at a DS of only 0.32. The plot of the
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measured contact angle against time (Figure 3-8b) validated the minor interaction between water

and the modified films, represented by a rather slight reduction in contact angles over time.

An increasing trend of hydrophobicity with an increase in the DS of the starch was expected in
the study. However, discrepancies to this notion was observed in our study. This was due to the
variation in the surface smoothness/roughness of the sample films, as this method does not
consider surface roughness. It is generally recommended to evaluate the surface roughness of the
sample using atomic force microscopy or other methods prior to contact angle measurements for
more accurate results. Overall, the introduction of such hydrophobic substituent in starch, that
clearly reduced the surface energy, is expected to increase its compatibility with other non-

polymers in a blend formulations*!6!.
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Figure 0.8. (a) Contact angle images of native and modified starch as a function of time, (b) Plot
of contact angle values of starch and modified starch at varied times.

3.3.7. Solubility studies

Examination of the solubility behavior of polymers in solvents is essential to understand the
solvent tolerance of the polymer, to conduct structural characterizations (e.g. NMR, or gel
permeation chromatography), and to prepare solution cast films. The solubility behavior of
native starch and starch — laurate samples were inspected in a range of solvents with various
polarities (water, DMSO, THF, chloroform, pyridine, and toluene), and results are shown in

figure 3-9. The solubility or lack of solubility of these polymers in various solvents illustrated
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how the incorporation of fatty acid has changed the polarity of the molecule. An increased
hydrophobicity of the lauric acid modified starch samples was observed from their poor
interaction and sedimentation in water, as opposed to native starch that formed a soluble
homogenous gel. Similar solubility examination in DMSO exhibited that native starch swelled
and solubilized. Contrarily, the modified starch samples did not solubilize in the DMSO solvent,
as particles were evidently visible. This was because DMSO is polar and a good starch solvent.

The fatty acid modification clearly reduced their polarity making them less soluble 2’.

Pyridine was proved the best solvent for the starch- laurate esters with DS 0.5, 1.2, and 2.1. The
DS 0.5 esters solubilized almost completely and the other two solubilized completely. The two
low DS esters (DS 0.5 and DS 1.2) were insoluble in the less polar solvents (THF, chloroform,
and toluene) due to their relatively lower hydrophobicity. The solubility of the DS 2.1 modified
material was also improved in these solvents, as noted from its solubility in chloroform and
toluene. As expected, the DS 2.9 starch- laurate ester became more soluble in the more non-polar

solvents, with its best solubilization in toluene.
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Figure 0.9. Solubility of native starch, and fatty acid modified starch at various levels (DS 0.5,
DS 1.2, DS 2.1, and DS 2.9) in solvents with a range of polarities.

3.3.8. Starch- laurate material characterization: Structure — property relationships
The molecular dynamics of polymers as a result of absorption or release of heat can be conveyed
as localized and cooperative chain motions, expressed as a, 5, and y relaxations in the order of
decreasing temperature. Because of these relaxations or free volume changes, polymers have
viscoelastic behavior, i.e. the material has properties between an elastic solid and a viscous
liquid. Dynamic mechanical analysis (DMA) was used here to evaluate the viscoelastic behavior
of starch- laurate as a function of temperature. Because of the high degree of modification,
starch- laurate with DS 2.1 and 2.9 forms continuous, and transparent films via a solvent casting
process as shown in Figure 2.10a. Native starch and starch- laurate with low DS (DS 0.5 and
1.2) could not form a continuous film without an external plasticizer, thus they were not included

in the DMA study.
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At low temperature, the polymer chains are tightly packed and as such, the specimens were stiff.
As the temperature increases, the packed chains started to relax and expand resulting in an
increase in free volume. The free volume increase allows localized bond movements that include
bending and stretching (7,) '%>. With further heating, polymer chains in the amorphous region
started to exhibit a coordinated large-scale motion. The temperature at which the amorphous
region displays such motion is the glass transition temperature (7). The 7, of the specimens, as
determined from the peak of tan J, was 47 °C and 97 °C for the starch- laurate ester samples with
DS of 2.9 and 2.1, respectively. Determination of 7g from the peak of the loss modulus displayed
a lower value (24 °C for DS 2.9, and 65 °C for the DS 2.1 starch- laurate). The storage modulus
curve (Figure 3.10b) of the starch — laurate modified plastics illustrated a continuous loss of
modulus with an increase in temperature, and neither samples showed a plateau within the
studied temperature range. A peak in loss modulus and tan 6 accompanied the change. The lack
of plateau was because the glassy state of these plastics were below the studied temperature
range (< -45 °C), and the samples were already in the rubbery region above -45 °C. Overall, the
storage modulus was significantly affected by the variation in the degree of substitution. As the
substitution of the —OH with lauric acid increased from a DS of 2.1 to DS 2.9, the storage
modulus displayed orders of magnitude reduction. The DS 2.1 and DS 2.9 modified starch
specimens displayed a modulus (£") of 26 MPa and 229 MPa at room temperature (23°C),

indicating of the flexibility of the materials in line with the visual observation (Figure 3-10a).

The intensity of tan ¢ peak reflects the extent of mobility of the polymer chain segments at the
glass transition temperature '9%!% While the higher intensity of tan J peak is indicative of higher

energy dissipation and thus more viscous behavior, lower fan J intensities point out less viscous
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and higher elastic behavior. The high degree of starch modification (DS 2.9) exhibited about
five-fold peak intensity as compared to the DS 2.1 materials (Figure 3.10d), indicating its
enhanced viscous behavior. Moreover, the highly modified starch (DS 2.9) exhibited a narrow
tan o peak, indicating structural homogeneity as compared to the DS 2.1 starch — laurate
material. This was in agreement with the structural uniformity that was observed on the TGA of
these samples. The observed structural changes here indicated that the incorporation of fatty acid
on starch polymer chains acted as an internal plasticizer. This assertion was supported by the
observed reduction in the glass transition temperature, and the enhanced flexibility (reduction in
modulus) with the increase in DS. The fatty acid chains incorporated on the starch prohibited
inter and intramolecular hydrogen bond interaction among starch chains that was responsible for

starches crystallinity and lack of flexibility (Figure 3.11).
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Figure 0.10. (a) Image of highly modified starch films (DS 2.1 and 2.9); DMA plot of the films
(a) Storage modulus (E’), (b) Loss modulus (E”), (c) Loss factor (tan 9).

Cl

Figure 0.11. Schematics illustrating the substitution of hydroxyl group of starch with fatty acid,
resulting in blocking of hydrogen bonds and amorphous morphology.
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3.3.9. Structural characterization using DSC

DSC was employed to further elucidate the thermal events, and phase transitions (e.g. glass
transition, crystallization, and melting) in the starch — laurate esters. DSC thermograms of the
materials are illustrated in Figure 3.12. It is known that native starch polymer does not exhibit
melting temperature upon heating owing to the inherent strong hydrogen bonds that pushes the
melting temperature beyond the decomposition temperature. Thus, it typically degrades before
melting temperature event is observed making it unsuitable for melt processing. Modifications,
such as the esterification with fatty acids, could render it melt processable by blocking hydrogen
bonds that result in packed structure. The thermal behavior of fatty acid modified starches
depends on the length of the attached acyl group*’. Winkler et a/?° classified short chain carbon
fatty acid (Cs-Cio) starch esters as completely amorphous materials because no melting
endotherms were observed in their thermograms. The degree of esterification also plays a

significant role on the thermal behavior of modified starch as noted from the DMA study.

A summary of the 7 and melting temperature (7,,) of native and the lauric acid modified starch
samples observed from DSC study (Figure 3.12) are presented in Table 3.3. The 7, of native
starch occurred at 72 °C. Upon incorporation of the lauric acid (Ci2) on the starch structure, a
reduction in 7, was observed. The reduction trend was proportional to the degree of substitution
substantiated by the downward shift of 7, with higher DS as a result of enhanced chain mobility.
This was in agreement with the DMA observation that was conducted for DS 2.1 and 2.9.
Similar results were obtained by Winkler et al*® and Vanmarcke et al*’. Melting endotherms
were observed at 156 °C, 126 °C and 108 °C for DS 1.2, DS 2.1 and DS 2.9, respectively. No

melting endotherm was observed for DS 0.5 modified starch. This was because such a low
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degree of lauric acid substitution did not inhibit the hydrogen bonds and the material can still

form packed crystals as observed from the XRD study.
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Figure 0.12. Second heating DSC curves of starch and modified starches

Table 0.3: Glass transition and melting temperatures of native and modified starch with various

DS
Sample (DS) Tg (°C) Tm (°C)
Starch 72 -
0.5 60 -
1.2 53 156
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2.1 49 126

2.9 28 108

3.4. Conclusions

In this study, the incorporation of lauric acid (C12) via the replacement of the —OH functional
groups of the glucose on starch chains was demonstrated using a one-step homogeneous process.
The mole ratio of the activated fatty acid, lauroyl chloride, to the starch was varied in the
reaction to obtain starch esters with various levels of substitution. Overall, the incorporation of
lauric acid on the starch chain altered the thermal stability, polarity and thus the water affinity at
various degrees depending on the level of modification. Interestingly, an almost complete
substitution of the —OH groups of starch was achieved with the use of 4 mol ratio of lauroyl
chloride per AGU. This was validated by FTIR, EA and proton NMR. A higher level of fatty
acid incorporation on starch resulted in a complete disruption of the crystalline structure of starch
with no re-crystallization behavior. This was well supported by the SEM and XRD studies. The
observed hydrophobicity and melt processability of the starch- laurate esters were clear
indicators of the potential of such materials to be used as a bio-plastic without the need of an
external plasticizer or other modifiers. Also, the reduction in surface energy would make it more
compatible with other aliphatic polymers (e.g. PLA, PHB, EVA etc) to produce blends. Overall,
the starch- laurate ester polymers produced in this research exhibited melting behavior, thermal
stability, excellent clarity, and promising mechanical properties pointing out that it can be melt
processed via typical polymer processing tools as observed from the structural investigations.
Since the backbone chain (glycosidic bond) was maintained in the esterification process, we
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expect that it will be biodegradable. Synthesized starch — laurate ester polymers exhibit
mechanical and thermal performance ranges comparable to some ethylene vinyl acetate (EVA)
copolymers and are therefore promising as a renewable alternative. Possible applications of these
polymers include packaging, toys, coating, grocery bags, drug delivery, agricultural mulch films

and other advanced material applications.
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Chapter 4. Functionalized Starch Microparticles for Antimicrobial Polymer
Surfaces®

4.1. Introduction

The growing concern of illnesses caused by pathogenic microorganisms has triggered an
increased need for innovative antimicrobial materials which are able to kill or inhibit the growth
of pathogenic microorganisms. These materials find use in healthcare, personal care, and food

165,166 gch as packaging materials, sanitary products, gloves, biomedical

management sectors
devices and surfaces which are very susceptible to microbial attack and contamination leading to
health-related illnesses. Antimicrobial food packaging materials, for instance, can extend the
shelf life of food by minimizing microbial spoilage.!¢’-1%° This could reduce or eliminate the
need for preservatives or other additives, which are currently used to assure product safety.!7%!"!
Biomedical applications of antimicrobial materials as medical device packaging or as materials
in contact with the human body such as implants or biomedical devices (e.g. valves, catheters,
vascular grafts etc.) is of great interest.!®!7> While antibiotics have long been used to prevent
and treat infectious microbial diseases, increasing prevalence of antibiotic resistance in

pathogenic microorganisms'’? has spurred interest in the development of materials to control the

spread of microorganisms.

Antimicrobial materials can be divided into two general categories based on their mode

of action. First, surface coatings or surface modifications can be applied which prevent microbial

* A version of this chapter has been submitted for peer-reviewed publications. Ojogbo, E., Ward,
V., Mekonnen, T. Functionalized Starch Microparticles for Contact-Active Antimicrobial
Polymer Surfaces (Under review).
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growth by either leaching of an antimicrobial agent from the surface, or by deactivating bacteria
upon contact. Surface modifications can be polymeric (e.g. chitosan), or involve the addition of
natural (plants, animals, and essential oils), or synthetic products (silver nanoparticles, peptides,
and quaternary ammonium salts),!”® Leaching occurs by diffusion which causes the movement
of antimicrobial agent out of the surface material resulting in a change in its concentration in the
packaging, and eventually loss of its antimicrobial efficacy when it falls below the minimum
inhibitory concentration.!” On the other hand, the ‘on-contact’ mode of action deactivates the
microorganism when it comes in contact with a surface containing the antimicrobial agent. This
is typically achieved by immobilizing the antimicrobial agent on the surface through a covalent
bond or through strong mechanical interlocking. As a result, these surfaces do not lose their
antimicrobial efficiency like leaching materials. For permanent sterile surfaces however, the
build-up of dead bacteria coating on surfaces over time should be considered as this could

prevent further contact with bacteria and a reduction in overall antimicrobial efficiency.!”

This study focuses on grafting of a modified guanidine polymer onto starch using a
coupling agent for antimicrobial polymer surface applications. Polyhexamethylene guanidine
(PHGH), was selected because of its known ability to inhibit Gram-positive and Gram-negative
bacteria.!”® PHGH is a cationic antimicrobial oligomer that is typically synthesized by a
polycondensation reaction between hexamethylene diamine and guanidine hydrochloride.
Previous studies have shown that it has excellent antimicrobial activity against a wide spectrum
of microorganisms (bacteria, virus, parasite, yeast, molds and antibiotic resistant bacteria).!”’
Additionally, it is chemically stable, inexpensive, relatively non-toxic to human and animal cells,

and less detrimental to the environment.!”®17° However, the direct incorporation of PHGH into

69



polymers for antimicrobial material applications has been limited because its low molecular
weight and high solubility in polar solvents including water causes rapid leaching of PHGH out
of the polymer, which then loses its antimicrobial activity. Chemical grafting of PHGH onto
carrier polymers (e.g. starch) before incorporating it into other polymers could circumvent these
challenges. Starch was selected as the carrier polymer because it is renewable, biocompatible,

biodegradable, inexpensive, and abundant. '8

Moreover, the anhydroglucose units (AGU) of
starch are rich in hydroxyl (—OH) functional groups that are chemically accessible for grafting
via coupling reactions.>>!1%181-183 polylactic acid (PLA) was selected as a model matrix polymer
to test the antimicrobial properties of the PHGH grafted starch. PLA is of particular interest for

packaging and biomedical applications due to the fact that it is biocompatible, compostable, and

produced from renewable resources. >

The objective of this study was to chemically graft antimicrobial PHGH molecule onto a
starch carrier and incorporate it into PLA polymers to produce a contact active antimicrobial
material. [sophorone isocyanate (IPDI) was selected as the coupling agent because of the
differentiated reactivity of its two isocyanate groups (-NCO), and the grafting reactions were
investigated using various qualitative and quantitative analytical tools as described in the
methodology section. The antimicrobial materials were then processed into microparticles and
incorporated into PLA at various concentration ranges, and their antimicrobial efficiency was

elucidated.
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4.2. Materials and Methods

4.2.1. Materials

Cornstarch with 73% amylopectin and 27% amylose was purchased from Sigma Aldrich. A
sample was dried overnight at 110°C and stored in an air tight container prior to use. Isophorone
diisocyanate (IPDI), dimethyl sulphoxide (DMSO), chloroform, hexamethylene diamine,
guanidine hydrochloride, toluene, ethanol, and dibutylin dilaurate (DBTDL) were purchased
from Sigma Aldrich and used as received. Film grade polylactic acid (PLA) (4043D) was
provided by Nature Works (USA), Luria-bertani (LB) broth was purchased from BD Difco, Agar

was purchased from VWR. All chemicals were analytical grade and used a received.

4.2.2. Methods

4.2.2.1. Synthesis of Polyhexamethylene guanidine hydrochloride (PHGH)

PHGH was synthesized by the condensation of guanidine hydrochloride and hexamethylene
diamine in accordance with the method described by Zhang et al'®* Equal moles of 1,6-
hexamethylene diamine and guanidine hydrochloride were added to a three neck round bottom
flask equipped with a stirrer, thermometer and reflux condenser. The condensation reaction was
then carried out at 120°C for 1 h until complete liberation of ammonia and at 150°C for 4 h. The
viscous polyhexamethylene guanidine hydrochloride product solidified upon cooling at room

temperature.

4.2.2.2. Modification of starch with polyhexamethylene guanidine hydrochloride
For the modification of starch with PHGH, 10% (w/v) of dry starch was first dispersed

(Homogenizer, PowerGen 700) in DMSO at 80°C until a clear viscous paste was obtained.
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Concurrently, a separate round bottom flask containing a 1 to 6 mole ratio of starch to IPDI
equipped with a stirrer and thermometer was placed in an oil bath at 60°C in an inert atmosphere.
1 mole percent of dibutylin dilaurate (DBTDL) catalyst was then added and allowed to stir for 5
min. 6 mole ratio of PHGH corresponding to the starch previously solubilized in DMSO was
then added to the IPDI/DBTDL mixture and allowed to react for 1 h. The reaction product was
then washed three times with toluene and the viscous product was separated from toluene each
time using a separatory funnel. The solubilized starch was then added to the viscous IPDI-PHGH
product and transferred to a round bottom flask in an oil bath. The reaction proceeded while
stirring at 60°C for 3 h. The final product, a slightly viscous clear liquid was precipitated in
ethanol to produce starch microparticles (average particle size 39 um, from dynamic light
scattering measurement). The precipitated starch microparticles in ethanol were centrifuged
(4000 rpm for 3 min) to remove the unreacted reagents and repeated three times, dried at 70°C

overnight, and characterized.

4.2.3. Characterization of modified starch microparticles

4.2.3.1. Fourier transform infrared spectroscopy (FTIR)

FTIR spectra of starch, PHGH, IPDI and PHGH-starch were obtained using infrared
spectroscopy (Nicolett 6700, Thermo scientific). For this, powder samples were prepared by
pressing a mixture of 5 mg of the sample and 200 mg of KBr into pellets using a Carver press.
For the liquid and gelled samples, an aliquot of the sample was spread on a NaCl salt plate and

scanned. A total of 16 scans were collected and averaged.
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4.2.3.2. Nuclear magnetic resonance ('H-NMR)

The proton NMR spectra of the samples were recorded using a Bruker 500 MHz high-resolution
NMR spectrophotometer (Bruker-electrospin 500 MHz Ultrashield, Bruker Corporation, MA).
The samples were prepared by dissolving 10 mg in deuterated DMSO and the spectra were

obtained at 500 MHz at room temperature.

4.2.3.3. Elemental Analysis

The samples were dried at 70°C overnight prior to analysis. The elements C, H, and N were
quantified using a 4010 elemental analyzer (Costech instruments, Italy) equipped with a Delta
Plus XL continuous flow isotope ratio mass spectrometer (Thermo-Finnigan, Germany). The
coupling efficiency (CE) was calculated in accordance with Guan et a/''® based on the % N of

the final product obtained from C/N elemental analysis as shown in the following equations.

wm-—

CE = x 100 (4.1)

Ws, Wi and W, are the weights of native starch, starch — PHGH microparticle and PHGH,

respectively.

1
Wm = P X VVS (42)
G=;Zix%N (4.3)

G is the weight of PHGH in the starch-PHGH microparticle, % N is the nitrogen weight percent
in the starch-PHGH microparticle obtained from elemental analysis, and 177.5 is the molar mass

of the repeating unit of the PHGH oligomer.
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4.2.3.4. Thermogravimetric Analysis (TGA)

The thermal stability of starch-PHGH microparticles in comparison with native starch and
PHGH was analyzed using TGA (Q500 TGA equipment, TA instruments). Samples weighing
between 3-5 mg were placed on platinum pans and heated at a rate of 5°C/min from 25°C to
100°C, then kept isothermal at 100°C for 3 min and heated again at 5°C/min until 600°C under a

nitrogen atmosphere.

4.2.4. Preparation of starch-PHGH microparticles - PLA composite films

The baseline control PLA films and starch—PHGH microparticles referred to as antimicrobial
starch (AMS) were prepared by a solvent casting method. These were carried out by dissolution
of PLA pellets in chloroform (5 wt. %), followed by addition of AMS in the amounts of 1, 5, 10
and 20 wt. %. The blends were then homogenized, degassed under vacuum, and casted on glass

molds at room temperature for 24 h.

4.2.5. Antimicrobial Activity Evaluation

The antimicrobial efficacy of AMS was tested against Gram-negative E. coli (NEB5a, New
England Biolabs) and Gram-positive B. subtilis (BGSC 1A1'%) bacteria. Two methods were
used to investigate the antimicrobial activity of AMS-PLA composite films under static and
dynamic contact conditions. Liquid culture on film test (static) was used to quantify the percent
inhibition of bacterial growth and a shaking flask method revealed the growth kinetics of the

bacteria. The procedures are outlined below.
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4.2.5.1. Shaking flask method (dynamic contact)
All broths, agar, buffers, tubes, and tools used in this study were sterilized by autoclaving for 20
min at 120°C. Bacterial starter cultures were prepared by inoculating each strain into sterilized

LB broth (25 g/LL LB powder) and incubating overnight at 37°C and 180 rpm.

Flasks containing LB broth (22 mL) were inoculated with 0.9 mL of the starter culture and films
measuring 5.4 cm in diameter were then added (to give a surface area to volume ratio of 1
cm?/mL). The flasks were incubated at 37°C and 150 rpm overnight. A 1 mL sample was then
collected from each flask at 2 h intervals for the first 8 h and at 24 h afterwards to measure the

growth by optical density at 600 nm.

4.2.5.2. Plate count Assay (static contact)

Baseline PLA films (control samples), and PLA — AMS composite film specimens were cut to
2.54 cm in diameter and sterilized by soaking in 70% ethanol for 30 min followed drying in a
sterile environment. For the static tests (culture on film), an aliquot of the overnight innoculum
culture was added to sterile LB to obtain an optical density between 0.07 and 0.08 at 600 nm
using a UV/Vis spectrophotometer (Beckman coulter, DU 530 life science). The films were
placed in a sterile aluminum dish and 0.15 mL of bacteria culture was deposited on the surfaces
of the sterile films and incubated for 24h at room temperature. As a positive control, an
equivalent amount of culture was placed in a sterile centrifuge tube and left under the same
conditions as the films. A 50 pL sample of the culture was retrieved from the film surface and
serially diluted with sterile phosphate buffered saline (PBS, pH 7.3) with dilution factors (DF)
between 107! to 10, Then, 0.1 mL of each dilution was seeded onto an agar plate. Plates were

incubated at 37°C for 24 h. The number of colonies for each plate were counted if they fell in the
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range of 20 and 200 colonies. All experiments were performed in triplicate and the mean values
are reported. The percent inhibition of bacteria cell growth defined as the number of live bacteria
cells compared to the corresponding film containing AMS was then calculated according to

equation (4.4) below:

(A-B)

Growth inhibition of cell (%) = x 100 (4.4)

Where A and B are the number of colonies from the positive control and film sample,

respectively.

4.2.6. Leaching Evaluation

FTIR was used to investigate the possibility of PHGH, starch or AMS microparticle leaching
from the polymer matrix films. For this analysis, films measuring 2.54 cm in diameter were cut
and placed in a beaker containing 25 mL deionized (DI) water. Samples of the soaking water
were then collected at 24, 48 and 72h and scanned using an FTIR to check for the presence of

PHGH. A scan of DI water was used as a background.
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4.3. Results and Discussion

4.3.1. Grafting of PHGH on Starch

Starch was used as a carrier of PHGH to ensure retention of PHGH within the PLA films
because covalently bonding an oligomer to a long chain, high molecular weight polymer can
prevent the leaching of the oligomer. !¢ The grafting was executed in a two-step homogenous
reaction process using IPDI as coupling agent to immobilize PHGH on starch via a covalent
bond. IPDI was selected as a coupling agent because of the differential reactivity of the two -
NCO groups to allow a controlled grafting of the PHGH antimicrobial agent and starch. DBTDL
was used as a catalyst to activate the secondary NCO end-group. Girouard et al'®” performed a
similar reaction with cellulose by reacting IPDI with the hydroxyl functional group in cellulose
in the first reaction step. However, we chose the reverse route by first reacting IPDI with the
amine group of PHGH for 1 h in the first reaction step, followed by the hydroxyl group in starch
for 3 h. This reaction route was chosen because slower reaction rates have been reported between
aliphatic isocyanates and hydroxyl groups compared to amines.'®® Hence, the secondary -NCO
end group was first activated using the catalyst and the second step reaction proceeded for 3 h to

compensate for the slow reaction rates.

The reaction between PHGH and starch is represented in Figure 4.1 (a, b and ¢). Figure
4-1(a) illustrates the copolymerisation reaction of hexamethylene diamine and guanidine
hydrochloride to synthesize PHGH and 4.1(b) illustrates the DBTDL-catalyzed reaction pathway
of IPDI and PHGH. The reaction mechanism between PHGH and starch has been previously
proposed.'®® The reaction occurs when the active hydrogen atom of PHGH attacks the

electrophilic carbon atom, resulting to the addition of the active hydrogen to the nitrogen atom.
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The reaction with starch (Figure 4.1b) proceeds in a similar mechanism. The grafting was

confirmed via elemental analysis (EA), FTIR and '"H NMR.
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Figure 0.1. Reaction scheme for (a) copolymerisation of hexamethylene diamine and guanidine
hydrochloride, (b) coupling reaction between IPDI and PHGH, and (c) reaction of coupled

PHGH with starch

4.3.1.1. Grafting investigation via FTIR and "TH NMR

The structural changes during the grafting of PHGH on starch to produce AMS
microparticles was analyzed using FTIR and 'H NMR as represented in Figure 4.2 and Figure
4.3, respectively. The reduction in the isocyanate peak (-N=C=0) at 2266 cm'! as a result of the
reaction of IPDI with PHGH was indicative of covalent bonding between the —-NH> group of
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PHGH and the — N=C=0 of IPDI coupling agent. The PHGH-IPDI (Figure 4-2C) conjugate had
a strong carbonyl band from the urea linkage from the reaction between the isocynate groups of
IPDI and the amine group of PHGH (Figure 4.1). A shoulder amine functionality was also
observed at 1580 cm™!. Isocyanate functional groups are very reactive with compounds that
contain active hydrogen group (e.g. -NHb», -OH) as a result of nucleophilic attack by their
electrophilic carbon.!”®!°! The residual isocyanate peak observed at 2266 cm™' on the PHGH—
IPDI spectrum was indicative of unreacted isocyanate functional groups (Figure 4.1), as a result
of the differentiated reactivity of the IPDI functional groups. This was quite beneficial as it
avoids crosslinking among the PHGH groups, making isocyanate functional groups available for
reaction with the —OH groups of starch. The native starch (4.2d) displayed a broad peak between
3000 and 3600 cm™ resulting from the vibrational stretching of the O-H groups, a band at 2923
cm! attributed to the stretching of the C-H groups, and at 1629 cm™ associated with a bound
water in starch.!? The IR spectra of the reaction product between PHGH-IPDI intermediate
product and starch is shown in 4.2E. The isocyanate peak (2266 cm™') observed in the PHGH—
IPDI intermediate product was completely consumed in the PHGH-IPDI-starch final product. In
addition, the broad peak of starch between 3200 — 3450 cm! associated with anhydroglucose
unit —OH functional groups have shifted to a lower wavenumber and a relatively sharp peak was
observed at 3350 cm™! that was attributed to secondary amine group formation. Moreover, a
substantial increase in the absorbance of carbonyl (-C=0) in urethane groups, and a prominent
amine peak were observed at 1627 cm™ and at 1580 cm™! respectively. These results suggested
that there was a covalent grafting between the PHGH—-IPDI and the —OH functional group of

starch to produce a PHGH-IPDI-starch.
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Figure 0.2. FTIR spectra of (A) IPDI, (B) PHGH, (C) IPDI - PHGH, (D) starch, and (E) PHGH-
IPDI-Starch or Antimicrobial Modified Starch (AMS)

The grafting of PHGH onto starch using the IPDI coupling agent was further investigated
with 'H NMR spectroscopy and results are presented in Figure 4.3. Signals at § 3.33 ppm and at
2.51 ppm correspond to residual moisture and DMSO in the samples, respectively. 'H NMR
spectrum of native starch (Figure 4.3a) exhibited characteristic signals at 6 5.47 ppm (OH-3),
5.39 (OH-2), 5.11 (H-1), and 4.56 (OH-6). Signals at 6 3.30 - 3.66 ppm were assigned to H-2 to
H-6 of anhydroglucose units in line with other reports.!**!** The PHGH displayed sharp 'H
NMR peaks at & 3.12, 1.52 and 1.29 ppm that were attributed to —methylene groups (-CHz).'*>
Peaks at 6 2.61 —2.66 ppm, 6 3.13 — 3.22 ppm, and 0 4.74 — 4.83 ppm were attributed to —NHo>, -

CH»,—-H, and —-NH-, respectively.'®
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On the other hand, the PHGH-IPDI-starch graft AMS microparticles (4.3c) showed
peaks between 6 0.7 and 1.48 ppm from four methylene groups associated with PHGH. The
peaks between 3 and 4 ppm were assigned to the first and last methylene group of PHGH and the
equatorial starch proton while the peaks between 7 and 8 ppm were assigned to proton from the
amine group of PHGH. The results obtained here verify the covalent grafting of PHGH onto

starch observed from the IR characterization, and is in agreement with results reported by Guan

1119

et al'” in their study of starch modifications for paper applications.
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Figure 0.3. Proton NMR spectra of (A) Starch, (B) PHGH, and (C) PHGH - IPDI- Starch, in
DMSO at room temperature.
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4.3.1.2. Coupling efficiency analysis via Elemental Analysis

The grafting of PHGH on starch using IPDI coupling agent was quantitatively confirmed
by elemental analysis (EA). The weight percent of PHGH in the modified starch was used to
estimate the coupling efficiency (CE). This was determined by using the weight percent of
nitrogen in the modified starch obtained from carbon and nitrogen analysis via EA. The weight
percentages of nitrogen and the calculated coupling efficiency are presented in Table 4.1. The

results showed a coupling efficiency of 17.37 % at our reaction conditions. Guan et al'"’

reported
similar starch modification levels by using glycerol diglycidyl ether (GDE) coupling agent.
While the results obtained here clearly showed that significant grafting of PHGH to the starch
was achieved by using the IPDI coupling agent, there is still room for the optimization of the
reaction conditions, as well as selection of the coupling agent. It is anticipated that higher levels

of PHGH grafting onto starch could lead to higher antimicrobial efficiency of the AMS

microparticles.

Table 0.1. Elemental analysis results of starch, and PHGH — starch graft microparticles

Sample % N CE (%)
Starch ND ND
PHGH modified starch 13.48 +£ 0.09 17.37 £0.29

4.3.1.3. Thermal Stability of the Antimicrobial Starch Microparticles
To utilize AMS microparticles as an additive in other polymers, its thermal stability at the

processing conditions of polymers (typically 120-200°C) is an important factor to consider to

82



prevent degradation during processing. In this case, the TGA thermal stability analysis provided
a range of temperatures for which the AMS can be processed without being degraded. The
thermal degradation mechanism of starch has been reported and involves the dehydration of the
hydroxyl groups by thermal condensation reactions at low temperatures, followed by the
cleavage of the chemical bonds in the main chain.!>%!3! Although reducing the number of
hydroxyl groups on starch by chemical modification can improve its thermal stability, the
disruption of the crystal structure during modification can expose a significant number of the

hydroxyl groups, leading to a lower degradation onset temperature (Tonset).

The grafting of PHGH onto starch altered its overall thermal degradation behavior as
shown in Figure 4.4. There was a reduction in the onset of degradation of the AMS
microparticles (Tonset of 240°C) as compared to for starch (Tonset of 269°C). This reduction can be
attributed to the thermal dehydration from increased exposure of hydroxyl groups. Native starch
showed a two-stage peak degradation; the first, a minor peak at 287°C with 11 % weight loss has
been reported to be associated with the amylose fraction of starch and a major peak at 318°C
with 42 % weight loss associated with the branched amylopectin.'®” Following the major peak,
the weight loss continued steadily up to 347°C. In contrast, the AMS microparticles revealed a
single degradation peak at 273°C where it lost 32 % of its weight and followed the same
degradation pattern as starch thereafter. Additionally, the temperature range between the onset
and final degradation temperatures in AMS broadened compared to that of starch. This observed
trend can be attributed to the consistency of the AMS structure as a result of modification in
contrast to the structure of starch composed of amylose and amylopectin polymers with different

thermal degradation behaviours within the same molecule.'®! Although the modified starch had
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a reduced onset of degradation, it still falls within a suitable temperature range for processing

with most thermoplastic or thermosetting polymers, which are typically processed below
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Figure 0.4. (A) TGA weight loss plot of starch, PHGH and AMS, and (B) Weight loss derivative
starch, PHGH, and AMS microparticles.

84



4.3.2. Antimicrobial activity assessment

PHGH is an excellent cationic biocidal agent that has a wide spectrum of activity against
bacteria, fungi, virus, and molds.!*® The amphipathic nature of PHGH, is responsible for
antimicrobial inhibition. Typically, guanidine-based polymers contain cationic charge density,
which enhances adhesion to the anionic phospholipids of the bacterial cell membranes by
electrostatic association. The long molecular chain of PHGH permeates the cell membrane as a
result of hydrophobic interactions; thereby, forming pores and allowing leakage of intracellular
contents and as a result, cell death.?°2%2 This deactivation mechanism is illustrated in Figure 4.5,
which shows the contact barrier provided by polymer surfaces used in packaging, the surface
modifications performed in this study, and the deactivation of bacteria cells on contact with the
polymer surface. In this work, we compared the antimicrobial activity of various concentrations
of PHGH-starch grafted microparticles, referred here AMS microparticles, in PLA films against

Gram-negative E. coli and Gram-positive B. subtilis.
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Figure 0.5. Pictorial representation illustrating surfaces provided by (a) conventional polymer
surfaces, and (b) contact-active antimicrobial polymer surfaces (c) PHGH grafted onto starch, (d)
AMS on PLA surface (yellow), (e) bacteria “on contact” with antimicrobial polymer surface, (f)
rupture of bacteria cell membrane by AMS on polymer surface, and (g) Agar plate assay
showing viability of bacteria cells after contacting antimicrobial surface.

The shaking flask method (dynamic test) shows the effect of AMS microparticles
concentration on bacteria growth and results are represented in Figure 4.6 (a & b). This method
provided information on microbial kinetics and was qualitatively used to assess antimicrobial
activity. Aside from the extent of bacteria contact with the films and the concentration and
dispersion of AMS within the films, it is important to consider the ratio of the film surface area
to the volume (S/V) of media when conducting this test using polymer films. Soares and
Hotchkiss?*® showed that increasing the surface to volume ratio increases the activity of
antimicrobial materials. Thus, to avoid discrepancies resulting from variation in S/V ratio, a

value of 1 cm?/mL was selected and used for all PLA films containing AMS microparticles.
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Analyzing the results obtained for E. coli, the positive control (PC) containing no film showed a
typical cell growth pattern of lag, growth, stationary, and death phases. The 1% and 5% AMS
containing films followed the same growth pattern as the PC with a steep growth phase up to 6 h
followed by a stationary phase. On the other hand, the films containing 10% and above of AMS
showed a very slow rise in the optical density indicating excellent growth inhibition. However,
after 8 h, a reduction in the UV absorbance was observed. This reduction in the UV absorbance
could be indicative of the death, cell lysis, and release of cytoplasm from the cell membrane
resulting from contact with the AMS-PLA films. The cytoplasm content that leached out of the
cell tends to precipitate, thereby, reducing the particle population and light scattering, and

consequently, lower optical density measurements.

B. subitilis followed a similar growth pattern as that of the E. coli when in contact with the
PLA-AMS surfaces. However, AMS-PLA showed enhanced antimicrobial performance of
against B. subitilis compared to E. coli (Figure 4.6b). The sample with 1% AMS revealed a slight
growth inhibition compared to the PC due to the presence of the low concentration AMS in the
polymer film. With AMS-PLA of 5% and above a very small rise in optical density over 24 h

was observed indicating excellent growth inhibition.

To physically examine the growth or inhibition of the bacteria, the turbidity difference in the
growth media as a result of AMS were evaluated (Figure 4.7a & b). For both E. coli and B.
subtilis, the turbidity of the media decreased with increasing AMS concentration. The media
containing control samples PC and 0 % showed cloudiness which is a visual indication of
bacterial growth. As AMS-PLA films were introduced starting from a concentration of 1 wt. %,

the cloudiness reduced compared to the PC and further decreased as the concentration increased.
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This indicated that introducing AMS-PLA films in the growth media inhibits the growth of
bacteria for the lower concentration samples and completely prevents the same in the higher
concentration samples. These results agree with the growth curve of the shaking flask method

where the bacteria growth inhibition began at 5 wt. % AMS concentration.
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Figure 0.6. Growth curves of E. coli (A) and B. Subtilis (B) cultures containing AMS-PLA films
with the indicated loading density of AMS (% weight) and a positive control (PC) containing no
film.

PC 0% 1% 5% 10%  20% PC 0% 1% 5% 10% 20%

Figure 0.7. Images showing the turbidity of the growth media of bacteria grown in the presence
of antimicrobial PLA-AMS films with the indicated AMS concentrations. (A) B. subtilis and (B)
E. coli

One shortcoming of studying bacteria growth activity using optical density measurements
was that it cannot distinguish viable from non-viable cells, limiting its utility as a measurement
of antimicrobial efficacy.?’* Hence, to verify and quantify bacteria growth inhibition, a static
agar plate count assay was performed. This method simulates wrapping used in food packaging
applications and can provide information regarding the interaction of films with bacteria. Colony
forming units (CFU) per mL of culture is calculated from the number of colonies grown on agar
plates after treatment which represents the number of viable bacterial. This can then be compared
to the CFU/mL of the PC and expressed as a percentage of inhibition. Figures 4.8 and 4.9
represent results obtained for E. coli and B. subtilis, respectively and Figure 4.10 shows the
calculated percent growth inhibition per sample. For E. coli, a decrease in the average CFU/mL
was observed for the 1 and 5% AMS containing films, corresponding to a growth inhibition of
42 and 71%, respectively. Additionally, starting at 10 % AMS concentration, the growth

inhibition reached 99.94 %, indicating almost all the bacteria were destroyed. These results
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verify that at the appropriate concentration, the AMS—polymer surface kills the bacteria cells on

contact.

A noticeable increase in the growth of B. subtilis cells in the culture media containing 0 %
AMS (PLA baseline film) as compared to PC was observed. This was rather unexpected and one
plausible explanation for the observation could be the presence of residual lactic acid in PLA
which could have served as additional carbon source for the B. subtilis cells, hence the increase

in growth.
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Figure 0.8. Average colony plate count for E. coli showing the number of viable cell for each
film.
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Figure 0.9. Average colony plate count for B. subtilis showing the number of viable cell for
each film.

120

[0 B.subtilis M E.coli
100

80

60

% inhibition

40

20

1% 5% 10% 20%
Weight %

Figure 0.10. Percent growth inhibition of AMS-PLA films against E. coli and B. subtilis.
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Overall, the antimicrobial activity of the polymer surfaces against the tested bacterial
strains indicated a better efficacy against B. subtilis than E.coli using both experimental methods.
Zhou et al?*? suggested that the efficacy of PHGH depends on the following: concentration,
exposure time, and bacteria starting concentration. They showed micrographic images resulting
from antimicrobial treatment which revealed that on contact with bacteria, PHGH first destroys
the outer membrane of cell followed by damage to the cell wall only at higher concentrations.
Our results agree with their proposition as the activity of PHGH was higher on B. subtilis which
lacks an outer membrane unlike E.coli which contains both a plasma membrane and an outer
membrane®*. It is important to highlight that the AMS microparticles were embedded in the
polymer matrix, and only a fraction of the AMS were exposed on the surface of the polymer
film. Nonetheless, highly effective antimicrobial properties were observed when the
concentration of AMS was close to 10% in the total film. Based on the thickness of the film (~1
mm), the average particles size of AMS microparticles (39 pm), and assuming a uniform
distribution of the AMS microparticles over the area and thickness of the films, the quantity of
AMS on the surface of the films was computed. The calculations indicate that the 10 % AMS
loading in the PLA films was equivalent to about 0.39 % AMS on the surface of the film, which
caused the observed antimicrobial effect upon contact. This demonstrates that by employing
other methods for the incorporation of these antimicrobial materials (e.g. spray coating), a
similar bacterial inactivation could be achieved with a significantly lower antimicrobial material

use.
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4.3.3. Leaching analysis of PHGH from PLA Film

PHGH is an oligomer with molecular weight ranging between 300 and 2500. Although it
has shown excellent antimicrobial properties, one known challenge of introducing this biocide
directly into polymers surfaces was its leaching out due to its low molecular weight. In addition,
PHGH is soluble in polar solvents including water, consequently, it may diffuse out of the
polymer matrix when exposed to moisture. Thus, starch was used as a carrier to immobilize
PHGH, in an attempt to mitigate the leaching and loss of this biocide. To confirm that PHGH
grafted onto starch was not lost by leaching, this was tested by soaking 20% AMS-PLA films in
water for 72 h and the IR spectra of the soaking water sample was collected (Figure 4.11) while
using deionized water as a background. In comparison to a PHGH and starch spectrum, the 20%
AMS based film displayed no peaks, indicating that the biocide did not leach out of the film.
This was also an indication that PHGH was successfully attached to starch via a covalent graft.
This implies that the antimicrobial PLA can be used on surfaces requiring the deactivation of

bacteria on contact without diffusing into the material and losing its antimicrobial activity.
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Figure 0.11. FTIR spectra of 20% AMS-PLA film soaked in water for 72 h to test for leaching
of PHGH from polymer film.
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4.4. Conclusion

Antimicrobial starch microparticles were prepared by grafting PHGH onto starch in a two-
step homogenous reaction using IPDI as coupling agent. The grafting reaction was confirmed by
FTIR, EA and proton NMR analysis. The starch — PHGH microparticles (AMS) exhibited
thermal stability that is amenable to polymer melt processing as observed from TGA studies. The
AMS microparticles were then incorporated into PLA films at varied weight percent and cast
into films to produce antimicrobial polymer surfaces. The films showed antimicrobial activity
when tested against Gram-positive B. subtilis and Gram-negative E. coli demonstrating that the
PHGH maintained its antimicrobial property not only in the graft AMS microparticles, but also
embedded in the polymer matrix. The antimicrobial activity of the polymer films increased with
an increase in the concentration of AMS. The observed bacterial deactivation occurs when
bacteria contact the surface of films and not by diffusion of the antimicrobial agent as observed
by FTIR spectra of the starch films soaked in water for 72 h which revealed the non-leaching
behavior of PHGH from the graft films. The “grafting onto” approach using coupling agents
with differentiated reactivity could serve as a general surface modification platform for the

development of contact active antimicrobial surfaces.
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Chapter 5. Concluding Remarks and Recommendations

The expansion of material applications using starch as a feedstock has seen a lot of interest because
of its biodegradability, low cost, and abundance. In view of this, the objective of this thesis was to
modify starch to incorporate functional properties via the replacement of —OH functional groups
of the anhydroglucose units of the starch chains in a chemical reaction process. The end use of the
modified material informs the type and extent of modification to be carried out. This research
demonstrated chemical modification platforms for sustainable bio-plastic applications and

functional materials.

The incorporation of lauric acid on the starch chain altered the thermal stability, polarity and thus
the water affinity at various degrees depending on the level of modification. Interestingly, an
almost complete substitution of the —OH groups of starch was achieved with the use of 4 mol ratio
of lauroyl chloride per AGU. This was validated by FTIR, EA and proton NMR. Such high level
of fatty acid incorporation on starch resulted in a complete disruption of the crystalline structure
with no re-crystallization behavior. This was well supported by SEM and XRD studies. The
observed hydrophobicity and melt processability of the starch- laurate esters were clear indicators
of the potential of such materials to be used as a bio-plastic without the need of an external
plasticizer or other modifiers. Also, the reduction in surface energy would make it more compatible
with other aliphatic polymers (e.g. PLA, PHB, EVA etc) to produce blends. Overall, the starch-
laurate ester polymers produced in this research exhibited melting behavior, thermal stability,
excellent clarity, and promising mechanical properties pointing out that it can be melt processed

via typical hot melt processing tools as observed from the structural investigations.
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Antimicrobial starch microparticles were also prepared by grafting PHGH onto starch in a two-
step homogenous reaction using IPDI as coupling agent. The grafting reaction was confirmed by
FTIR, EA and proton NMR analysis. The starch — PHGH microparticles (AMS) exhibited thermal
stability that is amenable to polymer melt processing as observed from TGA studies. The AMS
microparticles were then incorporated into PLA films at varied weight percent and cast into films
to produce antimicrobial polymer surfaces. The films showed antimicrobial activity when tested
against Gram-positive B. subtilis and Gram-negative E. coli demonstrating that the PHGH
maintained its antimicrobial property not only in the graft AMS microparticles, but also embedded
in the polymer matrix. The antimicrobial activity of the polymer films increased with an increase
in the concentration of AMS. The observed bacterial deactivation occurs when bacteria contact the
surface of films and not by diffusion of the antimicrobial agent as observed by FTIR spectra of the
starch films soaked in water for 72 h which revealed the non-leaching behavior of PHGH from the
graft films. The “grafting onto” approach using coupling agents with differentiated reactivity
could serve as a general surface modification platform for the development of contact active

antimicrobial surfaces.

Chemical modification established here is not limited to starch. Taking advantage of the rich -OH
groups and introducing side chains (functional groups) on the main chain of polysaccharides can
provide endless material application possibilities. For instance, if the intended applications require
polymer feedstock with excellent mechanical properties, cellulose nanocrystals could be explored.
In addition, the backbone structure of polysaccharides is susceptible to scission by the actions of
microorganism. Introducing desirable properties by chemical modification with other materials

can extend their applications making them suitable alternative feedstock to synthetic polymers.
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Exploring these alternatives could be a solution to the environmental concerns caused by non-

degradable plastic waste.
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