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Wui Yarn Chan

Submitted to the Department of Chemical Engineering on July 8, 2019 in partial fulfillment of the
requirements of the degree of Doctor of Philosophy in Chemical Engineering

This thesis focuses on developing sustainable materials from underutilized feedstock, namely proteins
and waste rubber from used car tires. Valorization of proteins for use in engineering plastics can reduce
reliance on fossil fuels for materials manufacturing, as well as increase economic viability of agriculture and
biorefinery processes. Strategies have been proposed to address challenges in formulating protein-based
plastics, such as protein feedstock and functional group diversity, difficulties in material processing, and
undesirable physical and mechanical properties. Methods to devulcanize and recycle used tire rubber, one
of the largest polymer waste sources, are also described.

The first part of this thesis explores the use of proteins as reinforcing domains in thermoset elastomers.
Copolymers were prepared by conjugating proteins to rubbery polymers, and the presence of both
components had synergistic effects on material mechanical properties. These protein-based crosslinked
materials were prepared using a two-step approach, both of which are versatile, and tolerant to the
feedstock diversity and chemical functionality typical in protein biomass streams. Amine groups on protein
were first reacted with methacrylic anhydride in water. The proteins were then mixed and randomly
copolymerized with a water-soluble (meth)acrylate comonomer that makes up the flexible soft segment.
This grafting-through polymerization strategy was first demonstrated via a solution polymerization method
with whey protein and water soluble monomers, and the resulting materials were demonstrated to have
mechanical performance comparable to that of some biomass based polyurethanes. To eliminate the need
for post-processing solvent evaporation, the method was further expanded to enable melt polymerization
with hydrophobic monomers. Difficulties with thermoforming protein-based materials were addressed by
using surfactants as plasticizers to lower softening points of proteins. The surfactants also functioned as
compatibilizers, allowing protein blends and conjugates to be formulated with non-water soluble polymers,
resulting in materials with lowered overall hydrophilicity. Screening studies showed that the protein-
surfactant complexation and polymerization approaches are generalizable across many combinations of
proteins, ionic surfactants, and vinyl monomers.

As proteins typically have multiple copies of reactive functional groups, efforts at developing protein-
based commodity plastics have focused almost entirely on chemically crosslinked networks. Synthesis of
a novel thermoplastic protein-copolymer elastomer is described. Diblock copolymers were prepared by
site-selectively conjugating a RAFT agent to the protein N-terminus, followed by polymerization of the
rubbery polymer segment via a grafting-from approach. The materials exhibited thermoplastic behavior,
and were thermally reprocessable.

The last part of this thesis presents alternative feedstocks for manufacturing materials. First, an
engineered protein expressed in high yields in E. coli, recombinant cyanophycin, was investigated. This
zwitterionic protein was found to be brittle in the dry state, and demonstrates both upper and lower critical
solution temperature type behavior in solution. The high charge density and thermoresponsiveness of
cyanophycin could potentially be harnessed in material design. Lastly, methods to recycle waste rubber
were explored to process ground vulcanized rubber particles into new rubber sheets. Sheets containing
high fractions of recycled rubber were prepared using a bulk devulcanization approach. Ground rubber
particles were melt mixed with nucleophiles that may selectively break sulfur crosslinking bonds, enabling
the once-crosslinked rubber to be thermally processable. In addition, methods to increase the bond
strength at the interfaces of virgin and once-cured rubber were shown to improve mechanical performance
of rubber containing recycled material.

Thesis supervisor: Bradley D. Olsen, Associate Professor of Chemical Engineering
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Chapter 1: Introduction
1.1 Introduction to Proteins

Proteins are ubiquitous macromolecules in biological cells that play important roles in

sustaining life by providing structural support or function. These biopolymers are

comprised of amino acids linked via amide bonds. Produced primarily in ribosomes, the

amino acid sequences of proteins are encoded in the genome. Hydrogen bonding

between the carbonyl oxygen and amino hydrogen in the amide backbone hold proteins

in secondary structure conformations such as a-helices, p-sheets, and turns. With the

aid of other cellular machineries, the protein molecule can also be further folded into

complex tertiary structures and post-translationally modified. Native proteins are

characterized by their precise amino acid sequences and structures, allowing certain

proteins like enzymes to possess catalytic activity1, and some others to hierarchically

assemble into intricate ordered structures 2. Extensive physical intermolecular

interactions and disulfide bonding between protein molecules impart strength to structural

proteins, enabling them to provide reinforcement to many biological materials 3.

To a lesser extent, formation of peptide linkages between amino acids can also occur

outside the ribosomal system, as observed in the biosynthesis of some bioactive

oligopeptides and polypeptides with cyclic and branched structures in microorganisms 4 .

A few examples of non-ribosomally synthesized protein polymers include poly-y-

glutamate in Bacillus strains and other species, E-poly-lysine in Streptomyces albulus,

and multi-L-arginyl-poly-L-aspartate (cyanophycin) in cyanobacteria5 . Some potential

applications of these biopolymers as new materials have been investigated 6, but industrial

utilization is likely going to be limited by cost and production volume.
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Development of recombinant protein expression and chemical synthesis strategies

have enabled the preparation and manipulation of bioinspired functional proteins and

polypeptides. Natural biological materials in the form of strong and tough composites and

fibers, lightweight materials, and low-drag surfaces have been a source of inspiration in

material science'. Many characteristics of these materials stem from their protein

components with short amino acid sequences that occur periodically, as observed in the

highly repetitive secondary structure motifs in structural proteins such as silk, collagen,

and elastin3. By combining modern biotechnology with knowledge of the reduced

sequences that capture the performance of the natural biological system, bioinspired

artificially engineered protein polymers had been designed and produced, typically using

easily manipulated bacterial and simple eukaryotic systems8-9 . Shorter polypeptides can

also be produced through synthetic polycondensation reactions of amino acid N-

carboxyanhydrides monomers1 0 and solid-phase peptide synthesis".

Recognition of proteins as sources of solid materials however, long predates

knowledge in protein secondary structure and their structure property relationships.

Proteins with historical relevance include fibrous proteins silk and wool, and adhesive

proteins like hydrolyzed collagen obtained from inedible animal parts. Interest in using

proteins as feedstock in industrial materials manufacture continue today due to the wide

availability and renewability of proteins. They are produced in nearly all forms of

agriculture, aquaculture, and may experience an increase in supply from future integrated

biorefinery systems that produce proteins in addition to biofuels and other commodity

chemicals12. This introduction focuses on using proteins in non-food and non-therapeutic
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applications, particularly as raw materials for producing solid-state polymeric materials

and engineering plastics.

1.2 Utilizing Proteins as Feedstock for Materials Manufacture

1.2.1 Historical uses of proteins and their resurgence

With the exception of natural protein fibers silk and wool in textiles, interest in

commercial production of protein-based materials in the early twentieth century was

driven by the rise of proteins in agricultural byproducts and concerns over resource

scarcity during the world wars 1 . Various research studies and patents describe plastics,

fibers, and adhesives synthesized using naturally occurring proteins such as casein, corn

zein, soy, and peanut proteins, and some were produced commercially for a time 14 . Most

of these materials involve extruding and molding proteins that are either dissolved or

plasticized, followed by crosslinking using small molecules such as formaldehyde. Hard

plastic parts were manufactured from casein and zein by molding the hydrated protein

and curing with glutaraldehyde.1 5  Regenerated protein fibers were also prepared by

extruding solutions of dissolved proteins into coagulating baths followed by crosslinkingio.

Some examples of regenerated protein based fibers include Lannital, Aralac, and Chinon,

which are spun casein fibers or blends and copolymers of casein and acrylic, and Vicara,

a fiber produced from zein extracted from corn gluten16 1 8. Production of protein based

materials, however, have mostly ceased due to the availability of cheaper and more

reliable petroleum based plastics, and the hazards of aldehyde based crosslinking

agents 19 .
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Interest in proteins as raw materials is experiencing a resurgence due to

environmental and sustainability concerns surrounding synthetic plastics, which are the

second largest petroleum application next to energy 20. With their relatively low cost and

durability, fossil fuel derived materials have contributed significantly towards the

convenience of modern life. However, their resistance towards degradation and non-

renewability have motivated the search for alternative carbon sources in materials

manufacture, particularly from biomass. Various approaches for synthesizing biobased

monomers 2 1, growing polymers directly in bacteria 2 2, and developing new materials from

biopolymers have been investigated. Proteins are a widely available component in

biomass, and the utilization of proteins in plastics production can not only provide an

alternative to fossil fuel derived raw materials, but also reduce wastage of protein sources

in agriculture and biorefinery processes.

1.2.2 Proteins in commercial and engineering plastics

Proteins can be fabricated into various solid plastic forms through solvent casting,

spinning, molding, and extrusion2 3 26 . Solvent casting is a common approach for

preparing films; proteins are dissolved or dispersed in a solvent alongside plasticizers

and other additives to form a film-forming solution, which are then dried either on a flat

surface or in a drum drier2 7 . Since a cohesive film depends on the formation of a three-

dimensional network, formulation parameters that affect protein conformation and

intermolecular interactions, as well as processing parameters such as drying temperature

and rate, can affect film mechanical properties. While this process limits the form of

materials produced to sheets, other thermoprocessing methods, molding and extrusion,

are more versatile and industrially relevant. In these processes, plasticized proteins are
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heated above their glass transition temperatures and thermoformed into films, and

molded and extruded plastic parts. Shear, pressure, temperature, and time are relevant

process parameters that determine material properties 2 5. Although proteins are not fully

dissolved in solvents in the molding processes, significant amounts of water may still be

required for processability, which may also lead to undesirable material dimension

changes during solvent evaporation.

Protein-containing copolymers and composites have also attracted much attention, as

these multicomponent materials can combine advantages of the renewable protein

biopolymers with that of synthetic polymers or inorganic additives. Composites with

synthetic polyurethane are commonly prepared through polycondensation of proteins or

polypeptides and isocyanate terminated prepolymers. Approaches to mix protein and the

isocyanate reactants range from solution-based, in the preparation of chain extended

waterborne polyurethanes28, to dry mixing methods combined with extrusion and

compression molding 29. The protein containing materials have improved mechanical

performance and physical properties, as proteins provide reinforcement while polyether

and polyester segments in the prepolymers impart extensibility to the materials 29.

Synthetic polymers may also function as plasticizers while improving water resistance, as

shown in work done on physical blends of proteins and synthetic polymers such as

waterborne polyurethane 3032. Proteins can also be blended into rubbers and elastomers

as fillers that increase mechanical strength and modulus 33-36, potentially through

aggregating and forming reinforcing networks similar to carbon black fillers 3 . Aerogel

and foam-like materials with good mechanical and thermal insulation properties have also

been prepared by freeze drying aqueous protein/clay and protein/alginate ges 37 -3 8
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Inclusion of protein in casein/clay aerogels transformed the weak clay aerogels into

materials with properties comparable to that of some typical foamed synthetic polymers 8 .

1.2.3 Performance of protein-based materials

The renewability and biodegradability of proteins make them attractive as raw

materials for sustainable polymers, particularly in disposable plastics. Proteins may also

be leveraged to serve special functions, for example as the raw material in edible food

packaging39, as water soluble pouches for delivering pre-measured quantities4 0, and as

a fertilizer source in horticulture containers41. Proteins have desirable barrier properties

such as low permeability to oxygen, aroma, and oil, which have been widely studied and

reported due to the significant interest in protein-based food packaging and coating.

However, proteins often lack the same degree of mechanical performance and water

resistance when compared to synthetic polymers. When dehydrated, the extensive

hydrogen bonding, electrostatic, and Van der Waals interactions in proteins often lead to

materials with high stiffness, low extensibility, and high softening temperatures. These

materials are difficult to handle and form 42 . Plasticizers are often added to provide

sufficient flexibility for proteins to function as solid materials, and to enable thermal

processing at low enough temperatures that limit decomposition 24 . Plasticizers disrupt

protein-protein interactions and increase free volume of protein chains, thereby increasing

extensibility of materials, but often at the cost of reduced mechanical strength. Proteins

are also hygroscopic materials due to the hydrophilic nature of many chemical functional

groups, which results in mechanical properties that are strongly dependent on the

humidity of the environment. Although this is also observed to a smaller extent in
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synthetic polyamides, the water sensitivity of protein-based materials is compounded by

the common use of hydrophilic small molecules as plasticizers, such as glycerol, ethylene

glycol, and sorbitol 2 . Protein susceptibility to degradation can render them unsuitable for

certain applications and processing techniques. Currently, factors that hinder wide

commercialization of protein-based materials include cost, material performance, and

manufacturing issues, which are challenges that continue to inspire research on the

design of novel materials and fabrication methods.

1.3 Chemical and Physical Properties of Proteins

Proteins differ from many synthetic polymers and even other biopolymers like

polysaccharides in their diversity in monomer, secondary structure, and physicochemical

characteristics. In the development of renewable protein-based materials, effective use

of protein chemical functionality and process robustness towards feedstock and chemical

diversity should be important considerations. Proteins from natural systems often have

multiple species with different molecular weights, amino acid sequences, and

conformation. In addition, protein solubility and aggregation behavior can vary widely,

depending on the net surface charges and presence of hydrophobic domains. These

characteristics are also influenced by interactions with non-protein components and can

change as a result of processing conditions. Drying processes and extraction with acids,

alkali, organic solvents, and heat are known to irreversibly alter both the structure and

physicochemical characteristics of some proteins4 3 . Despite the broad spectrum of

protein compositions, some characteristics are common across a large fraction of all

proteins. When dehydrated, proteins can form extensively interacting networks that are

stiff and brittle.
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1.3.1 Protein modifications

Chemical, physical and enzymatic modifications have been employed to alter

characteristics of proteins for different applications. Protein modification chemistries have

been discussed and studied in depth4 4 4 5, many of which were in the context of protein

bioconjugation to other polymers46-4 7 . Reactive groups on amino acid side chains such

as amines from lysines, carboxyls from aspartic and glutamic acids, and thiols from

cysteines can be chemically derivatized; some common modifications include acylation,

esterification, amidation, alkylation, and oxidation reactions. Chemical reactivity is

dependent on reaction conditions, accessibility of the reactive site, and sterics. While

some reactions are amino acid residue specific, others can occur at multiple different

protein sites due to multiple copies of the reactive residue. Tryptophan and cysteine have

some of the lowest natural abundance, and are popular derivatization targets when site-

specificity is desirable48 . Highly selective reactions are continuously being explored;

notably, protein N-terminus specific modifications using aldehydes, transamination

reactions, and pH controlled reactions have been demonstrated4 9 . Chemical crosslinking

and conjugation to other polymers are common tools for improving the stability of protein-

based materials in water50, modulating mechanical propertiesss, promoting formation of

nanostructured domains54 , and even introducing unique characteristics such as stimuli

responsiveness55. Reactions such as hydrolysis and crosslinking can also be carried out

with high specificity using enzymes. While enzymes can catalyze a diverse range of

protein post-translational modifications, enzymatic modification in protein-based material

synthesis has largely focused on commercialized proteases and transglutaminase. The

protease chymosin, for example, has been used widely in the dairy industry to coagulate

24



casein. Generation of smaller proteins and polypeptides through partial hydrolysis can

also increase solubility of some proteins 56. Transglutaminase, an acyltransferase,

catalyzes isopeptide crosslinking bond formation between the y-carboxamide group in

glutamine and E-amine in lysineS57 -5 8.

On the other hand, physical modifications typically involve protein unfolding and

denaturation, or blending proteins with other molecules or polymers. Protein

conformation changes can be induced using heat, acid, alkali, organic solvents, or

denaturing agents such as urea and surfactants 59. The unfolding process exposes buried

functional groups and hydrophobic surfaces, and also increases the biopolymer's chain

mobility and entanglements. Disulfide bond breakage and reformation can also occur

upon heating, which introduces intermolecular crosslinks after the protein unfolds. These

changes can enhance the performance of protein-based materials by increasing material

water resistance and cohesive strength in plastics, adhesives, and coatings 60-6 2 . Proteins

with net charges can be electrostatically complexed with charged polysaccharides to form

structured composites with functional properties that are unlike that of either protein or

polysaccharides.63-64 These complexes have many applications in the food industry as

texturizing agents and stabilizers. Blending proteins with other biopolymers6 5, synthetic

polymers66, and inorganic materials67 in composites is an approach that can potentially

combine the advantages of proteins with other materials, provided that the blended

components are well compatibilized. Incorporation of a stiff filler provides reinforcement

to plasticized protein-based materials, while the addition of hydrophobic materials can

help partially mitigate the hygroscopicity of proteins.
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1.3.2 Formation of nanostructure in solid materials containing protein/polypeptide

Protein-polymer conjugates have been shown to self-assemble into morphologies that

are reminiscent of synthetic block copolymers, particularly those prepared from p-sheet

containing peptides. As a result of their crystallinity and hardness, these peptides have

attracted wide interest for applications in bulk plastics, gels, and films6 8 -7 0. Some notable

nature inspired p-sheet forming peptides include the silk-based peptides (eg. GAGA7 1,

poly(Ala))72, amyloid beta (AP) peptide fragments (eg. FFKLVFF) 73, and alternating

hydrophobic and hydrophilic residues (eg. KFQFQFQ) 74. Peptidic multiblock copolymers

with crystalline peptide segments conjugated to flexible synthetic polymer segments are

commonly synthesized by polycondensation approaches. These materials have been

demonstrated to be microphase separated, with the peptides that assembled into beta-

sheet functioning as reinforcing domains with physical crosslinks 75-82.

1.4 Sources of Some Agricultural Proteins and Their Characteristics

1.4.1 Milk proteins

Bovine whey and casein proteins are milk proteins produced worldwide at the million

metric ton scale8 3. They are primarily consumed as food and feed, but are also being

considered in new value-added applications due to the dairy industry's surpluses and

byproducts. Whey protein makes up roughly 20% of milk proteins, while casein

represents the remaining fraction 84. The isoelectric points of whey protein and casein are

at 5.2 and 4.6, respectively. During cheese or casein production, casein in milk is acid or

rennet coagulated, leaving the soluble whey protein in the liquid. Valorization of the low

value, often disposed whey is of interest to the dairy industry83 for both economic and
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environmental reasons due to the high potency of liquid whey as pollutant8 5 . Whey and

casein are suitable as food, supplements, and animal feed due to their high nutritional

value, and casein is also used as emulsion stabilizers in food products. While the

production of many casein-based adhesives, plastics, and coatings have been

discontinued 18, ongoing research on milk protein-based packaging materials are still

active18 .

Whey protein extracted after casein coagulation is produced at various grades and

purity, and is a complex mixture of globular proteins. Protein is recovered from the whey

byproduct and purified to remove salts, lactose, and other small components via

ultrafiltration, reverse osmosis, gel filtration, electrodialysis, ion exchange

chromatography, or heat/acid precipitation 45. Dried and purified whey protein can be

obtained as whey protein concentrate with a protein purity of 45-80% after removal of

lactose, and as whey protein isolate with minimum protein purity of 90% after further

removal of fats83. Undenatured whey protein isolate has a solubility of up to 25% solids

in water38 , but heat denaturation and spray drying processes can drastically lower the

protein's water solubility86 . The main proteins in whey protein include p-lactoglobulin

(57%), a-lactalbumin (19%), and other globulins.

The primary proteins in whey, p-lactoglobulin and a-lactalbumin, are well

characterized proteins with known solution and gelling behavior. p-lactoglobulin (18.4

kDa) is composed of an eight stranded beta barrel, a three turn alpha helix, and a p-

strand 87 . The protein has two pairs of disulfide bonds and a buried free cysteine that can

be exposed with temperature. The free sulfhydryl is proposed to play an important role

in protein film formation, as the intermolecular linkages formed after its exposure can lead
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to materials with higher tensile strength60. In solution, p-lactoglobulin dimerizes in the pH

range of 5.1-7.5, and can further tetramerize at pH 3.5-5.2. Dimer dissociation occurs

below pH 3 without significant changes in monomer conformation 8 8. Between pH 6 and

pH 8, the protein undergoes a local structural change called the Tanford transition,

opening up the interior of the calyx and exposing a previously buried glutamic acid8 9.

Above pH 9, dimers dissociate into irreversibly unfolded monomers with partial retention

of secondary structures90. a-lactalbumin (14 kDa) on the other hand, is composed of a

large a-helical domain and a small p-sheet domain connected by a calcium binding loop,

and has four disulfide bonds 91 . Unlike p-lactoglobulin, pure a-lactalbumin has a low

tendency to gel when heated, but appears to interact with P-lactoglobulin and forms mixed

protein gels 92.

Casein proteins differ from many globular or fibrous proteins in that they form

aggregated polydisperse micelles with sizes of roughly 200 nm in solution.

Heterogeneous proteins that make up the micelles have molecular weights ranging from

20-43 kDa, and are divided based on their electrophoretic mobility. Casein fractions

include: asi (38%), as2 (10%), p (36%), and K (13%)18, 93. The asi, as2, and p-casein

fractions interact and aggregate with calcium phosphate to form the micelles, which are

stabilized by K-casein that forms hairy structures on surface and sterically prevents

precipitation. Casein micelles also contain inorganic calcium phosphate as small

microcrystalline inclusions. They are extremely stable to heat, which is attributed to the

protein's lack of typical secondary and tertiary structures 84. Isolation of casein from milk

is relatively straightforward, the two primary methods include acid precipitation where K-

casein is collapsed at its isoelectric point and calcium phosphate is dissolved, and
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chymosin enzymatic treatment, which destabilizes the casein micelles by hydrolysisof K-

casein18 .

Properties of casein that are important to note for solution-based processing and

protein modification include its solubility, structure, amphiphilicity, and calcium-binding

behavior. Insoluble casein can be converted to a water soluble form called caseinates

by dispersing the protein in water and adjusting the pH is to -7 using NaOH, KOH, NH40H,

or Ca(OH)2 18 . Apart from the commonly used chemical and physical crosslinking

strategies, casein's solution and film properties can be modulated using divalent ions.

Aggregation of sodium caseinate in neutral pH solution can be enhanced by calcium ions,

and calcium crosslinking of casein films have been shown to lower water vapor

permeability 94. While uncertainties remain on the structure of native casein in micelles 9 ,

they are likely unstructured due to the high proline content. Casein proteins are

phosphorylated to different degrees on serine and occasionally threonine residues, with

up to 13 phosphate groups in as2 and 1 in K-casein 96 . Amphiphilic in nature, the as, P

and K-caseins possess both hydrophobic and charged amino acids. P and K-caseins

appear more block-like, with hydrophobic domains located on the C-terminal in p-casein

and the N-terminal on K-casein 84. s1i-casein on the other hand, has three main

hydrophobic regions and appears more random. Isolated p-casein assembles into

spherical micelles in solution97 , while asi-casein forms long chain-like aggregates 98.

Casein's amphiphilicity makes it suitable for a broad range of dispersion-based

applications such as paints and cosmetics, while its polar residues enable binding to

various substrates in casein glues. The emulsion stabilizing properties of casein can also
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be exploited to incorporate hydrophobic components such as lipids into casein-lipid

emulsion films for lowering film hydrophilicity99.

1.4.2 Zein

Zein is a nitrogen storage protein produced in maize, and has great potential as a

sustainable biopolymer source due to the sheer scale of corn produced as a commodity

crop. Proteins represent 9-12% of a corn kernel mass, with the other constituents being

oil, starch, and fiber1 00. Zein has structural characteristics similar to prolamins in other

cereals such as gliadin in wheat, hordein in barley, and secalin in rye4 3 . 60% of total

protein in the endosperm is classified as zein, which is stored as protein bodies 43. Zein

can be extracted from different processed corn byproducts and coproducts, but

commercial zein is mainly produced from wet milled corn gluten meal by extraction with

isopropanol and alkali, which is then precipitated by cooling1 6. While protein purities are

high, yields are typically low. Low demand for the protein resulted in high production

prices, which has diminished and limited industrial uses of zein. Extraction of zein has

also been previously demonstrated in dry-milled corn, alkaline treated corn, and distiller's

dried grain with solubles (DDGS) obtained from the dry-grind ethanol process 43. Distiller's

dried grain (DDG) and DDGS, the byproduct in fuel and beverage ethanol production,

may become more important as sources of zein as these industries grow. Protein

extraction may also be attractive to ethanol producers due to the existing extraction

solvent produced in fermentation and distillation equipment 16. Characteristics of zein from

different sources can differ due to processing history; for example, zein in dry milled corn

is never exposed to heat, while the protein in wet-milled corn is exposed to the reducing

agent sulfur dioxide and heat. The conventional ethanol dry-grind processes may cause
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changes in zein due to high temperature treatment and enzymatic proteolysis, while also

introducing yeast protein impurities43. As demand for zein grows, so will the extraction

technology to improve yield and economics, and to reduce pigmentation and odor.

Extracted as zein, the mixture of proteins that is soluble in aqueous alcohols with

reducing agents is comprised mainly of prolamins, named for their high content of proline

and amide nitrogen from glutamine1 01. Protein identification has been performed based

on either molecular weight by SDS-PAGE, or a combination of molecular weight and

solubility in reduced aqueous solutions, resulting in different nomenclature systems. The

classification system based on solubility and molecular weight is most commonly used,

which separates zein into a- (20-25 kDa), P- (17-18 kDa), y- (27 kDa), and a- (10 kDa)

zein. a-zein shows up as two bands on SDS-PAGE which are known as the Z19 and Z22

fractions, with the molecular weight difference stemming from additional residues in the

C-terminal of the Z22 protein 102 . a-zein is the main extracted protein in commercial zein

at roughly 71-85% of all proteins, as its solubility profile allows highest recovery with

solvents commonly used in zein processing and its extraction does not require reducing

agents16. Selective extraction of a-zein has advantages, as zein mixtures containing the

other listed fractions are prone to gelation.

Zein is notable in its hydrophobicity and structure. More than half of a-zein amino acid

residues are non-polar, with the uncharged glutamine forming a large portion of all polar

residues 4 103-104. Zein has a low to negligible lysine content, but other reactive side

groups such as amide, carboxyl, hydroxyl, and phenol, still enables functionalization.

Zein is insoluble in pure water and alcohols, but dissolves in aqueous alcohols, aqueous

acetone, and single solvents with a balance between polar and non-polar groups such as
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glycols, glycol-ethers, amino alcohols, nitroalcohols, certain acids, amides, and amines1 6 .

The protein can also be solubilized in nonaqueous solvent mixtures, where the dissolved

protein has been observed to be less prone to gelation and foaming. Due to the

prevalence of nonpolar residues, glycerol and other commonly used hydrophilic protein

plasticizers have lower compatibility with zein, and can lose plasticizing effectiveness as

they migrate and phase separate. Good plasticizers reported for zein include water,

glycols, fatty acids, substituted aryl sulfonamides, amides, amines, glyceryl esters, and

glycol esters 16. Structural characterization of a-zein in solution showed that the protein

forms a high axial ratio structure. Various molecular models have been proposed for zein,

including suggestions that zein forms antiparallel helices arranged in a hexagonal

bundle1 05, or sets of three interacting coiled-coil helices stacked end-to-end 102.

Evaporation induced self-assembly of zein dissolved in ethanol-water mixtures has been

reported. The faster evaporation of ethanol led to increasing hydrophilicity of the solvent,

and the primarily helical protein undergoes a conformation change into P-sheets, which

then assembles into ordered nanostructures 06.

1.5 Introduction to Current Disposal Methods and Uses of Waste Tire Rubber

Disposal of end of life car tires poses many environmental challenges. Over 800

million tires are produced annually worldwide, and of which, 146 million tires are produced

in India (Source: Automotive Tyre Manufacturers Association). Increasing car ownership

in India-coupled with poor road conditions-is leading to larger numbers of waste tires

being generated per year1 07. Currently, predominant disposal methods for tires include

incineration for fuel and as materials in civil engineering applications. The energy value

of waste tires is typically recovered through combustion. However, the lack of good
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technology for controlling emissions, or enforced environment regulations to curb open

burning, can lead to substantial ecological damage and health hazards particularly for

populations in developing communities, motivating the current work on sustainable rubber

recycling methods.

1.5.1 Tire Derived Fuel

Tires are attractive as fuel due to the large fraction of hydrocarbon polymer chains.

Heat content of shredded tire samples can be very high (32.6 MJ/kg for rubber vs 18.6-

27.9 MJ/kg for coal) 108. In addition, used tires have lower sulfur content than certain types

of coal and a relatively consistent composition with low moisture content1 09. The largest

users of Tire Derived Fuel are cement kilns, as these facilities operate at high

temperatures with oxidizing atmospheres that allow for complete combustion. Other

users are pulp and paper mills, electric utilities, industrial boilers, and waste-to-energy

facilities. The burning of tires for fuel raises questions about air pollution, where the

emissions of concern include particulates, metals, and unburned organics, particularly in

boilers and incinerators that operate at lower temperatures. Emissions in these facilities

can be controlled using electrostatic precipitators and scrubbers that remove particulates.

The design of certain facilities that allows whole tires to be loaded into boilers" 0 can also

improve the sustainability of this operation, as the high energy costs of shredding and

separating different components of tires are eliminated.
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1.5.2 Waste tires as materials

Various chemical, mechanical, and biological devulcanization approaches have also

been investigated to allow the waste rubber to be fabricated into new polymeric materials

through reclaiming processes.

Grinding and milling processes produce small rubber particles that can be blended

and held together by binders for composite applications. Size of the original tire can be

reduced to various degrees of fineness by ambient grinding, cryogenic grinding, wet

grinding, and more recently, water jet grinding 11 1. One of the largest markets for ground

tires is in civil engineering applications, where tire chips or crumb rubber are used as

fillers in concrete and asphalt pavements. Waste tires are especially interesting as they

are cheap and weather resistant, but are known to reduce workability of cement. Ground

tires have also been formulated into flooring materials, mats, and turfs112 .

In addition to serving as cheap fillers, tires may also be processed into other forms

that take advantage of their polymeric component. However, recycling of rubber is difficult,

especially when compared to thermoplastics because tires are crosslinked in the sulfur

cure process. Devulcanization in rubber recycling is the process of breaking sulfidic

linkages between polymer chains to disrupt the network. Theoretically, differences in

bond strength between S-S (270 kJ/mol), C-S (310 kJ/mol), and C-C (370 kJ/mol) bonds

suggest that it is possible to selectively break sulfur crosslinking bonds using specific

levels of mechanical energy or heat provided in screw reactors, and wave energy

provided by ultrasound and microwaves 11 1. However, in reality, it is almost impossible to

achieve narrow energy input levels throughout the material. Because of the non-selective
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breakdown process and the resulting structural changes, recycled materials have

relatively poor mechanical properties. Recycled rubber has therefore found uses

primarily in less critical applications where the loss of mechanical performance is

acceptable. However, incorporation of small amounts of ground rubber particles (<10%)

as fillers into tire compounds was reported to be feasible1 09.

Rubber devulcanization through physical methods

Mechanical reclaiming involves mechanical shearing crumb rubber to reduce the

polymer molecular weight through bond scission. This can be performed in a screw type

reactor, where shear stress, temperature, and internal pressure can be controlled. In

general, crumb rubber is fed into the reactor, then sheared and heated to the reaction

temperature to allow devulcanization to take place. Finally, the extruded material is

cooled. Up to 10 % of reclaim rubber produced in this manner can be incorporated in the

manufacture of pneumatic tires with limited undesirable compromises in tire

performance 1 3 . Other types of mechanical devices that apply pressure and friction

necessary for devulcanization include roll mills1 14 , pan mills 115, and ball mills 116. These

milling or extruding processes may be performed with or without added devulcanization

agents.

Other devulcanization methods involving delivery of microwave and ultrasonic energy

have also been investigated. Microwave, an electromagnetic wave with a frequency

between 300 MHz to 300 GHz, can be used as a heating source that is localized at the

vicinity of polar groups. Microwave processing has been shown to transform waste to a

form ready for recompounding in the order of minutes, and is therefore advantageous as

a quick process1 08. Devulcanization by ultrasonic energy in the range of 20 kHz or
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greater and power intensity of greater than 100 W has also been pursued in batch and

continuous processes1 17- 118 . The electromagnetic radiation creates high frequency

extension and contraction stresses that break down the network structure. Like all

physical methods, overtreatment in the process causes main chain scission, while

undertreatment leads to insufficient devulcanization.

Rubber devulcanization through chemical methods

Chemical devulcanization has been widely investigated and applied in the reclaim

rubber industries, some in combination with mechanical processes. Many chemical

devulcanization agents were used as chemical probes to study sulfur curing systems and

rubber networks 119. These probes and chemicals include mercaptans, disulfides, phenols,

amines, and metal chlorides, and function by either initiating cleavage of sulfur crosslinks

or terminating free radical chains produced from bond cleavage. In general, organic

reclamation agents react either through radical or nucleophilic mechanisms, while

inorganic additives react catalytically111 .

Organic devulcanization agents. Disulfides, thiols, phenols, and phenolic compounds

are proposed as radical scavengers that prevent recombination of polymer chains once

the crosslinks or backbone have ben cleaved11 1' 120. Their use has been demonstrated

in mills, where vulcanized rubber broken down using mechanical shear forces produce

free radicals at scission sites. By inhibiting chain recombination, chemicals like thiols and

disulfides allow shorter polymer chains to be generated from chain scission, which lower

the material viscosity and allow them to be more processable. Main chain radicals can

also be produced by allylic hydrogen abstraction using radical forming devulcanization
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agents such as disulfides. Main chain or crosslink scission may then occur on the polymer

radical 12 0 .

Devulcanization can also be carried out through a nucleophilic mechanism121. These

reclaim agents are typically thiols and amines, which have a lone pair of electrons that

allow them to cleave crosslinks in vulcanized rubber. Some of them were used as

chemical probes that selectively cleave carbon-sulfur and sulfur-sulfur bonds but not main

chain carbon-carbon bonds1 19.

Inorganic catalyst systems. Oxidative degradation of rubber can be initiated by radicals

and catalyzed using metal halides. An example of this reclamation system is the

phenylhydrazine-iron chloride combination 122 . Alkaline metals have also been used to

break crosslinks in rubber swollen in organic solvent, where the reaction was performed

in the absence of oxygen 11 123. These processes raise concerns over chemical toxicity

and environmental impact. Zeolites, an important type of catalysts in the petrochemical

industry, have also been investigated for devulcanization as they catalyze

hydrodesulfuration, which can result in the cleavage of C-S bonds by hydrogen ions1 1 1 .

However, hydrogen ions can also cleave hydrocarbon backbones, leading to non-specific

degradation of rubber.

Microbial rubber devulcanization

Tire rubber can be devulcanized and degraded by certain fungal and prokaryotic

organisms. Sulfur utilizing organisms such as Thiobacillus ferrooxidans, T. thioparus, T.

thiooxidans were investigated for microbial devulcanization. Bacteria were grown on tires

and the rate of sulfate released were monitored. The bacteria were shown to convert up
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to 8% of sulfur in ground rubber to sulfate in 20 days, with the depletion of sulfur

concentrated on rubber particle surfaces 12 4 .Detection of sulfate in media however, may

not be a straightforward indicator of devulcanization as not all sulfur had been

participating in crosslink formation, and some may have been simply adsorbed onto the

surface of carbon black particles. Partially oxidized sulfur bridges would also not be

detected 12 5

Biological devulcanization can be challenging due to various material incompatibility

issues. The presence of curing additives and antioxidants in rubber including small

molecule thiol and amine containing compounds have been shown to inhibit growth of

bacteria 125 . This may be mitigated by first detoxifying the rubber particles using white rot

fungi such as Pleurotus. sajor-caju, Trametes versicolor, and Recinicium bicolour1 26 .

These fungi species can degrade aromatic compounds, and have been shown to increase

growth rates of desulfurizing bacteria on rubber after an initial fungal pretreatment1 27

Recent studies on the wood rotting basidiomycete fungi Ceriporiopsis subvermispora

have also shown that some species are capable of both detoxifying and cleaving S-C

bonds 128 . In addition to the toxicity challenge, the interior portion of rubber particles is

also typically inaccessible to microbes due to small rubber pore sizes, limiting the extent

of microbial devulcanization in highly crosslinked rubbers1 29

1.6 Thesis Overview

This thesis describes the design and preparation of materials made from renewable

proteins (Chapters 3-6) and recycled used tires (Chapter 7). Chapter 2 contains detailed

descriptions of protein modification and characterization, solution polymerization of
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protein-based materials, melt polymerization of protein copolymers in the presence of

surfactants, synthesis of protein macroRAFT agent and polymerizable surfactants, and

chemical, mechanical and structural characterization of materials. Chapter 3 presents

the preparation of crosslinked copolymers comprised of proteins and synthetic rubbery

polymers. Proteins were methacrylated, randomly copolymerized with a second

comonomer in solution, and dried to yield thermoset elastomers with improved

mechanical properties. These reactions were adapted to a melt polymerization approach

in Chapter 4, by leveraging the capability of surfactants to function as plasticizers and

compatibilizers. This enabled the preparation of protein copolymers with monomers of a

large range of polarities and hydrophobicities. The generalizability of the surfactant

complexation and melt polymerization approach is shown in Appendix E. Efforts to lower

overall hydrophilicity of materials and improve mechanical properties are also

documented. Chapter 5 describes synthesis of thermoplastic protein block copolymers

with defined architecture, using site-specific protein N-terminus modification and a

grafting-from polymerization approach. Chapter 6 reports on synthesis of cyanophycin,

a non-ribosomally synthesized protein, using recombinant methods. Solution behavior

and mechanical properties of cyanophycin were investigated. The process of recycling

used car tires, where waste rubber was converted into new rubber products, is described

in Chapter 7. Two approaches are presented: a bulk devulcanization method and a

surface modification method.
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Chapter 2. Experimental Methods
2.1 Synthesis of Protein-based Thermosets

Throughout this work, whey protein was used as a model agricultural protein feedstock.

Whey protein isolate purified by ion exchange chromatography was purchased from BiPro

USA, and used without further purification. Note that the solubility of whey protein can be

dependent on its treatment and purity. For example, whey protein concentrate appears

more opaque, while lactalbumin from Sigma, which might be heat denatured whey, has

markedly decreased solubility.

2.1.1 Purification of P-lactoglobulin from whey protein isolate

P-lactoglobulin can be isolated from the whey protein mixture by leveraging the

resistance of the protein towards pepsin proteolysis. P-lactoglobulin for material synthesis

was purified from whey protein isolate via selective pepsin hydrolyzation using a

procedure adapted from Naofumi et all Whey protein isolate was dissolved in ultrapure

water at 20 wt% protein concentration, and the pH was adjusted to 2 using hydrochloric

acid. Pepsin was added at 1 wt% concentration, and the mixture was incubated at 37 °C

overnight. Low molecular weight hydrolysates and impurities were removed through

dialysis, and dry p-lactoglobulin was obtained after yophilization. The purity of p-

lactoglobulin was confirmed by SDS-PAGE (Figure 2-1a). p-lactoglobulin is known to

form dimers or even multimers in a wide range of conditions, and some of these

aggregates were observed by SDS-PAGE. Several genetic variants of P-lactoglobulin

are known to exist, and the primary ones are named A and B. From Liquid

Chromatography-Mass Spectroscopy (LC-MS) analysis of the protein, at least two
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variants are observed, one at 18,361 Da and another at 18,274 Da Da (Figure 2-1d).

Details on protein analysis by LC-MS are provided in Section 2.3.1. Figure 2-1 b-d shows

the LC-MS chromatogram, unprocessed mass spectrum, fitted mass spectrum peaks,

and deconvolution results.

(a)
kDa

75

50 -o

37

25

20

15

10 

(c)
'a

W

C

=0 E

00

z

0

100
80
60
40
20

0

800x103
600

400

200

0

(b)

2 3

P-LG -0
dimer

P-LG

~-a-LA

100

80

60

40

20

0
3

- I

- - -I

500 1000 1500 2000 2500 3000

m/z

4 5

Time (min)

(d) 6x10 --- F

5-

4-
0

.2 4

<1 -

0-
12 14

Molecular

6 7

700x106

600

500
Cn

400 -0
CD

300

0

LO
-l

CO -
je)

"t

OD
CO -
C-

16 18 20x103

Weight (Da)

Figure 2-1. (a) SDS PAGE of p-lactoglobulin purified by pepsin digest (lane 1), p-

lactoglobulin purchased from Sigma with purity >85% (lane 2), and whey protein isolate

(lane 3). Monomeric (18.4 kDa) and multimeric forms of P-lactoglobulin (p-LG) were

observed. Note the disappearance of the second most abundant whey protein species,
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a-lactalbumin (a-LA, 14 kDa), in the P-lactoglobulin samples. (b) LC-MS chromatogram

of whey protein isolate. (c) Unprocessed mass spectrum (top) and fitted peaks (bottom)

obtained after deconvolution. (d) Deconvoluted mass spectrum of whey protein isolate,

showing the molecularweight of a-lactalbumin at 14,176 Da and p-lactoglobulin at 18,361

Da (18,384 with Na*) and 18,275 Da. Deconvolution was performed with limits for low

molecular weight, high molecular weight, and maximum charge (protein charge state) set

at 10,000 Da, 50,000 Da, and 20 respectively.

2.1.2 Synthesis of methacrylated and succinylated whey protein

Materials. Methacrylic anhydride and succinic anhydride were purchased from Sigma

Aldrich and Alfa Aesar respectively.

Proteins were functionalized with methacrylate or carboxylate groups using

anhydride-amine reactions. Methacrylation was performed to install polymerizable

groups onto proteins, while succinylation was performed to alter the net charge of proteins.

In a typical methacrylation reaction (Scheme 2-1a), a 10 wt% protein solution was

dissolved in ultrapure water, and the pH was adjusted to 10 - 11 using sodium hydroxide.

Methacrylic anhydride was added slowly directly to the protein solution while stirring with

a magnetic stir bar at 800 ±200 rpm, and the reaction was performed overnight. This

anhydride is a liquid at room temperature and has low water solubility. If the protein

solution is not stirred vigorously, or if the anhydride is added too quickly, protein

precipitation occurs. Generation of acid during the reaction lowers the solution pH, which

should be checked and adjusted accordingly if pH is important in downstream steps. The

average number of methacrylamide groups on proteins can be controlled by the amount
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of anhydride added. Succinylation was performed in a similar manner using succinic

anhydride. This anhydride is a solid with low water solubility but dissolves gradually as

the reaction proceeds.
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Scheme 2-1. (a) Reaction of proteins with methacrylic anhydride to install polymerizable

methacrylamide groups onto proteins. (b) Potential amine-methacrylate Michael addition

side reaction that increases molecular weight of protein by attaching methacrylic acids to

amine groups. (c) Potential amine-methacrylate Michael addition side reaction that leads

to the formation of dimeric or multimeric proteins.

The degree of protein modification was monitored via Liquid Chromatography-Mass

Spectrometry (LC-MS), where molar masses of each species in a reaction mixture was

obtained from mass spectrum deconvolution, as described previously2. In methacrylation

reactions, the number of amine group modifications per protein was calculated by dividing
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the difference in molar mass between modified and unmodified proteins by the mass of a

methacrylic group addition (68 Da). Model methacrylation reactions were performed with

P-lactoglobulin (>95% purity from Sigma), and the original raw charge ladder and

deconvoluted molecular weights are shown in Figure 2-2. Relative abundance of all

protein species were used to determine the distribution of modifications (Figure 2-3a),

with the assumption that all species are ionized equally. The distribution of protein

modification is broad due to the large number of reactive lysine E-amino groups and the

non-site-specific nature of the reaction. Derivatization of the protein was also confirmed

through 'H NMR spectra of whey and methacrylated whey in D20(Figure 2-3b). Prior to

NMR studies, methacrylic acid side product was removed via dialysis, as described below.

Appearance of the methacrylamide double bond peaks at 5.4 and 5.6 is consistent with

observations reported for methacrylated proteins 3.

Amine-anhydride reactions may generate byproducts; in the case of methacrylation,

methacrylic acid is generated. Methacrylamide groups on the proteins and methacrylic

acid side products may undergo Michael addition with both primary and secondary

amines4. Side reactions with methacrylic acid can lead to formation of unpolymerizable

amine-methacrylate adducts (Scheme 2-1b), and this adds 86 Da to the protein molecular

weight for each methacrylic acid addition. The average number of modifications was

determined to be 2.6, 3.8, and 6.5 for the three anhydride to protein mole ratios at 1.2, 3

and 6, respectively. The >100% yields observed may be a result of side reactions

including the amine-methacrylate Michael addition. This is less prominent at higher

methacrylation levels, as the generation of acid lowers the pH and protonates amines,

lowering their reactivity. Note that on the deconvoluted mass spectra, multimeric forms
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of proteins may be indistinguishable from the monomeric modified protein, unless the

number of modifications is not an integer multiple of the number of bridged proteins.

Formation of bridges between proteins with different numbers of functional groups as a

result of side reactions (Scheme 2-1c) may lead to non-integer numbers for methacrylate

groups per protein, which is commonly only observed for large degrees of methacrylation

(shaded bars in Figure 2-3a).
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Figure 2-2. Raw mass spectra, deconvoluted ion sets, and deconvoluted mass spectra

obtained from LC-MS for unmodified s-lactoglobulin and methacrylated P-lactoglobulin.
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Methacrylation reactions were performed at anhydride to protein mole ratios of 1.2, 3, and

6. Deconvolution parameters for low molecular weight cutoff, high molecular weight cutoff,

maximum charge, and relative abundance cutoff are 18,000 Da, 19,500 Da, 20, and 20%

respectively.
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Figure 2-3. (a) Distribution of protein methacrylation levels at various methacrylic

anhydride to protein mole fractions, obtained from deconvoluted LC-MS mass spectra.

Fractions of proteins with different numbers of modifications were calculated from the

relative abundance of each protein species. Shaded bars indicate protein species with

seemingly non-integer numbers of methacrylamide groups. (b) Proton NMR spectra of
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whey protein and methacrylated whey protein in D20. Peaks corresponding to the

methacrylamide functionality are indicated by black arrows.

After protein methacrylation reactions, the methacrylic acid byproduct was typically

not removed. Methacrylic acid does not interfere with protein grafting-from polymerization

steps (Section 2.1.3), as it can also be incorporated into the polymer backbone. Studies

comparing materials prepared after removal of methacrylic acid and after it is added back

in showed that the presence of methacrylic acid affects the yielding behavior of the

materials, but has insignificant changes in mechanical properties compared to other

formulation parameters such as crosslink density, protein content, and protein purity5. To

remove the methacrylic acid byproduct, 10 g of methacrylated protein was dialyzed

against at least 7 changes of 4 L sodium chloride solution (5 mM) and lyophilized. Note

that the dialysis of whey protein into ultrapure water leads to precipitation, which can be

reversed by dialyzing the protein into a sodium chloride solution with a salt concentration

5 mM or by adjusting the pH of the unbuffered solution to a level that is lower or higher

than the protein's isoelectric point (~5.36-7) using 6 M hydrochloric acid or 10 M sodium

hydroxide.

2.1.3 Preparation of protein-based thermosets through solution polymerization

Materials. Poly(ethylene glycol) methyl ether methacrylate (PEGMA, averageMn= 500

g mol-1), hydroxypropyl acrylate (HPA, mixture of isomers), poly(ethylene glycol)

diacrylate (PEGDA, averageMn= 700 g mol-1), and tetramethylethylenediamine (TEMED)

were purchased from Sigma Aldrich. Ammonium persulfate was purchased from

Mallinckrodt Chemicals.
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2.1.3.1 Polymerization of protein-based copolymers in water

All (meth)acrylate comonomers were passed over basic alumina prior to

polymerization to remove inhibitors. The 10 wt% protein solution obtained after the

reaction with methacrylic anhydride (Section 2.1.2) was typically not subjected to

intermediate purification or drying steps unless otherwise noted, and was adjusted to pH

7 - 8 with either 1 M hydrochloric acid or 1 M sodium hydroxide prior to polymerization.

Neat water soluble comonomer, either HPA or PEGMA, was added to the 10 wt% protein

solution, where the volume of comonomer added was adjusted to make materials with

final protein content ranging from 15 - 33 dry wt%. To initiate polymerization, the water

soluble ammonium persulfate/TEMED initiation system was selected as it enables

polymerization at room temperature. A freshly prepared 20 wt% ammonium persulfate

stock solution in ultrapure water was first added to the protein-comonomer mixture to give

a final solution concentration of 10 pM ammonium persulfate (initiator to monomer mole

ratio of approximately 200:1). Immediately before the start of polymerization, neat

TEMED was added to give a final solution concentration of 5 pM TEMED (catalyst to

monomer mole ratio of approximately 450:1).

A Bio-rad Mini-Protean Tetra Handcast system made up of a short plate, spacer plate,

casting stand, and clamp was used to carry out the polymerization (Figure 2-4a). The

mixture containing protein, comonomer, and initiator system was pipetted in between two

parallel glass plates with 1 mm spacer, and polymerization was carried out under ambient

conditions for 2 hours. Care was taken to ensure that the solution viscosity was low

enough such that bubble formation during pipetting was reduced and any bubbles formed

would be able to rise to the surface. This was achieved by limiting the protein

56



concentration in the pre-polymerization solution to a maximum of 14 wt% and ensuring

that the polymerization mixture was loaded between glass plates immediately after

addition of TEMED. Polymerized samples formed gels in between the glass plates. The

topmost 1 mm edge of the gel was observed to have an uneven surface with a thin layer

of viscous liquid on the surface, likely due to oxygen inhibition as the top of the gel was

exposed to air. This oxygen inhibition layer does not extend far enough to adversely

affect the bulk of the samples due to the vertical orientation of plates.

(a) (b)

Heavy glass block

Cheese cloth (wicking layer)

Wet polymerized sample

Non-stick layer
(eg. Teflon, Saran wrap)

Top view

1 atm

c)

Figure 2-4. (a) Spacer plate and short plate clamped and placed in a casting stand.

Protein-polyacrylate copolymers were solution polymerized in the space between plates

(black arrow). (b) The wet polymerized samples were dried under the weight of a glass

block to prevent excessive curling and shrinking of the thermoset. (c) Free standing gels

obtained from the copolymerization were dried over two days to yield thermoset sheets.

Gelled samples were peeled off the glass plates and dried at 60 °C for 2 days. To

keep the thermoset flat, the gels were placed underneath weighted objects to prevent

them from curling and shrinking excessively. A method for doing so is by sandwiching
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the gel between a nonstick sheet (eg. Teflon film) and a moisture wicking layer (eg.

cheese cloth), and placing them underneath a block of glass weighing 155 g (Figure 2-

4b). 1 mm thick sheets of gels with total solids content (25 - 42%) obtained after

copolymerization were dried to form thermoset elastomers of thickness 0.3 - 0.45 mm

(Figure 2-4c).

2.1.3.2 Synthesis of a non-protein containing control

A crosslinked polymer-only control was synthesized in the absence of proteins by

adding poly(ethylene glycol) diacrylate (PEGDA) crosslinker to HPA in ultrapure water at

HPAto PEGDA mole ratio of 500:1. Polymerization was carried out at the same monomer,

initiator, and catalyst concentration as described in Section 2.1.3.1 and dried in the same

manner as the protein containing samples.

2.1.3.3 Polymerization of zein-poly(acrylate) in alcohol based solvents

A similar free radical polymerization strategy was adopted in the preparation of zein-

based thermosets. Corn zein is a mixture of storage proteins found in maize endosperm

that are insoluble in water but are soluble in alcohol-water mixtures8. The protein

modification and copolymerization steps were performed in 90:10 ethanol:water mixtures

in the same manner as described for whey protein. Ethyl acrylate, a non-water soluble

monomer, was selected to make up the rubbery chains in the mixture. Elastomers were

obtained after the removal of solvent and unreacted monomer. Note that ethyl acrylate

has an odor threshold as low as 1.3 ppb. Its vapor is readily detectable at 1 ppm and is

moderately irritating at 4 ppm, as indicated by safety data sheets. The monomer was

only handled in the fume hood, and all items contaminated with the monomer were
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disposed of in dedicated waste containers. The wet polymerized samples were dried in

vacuum ovens at full vacuum (-10 Torr) without heating over a few days. Films were

removed from the vacuum oven when they appeared dry. Cold traps were disassembled

and decontaminated in fume hoods before they were returned to service.

Interestingly, the material not only exhibited good mechanical properties, but can also

form well-ordered microstructures. In-situ small angle x-ray scattering (SAXS)

measurements taken as the samples were heated and cooled show the presence of

ordered nanostructures in the material prior to heating (Figure 2-5). At higher

temperatures, the domain spacing increases until a point where the material ceases to

be ordered. Disruption of the nanostructures is irreversible, as shown in the featureless

spectra as the material is cooled. While these materials had interesting properties, efforts

to investigate this material were discontinued due to difficulties in handling the highly

irritating ethyl acrylate. In addition, chemical characterization of zein is challenging due

to its low solubility in aqueous solvents and its gluten-like texture when precipitated.
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Figure 2-5. SAXS curves for zein-poly(ethyl acrylate). Significant changes in domain

spacing occurs when the material was heated above 125 °C. The material became

irreversibly disordered at high temperatures.

2.1.4 Preparation of protein-based thermosets through melt polymerization

Materials. Surfactants QS-44, Triton XN-45S, Triton QS-15, Triton XQS-20, Ecosurf SA-

9, Triton BG-10, and Tergitol NP-20 were gifts from Dow Chemical. Benzalkonium

chloride, cetylpyridinium chloride and Triton X-100 were obtained from MP Biomedicals,

Spectrum Chemical Mfg Corp, and Alfa Aesar respectively. Poly(ethylene glycol)

nonylphenyl sulfopropyl ether, sodium docusate (AOT), vinylimidazole,

chloromethylstyrene, bromododecane, dimethylhexadecylamine, n-butyl acrylate,

poly(ethylene glycol) methyl ether acrylate (average Mn: 480), and azobisisobutyronitrile

were purchased from Sigma-Aldrich. Tert-butyl peroxyacetate was purchased from Acros

Organics.
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2.1.4.1 Preparation of protein-surfactant complexes

Protein-surfactant complexes were prepared for the synthesis of melt polymerizable

protein-polyacrylate thermosets. Proteins were first dissolved in ultrapure water, or 90:10

ethanol:water for zein, to make 10 wt% protein solutions, followed by the addition of

surfactant at the desired protein to surfactant mass ratio. The mixtures were vortex mixed

or stirred until homogeneous and lyophilized. Complexes with polymerizable proteins

were also prepared in a similar manner, where proteins modified with methacrylic

anhydride as described in Section 2.1.2 were mixed with surfactant without intermediate

purification steps. At some protein to surfactant mole ratios, the protein-surfactant

complexes may precipitate out of solution. Further stirring or heating does not

significantly improve solubility. This ratio may correspond to a stoichiometric ratio of

protein net charge and the oppositely charged surfactant, and the ratio is a function of pH

and ionic strength. Further addition of surfactant resolubilizes the protein, which has been

observed previously in mixtures of polyelectrolytes and ionic surfactants9. For protein-

surfactant suspensions that were not fully solubilized, the lyophilized mixture was further

dry mixed with either a spatula or mortar and pestle before polymerization and

characterization. Zein-surfactant mixtures were dried under air flow in a fume hood.

2.1.4.2 Melt polymerization of protein-surfactant-monomer mixtures

Acrylate monomers were passed over basic alumina to remove inhibitors. Monomers

used in melt polymerization studies include n-butyl acrylate and poly(ethylene glycol)

methyl ether acrylate. To prepare the copolymer, the protein-surfactant complexes were

heated to 110 °C in 20 mL scintillation vials, and the selected comonomer was added at

the desired monomer to complex mass ratio. Monomers were mixed with the protein-
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surfactant complexes by heating and intermittent manual stirring with a spatula until

homogeneous. While heating, vials were covered with aluminium foil to prevent

excessive monomer evaporation. The three component mixtures may appear as

transparent or opaque viscous pastes, or remain powder-like, depending on the ratios of

the components and their melting points. The homogeneous mixtures were removed

from heat, and the initiator t-butyl peroxyacetate (50 wt% in mineral oil) was added at an

initiator to monomer mole ratio of 1:80 with manual stirring.

Copolymers were polymerized into the form of sheets using a heated Carver hydraulic

press. The homogeneous mixtures containing protein, surfactant, comonomer, and

initiator were placed into a flat aluminum mold sandwiched between Teflon liners (Figure

2-6) and transferred to a hydraulic press heated to 120 0C. Note that the mold was

overloaded such that the material filled the cavity entirely and was uniformly pressed.

Mixtures were polymerized under a pressure of 6.9 MPa for 30 minutes. After

polymerization, the copolymers were cooled to room temperature under pressure,

removed from the mold, and equilibrated at various relative humidity conditions for at least

72 hours prior to mechanical characterization. For materials that are too brittle when dry,

removal of material from the mold and cutting into dumbbell specimens were performed

after equilibration with humidity for -1 day.
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Figure 2-6. Aluminum mold used for melt polymerization. For a cavity size of 2.5 by 5

in, total mass of 6.5 g was typically loaded.

2.1.4.3 Melt polymerization of non-protein containing control

A crosslinked poly(butyl acrylate) control was prepared by mixing n-butyl acrylate,

crosslinker butanediol diacrylate, and azobisisobutyronitrile at a monomer to crosslinker

to initiator mole ratio of 300:1:3.75. The mixture was pipetted in between two rectangular

glass plates with a 1 mm rubber gasket spacer (Figure 2-7), which were held together

with binder clips and immersed into a 70 °C water bath. Polymerization proceeded for 30

minutes. The crosslinked polyacrylate rubber was peeled off from the plates.

Glass plate

1 mm silicone
rubber

Glass plate

Figure 2-7. Setup for melt polymerization of chemically crosslinked poly(butyl acrylate).

The glass plate-rubber spacer-glass plate setup was held together by binder clips.
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2.1.4.4 Visual inspection of protein-surfactant-monomer mixtures and ternary diagram

construction

Dispersibility and miscibility of protein, surfactant, and vinyl monomer blends were

determined by visual inspection. Dispersibility was determined by mixing the dried

protein-surfactant complexes with monomers at the desired ratios at 110 °C. Mixtures

were deemed dispersible if the monomer did not form a macrophase separated liquid

layer after vigorous manual stirring at high temperatures. Only dispersible mixtures were

further polymerized.

To determine miscibility, the protein-surfactant complexes and monomer were also

mixed at the desired ratios at 110 °C. A ternary diagram for whey protein, benzalkonium

chloride, and n-butyl acrylate (Figure 2-8) was constructed based on the miscibility at

room temperature, with an additional criterion that the mixture had to be optically

transparent to be designated as miscible. Mixtures that were visually heterogeneous,

opaque or macrophase separated after cooling to room temperature were labelled

immiscible. At low acrylate comonomer concentrations, mixtures appeared more solid-

like and were compression molded for miscibility determination. Mixtures that formed

optically transparent films were classified as miscible.
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Figure 2-8. Ternary diagram depicting ratios of whey protein, benzalkonium chloride,

and n-butyl acrylate that resulted inmiscible andimmiscible mixtures. Miscibility

determination was performed at room temperature.

2.1.4.5 Synthesis of polymerizable surfactants

(a)

+ H3 N CH 2(CH2)14CH 3
N,

H 3C(H2C) 14H2C 'CH 3  H CH3

(b)
Br-

N N
N + CnH2n+ 1Br W

N CnH2n+1

Scheme 2-2. (a) Synthesis of a quaternary ammonium benzalkonium-like surfactant with

a vinyl group. (b) Synthesis of a vinylimidazolium based surfactant, n = 12.

Polymerizable surfactants with vinyl bonds were investigated as an approach to

reduce free plasticizer content. Polymerizable cationionic quaternary ammonium and

imidazolium surfactants were prepared using the Menshutkin reaction, as shown in
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Scheme 2-2. A benzalkonium chloride-like surfactant, vinyl

benzyldimethylhexadecylammonium chloride, was synthesized using a procedure

modified from the work of Aoyagi et alO. 10.4 g of dimethylhexadecylamine was added

to 5 g of chloromethylstyrene dropwise at 0 °C while stirring. The reaction was stirred

overnight at room temperature. The mixture turned from being a liquid to a viscous solid

suspension and then finally fully solidified. Solids were removed from the flask and

recrystallized in 200 mL acetone by heating up the mixture until fully dissolved and

cooling down to form crystals. 'H NMR (CDCl, 6/ppm) 7.63 (m, 2H, 2Hs at 3- and 5-

positions of the phenyl ring), 7.48 (m, 2H, 2Hs at 2- and 6-positions of the phenyl ring),

6.73 (dd, 1H, CH2=CH-Ph), 5.84 (d, 1H, HCH=CH-Ph), 5.39 (d, 1H, HCH=CH-Ph), 5.08

(s, 2H, Ph-CH2 -N+), 3.50 (m, 2H, -N+-CH 2-CH2-),3.33 (s, 6H, N+-(CH 3)2), 1.28 (m, 28H,

NCH2-(CH 2)14-CH3), 0.90 (t, 3H, H2-2-CH3). The residual undeuterated solvent peak was

used as a reference.

b e f h j i i i i i i

H dN CH J

H
C
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tN N~ toD N M
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Figure 2-9. 1H NMR spectrum of vinyl benzydimethylhexadecylammonium chloride.
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Vinylimidazole based surfactants with different alkyl chain lengths were also prepared

(Scheme 2-1b), using a procedure adapted from the work of Marcilla et alii. 1-vinyl-3-

dodecaneimidazolium bromide (n=12) was synthesized by adding 50 g of

bromododecane dropwise to 18.9 g of vinylimidazole in a round bottom flask while stirring

in an ice bath. The mixture was heated up to 40 °C and allowed to react overnight. The

resulting yellowish solid was washed with cold (-20 °C) ethyl acetate. Solids were

removed by vacuum filtration. Multiple passes with frequent changes of filter paper was

necessary due to the high viscosity of the suspension. 1 H NMR (CDCl3, 6/ppm) 11.06 (s,

1H, N-CH-N), 7.67 (s, 1H, N-CH=CH-N), 7.49 (dd, 1H, CH2=CH-N), 7.39 (s, 1H, N-

CH=CH-N), 5.93 (dd, 1H, HCH=CH-N), 5.41 (dd, 1H, HCH=CH-N), 4.38 (t, 2H, N-CH2-

CH2-), 1.94 (m, 2H, N-CH2-CH 2-CH2-), 1.28 (m, 18H, N-CH2-CH2-(CH 2)9-CH3),0.86 (t, 3H,

-CH2-CH3).
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Figure2-10. 1H NMR spectrum of 1-vinyl-3-dodecaneimidazolium bromide.
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2.2 Synthesis of Protein-based Thermoplastics

Linear protein-copolymers were synthesized using grafting-from polymerization with

protein macroRAFT (reversible addition-fragmentation chain transfer) agents. The

protein was site-specifically modified to form a keto-protein using pyridoxal 5'-phosphate

(PLP) mediated N-terminus transamination, as described in detail elsewhere12-. Protein

reactive RAFT agents with aminooxy functional groups were synthesized using a method

modified from Dong et al.15 , and combined with the keto-protein via oxime formation.

Specific procedures for each are described below.

2.2.1 Synthesis of keto-proteins via N-terminus transamination

Materials. Pyridoxal-5'-phosphate (PLP), N-methylpyridinium-4-carboxaldehyde

(Rapoport's salt), and aminooxy-5(5)-FAM were purchased from Chem-Impex

International, Alfa Aesar, and Biotium respectively.

16 g whey protein isolate was dissolved in 80 mL ultrapure water. A PLP stock

solution was prepared by adding 1.7 g PLP and 1.2 mL 10 M sodium hydroxide to 40 mL

ultrapure water. The PLP solution was vortexed and/or sonicated to ensure complete

dissolution of the solids. Both solutions were combined, and the pH was adjusted to 6.5.

The solution was stirred at 50 0C for 2 hours. This represents one of the possible

conditions for protein modification, and these conditions can be further optimized for each

new protein. PLP may be substituted with other transamination reagents such as N-

methylpyridinium-4-carboxaldehyde (Rapoport's salt)12 , and the reaction temperature,

time, pH, and concentration of aldehyde reactants are among parameters that may be

varied.
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Scheme 2-3. Formation of a ketone group on the protein N-terminus.

PLP was removed using size exclusion methods such as dialysis, diafiltration, or

centrifugal ultrafiltration. As much of the excess transamination agent should be removed

as possible, as the aldehyde group is reactive towards the aminooxy-terminated RAFT

agent and can reduce yield in the subsequent reaction. As PLP is yellow, extent of its

removal can be determined visually or by UV spectroscopy. For a batch size of 16 g

(protein dry weight), the protein solution was loaded into dialysis bags (MWCO: 12-14

kDa), and placed into at least 16 L of water/buffer, with at least 4 changes of deionized

(DI) water, 3 changes of 25mM ammonium bicarbonate, and finally 7 changes of DI water.

The UV absorbance spectra of dialyzed protein, dialysate, and PLP solution are shown

in Figure 2-11. Small peaks centering around 335 nm and 425 nm were observed in the

dialyzed protein solution, suggesting that small amounts of PLP remained after dialysis.

Excess protein reactive RAFT agent was therefore added in subsequent reactions.

Alternatively, diafiltration can be performed with a crossflow Vivaflow 200 (MWCO: 2000,

Sartorius) cartridge. Flow into the cartridge was driven with a peristaltic pump, and the

retentate was recirculated. Water was added intermittently to the retentate to replace

volume lost to filtrate. Diafiltration was performed until filtrate no longer appears yellow

visually. For small reaction scales, centrifugal ultrafiltration with Amicon Ultra-15

centrifugal filter units (EMD-Millipore) can also be used. This is advantageous for small

reaction scales, particularly as the long wait times required for dialysis can be eliminated.

Centrifugal ultrafiltration runs were repeated until the filtrate no longer appears yellow
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visually. However, it can quickly become labor intensive and expensive as the amount of

material to purify increases.

3.0 1

2.5 - Dialysate
- Whey-PLP

4 2.0 - Unmodified WPI
PLP solution (pH 4)

1.5 - PLP solution (pH 10)

1.0 -
< 1.0

0.5

0.0-
300 400 500 600

Wavelength (nm)

Figure 2-11. UV absorbance spectra of dialyzed whey-PLP, dialysate, unmodified whey

protein isolate, and PLP solution at pH 4 and pH 10. Black arrows indicate additional

absorbance peaks possibly from PLP impurities in the dialyzed keto-whey protein.

Oxidation of the protein N-terminus results in a molecular weight change of -1 Da

(Scheme 2-3). This can be detected by LC-MS with mass spectral deconvolution (Figure

2-12) but may be within the margin of error. Formation of covalent adducts of PLP to the

N-terminus through aldol addition can also occur, which may alter the protein's reactivity

towards alkoxyamines13 . However, significant fractions of side reaction products were

not detected in by LC-MS. The unchanged molecular weight of a-lactalbumin suggests

that this protein species may be unmodified.
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Figure 2-12. Original (a) and deconvoluted (b) mass spectra for unmodified and PLP

modified whey protein, showing a mass change of -1 Da in peaks corresponding to p-

lactoglobulin. Deconvolution parameters for low molecular weight cutoff, high molecular

weight cutoff, maximum charge and abundance cutoff are 10,000 Da, 50,000 Da, 20, and

20% respectively.

The conversion of N-terminus amine to a ketone or an aldehyde can be tested

indirectly with proxy alkoxyamines, for example by reacting the keto-protein with 2-

(aminooxy)ethanol, which results in a change in molar mass of +59 Da that can be

detected by LC-MS with mass spectral deconvolution. In addition, conjugation to an

aminooxy-terminated dye, aminooxy-5(5)-FAM, can also provide visual and qualitative
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confirmation, and may be useful for screening reaction conditions. An example of a dye

conjugation reaction is as follows: the dye was first dissolved in methanol to make a stock

solution. 1.5-fold stoichiometric excess of the dye was added to the 10 wt% protein

solution, which was then adjusted to pH 2, 3, or4 and heated up to 50 °C overnight. Keto-

proteins conjugated to the dye can be detected by fluorescence imaging of protein

electrophoresis gels (Figure 2-13). However, as the macroRAFT alkoxyamine is fairly

straightforward to synthesize (Section 2.2.2) and is the target of interest, the use of proxy

alkoxyamines to obtain reaction conversions is deemed unnecessary for water soluble

proteins, and the yields are not quantified.

The dye conjugation approach may be useful for analyzing non-water soluble proteins

that are challenging for LC-MS methods, such as zein. Keto-zein was synthesized in a

solution comprised of roughly 70% methanol and 30% water. PLP was first dissolved in

a sodium hydroxide solution, and then added to the zein solution such that the fraction of

water in the final solvent mixture was at 30%. Formation of keto-zein was confirmed by

conjugating the protein to aminooxy-5(5)-FAM in a solution of 70% methanol and 30%

water at ambient conditions. The presence of fluorescent zein observed by SDS-PAGE

(Figure 2-13b) qualitatively confirms that the PLP transamination reaction occurred, and

reaction conversions can be further quantified if zein is the protein of interest for preparing

the protein macroRAFT agent.
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Figure 2-13. SDS-PAGE showing PLP modified keto-whey protein (a) and keto-zein (b)

conjugated with aminooxy-5(6)-FAM. The dye has an excitation wavelength of 494 nm

and an emission wavelength of 521 nm (from manufacturer). The fluorescence images

were first taken using a Gel Doc XR+ Imager, before the gels were stained with

Coomassie Blue for visualizing all protein bands. Conjugation of keto-whey to the dye

can occur in a broad range of pH, as fluorescent bands were observed for reaction pH's

of 2, 3, and 4.

2.2.2 Synthesis of aminooxy terminated RAFT agent

Materials. Ethanethiol, carbon disulfide, 4-(Dimethylamino)pyridine (DMAP),

tetraethylene glycol (TEG), trifluoroacetic acid, hydroxyethyl acrylate, and poly(ethylene

glycol) methyl ether acrylate were obtained from Sigma-Aldrich, while 2,2'-Azobis[2-(2-
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imidazolin-2-yl)propane] dihydrochloride (VA-044) was purchased from Wako Pure

Chemical Industries. N-(3-Dimethylaminopropyl)-N'-ethylcarbodiimide hydrochloride

(EDC.HCI) and (boc-aminooxy)acetic acid were purchased from Chem-Impex

International.

An aminooxy terminated 2-(ethylthiocarbonothioylthio)-2-methylpropionic acid (EMP)-

based RAFT agent was prepared for the synthesis of protein macroRAFT agents. The

synthesis was modified from a previously reported procedure 15. Details of the synthetic

procedure are provided below.

(a)
s 0) s

S S OH /O O OOH

o 0

(b) 2

s 0 OH O -'J'O ON

3

(C)

S H

o 0 0

S

- S S3 O O O NH,
O 00 0

4

Scheme 2-4. Synthetic route for the preparation of protein reactive alkoxyamine RAFT

agent. (a) Synthesis of hydroxyl-terminated chain transfer agent 2 from EMP (1): (i) TEG,

DMAP, EDC.HCI, dichloromethane; (b) Synthesis of boc-protected, aminooxy chain
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transfer agent 3: (ii) (boc-aminooxy)acetic acid, DMAP, EDC.HCI, dichloromethane; (c)

Synthesis of aminooxy-RAFT agent 4: (iii) trifluoroacetic acid, dichloromethane.

2-(ethylthiocarbonothioylthio)-2-methylpropionic acid (EMP) (1)

2-(ethylthiocarbonothioylthio)-2-methylpropionic acid (EMP) was synthesized using a

procedure used in the work of Suguri et a1 16. First, 22.8 g tribasic potassium phosphate

monohydrate was added to 500 mL acetone and stirred for 1 hour at ambient conditions.

8 g ethanethiol was then added to the suspension, and the mixture was stirred for 20 min.

22.8 g carbon disulfide was then added dropwise and stirred for another 20 min. The

solution turned yellow. Finally, 16.7 g 2-bromoisobutyric acid was added, and the reaction

mixture was left stirring at room temperature overnight.

The next day, acetone was removed by rotary evaporation. The yellow product and

salt were redissolved in roughly 500 mL dichloromethane and transferred to a separatory

funnel. Next, the product was washed twice with 500 mL 1 M hydrochloric acid, once with

500 mL water, and once with 500 mL brine. Finally, the product was dried over anhydrous

magnesium sulfate and filtered, and the solvent was removed using a rotary evaporator.

The crude product appears as a viscous orange oil, and was analyzed by NMR. 1H NMR

(CDCl3, 6/ppm): 3.29 (q, 2H, -SCH 2CH3), 1.72 (s, 6H, -(C=O)C(CH 3)2S-),1.33 (t, 3H, -

SCH2CH 3).
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Figure 2-14. 1H NMR spectra of RAFT agent EMP (1).

Hydroxyl functionalized RAFT agent EMP-TEG (2)

2.5 g EMP (1), 409 mg 4-(Dimethylamino)pyridine (DMAP), 10 mL dichloromethane,

and an excess of tetraethylene glycol (10 mL) were added to a three neck flask. After

stirring for 10 min in an ice bath under nitrogen flow, 4.8 g EDC.HCI was added to the

flask. The reaction mixture was stirred overnight under nitrogen and left at room

temperature. Formation of the product was qualitatively confirmed by thin layer

chromatography (TLC) (Figure 2-16a). The crude product was diluted with -200 mL of

dichloromethane, washed thrice with 250 mL water, thrice with 250 mL brine, dried over

anhydrous magnesium sulfate, and finally filtered and concentrated by rotary evaporation.

The crude product appears as a viscous orange oil, and was analyzed by NMR. 1H NMR

(CDCl3, b/ppm): 4.28 (t, 2H, -(O=C)OCH 2CH20-), 3.67 (m, 14H,

HO(CH2CH20)3CH2CH20-), 3.29 (m, 2H, -SCH 2CH3), 1.72 (s, 6H, -(C=)C(CH)2S-),

1.30 (t, 3H, -SCH2CH3). The crude product was not further purified or extensively dried,
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resulting in numerous impurity peaks in the NMR spectrum (Figure 2-15). The yield of

RAFT agent 2 was not calculated as it was not extensively purified.
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Figure 2-15. 1 H NMR spectra of RAFT agent EMP-TEG (2).

Boc-protected aminooxy-functionalized RAFT agent (3)

4 g (boc-aminooxy)acetic acid, 3.84 g RAFT agent 2, and 352 mg DMAP were

dissolved in 10 mL dichloromethane in a three neck flask. After stirring for 10 min in an

ice bath under nitrogen flow, 4.6 g EDC.HCI was added to the flask. The reaction mixture

was stirred overnight under nitrogen and allowed to warm up to room temperature.

Formation of the product was qualitatively confirmed by thin layer chromatography (TLC)

(Figure 2-16a). The crude product was diluted with -200 mL of dichloromethane, washed

thrice with 250 mL water, once with 250 mL brine, dried over anhydrous magnesium

sulfate, filtered, concentrated by rotary evaporation, and further purified via silica gel

chromatography using an Isolera One Biotage system. The viscous product was applied

onto two Biotage samplet cartridges, which were dried under air flow and then inserted
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into two 100 g SNAP KP-SIL columns, with hexane and ethyl acetate as the mobile phase.

Solvent ratios and UV absorbance elution profile are shown in Figure 2-16b. The product

(yellow peak in chromatogram) was collected and concentrated via rotary evaporation.

1H NMR (CDCl3, 6/ppm): 7.91 (s, 1H, -NHO-), 4.48 (s, 2H, -NHOCH2-), 4.36 (t, 2H, -

(O=C)OCH 2CH20-), 4.28 (t, 2H, (O=C)OCH 2CH20-), 3.68 (m, 12H, -

OCH2CH 2(OCH 2CH2 )20CH 2CH20-), 3.31 (m, 2H, -SCH2CH3), 1.72 (s, 6H, -

(C=O)C(CH 3)2S-), 1.50 (s, 9H, -OC(CH3)3), 1.35 (t, 3H, -SCH2CH 3). Yield: 0.35 mol RAFT

agent 3 per mol of EMP.

Aminooxy-terminated RAFT agent (4)

0.28 g RAFT agent 3 was redissolved in -2 mL of dichloromethane. Boc-deprotection

was carried out with 1 mL of TFA at ambient conditions overnight. The next day, residual

solvent and TFA were removed by blowing nitrogen gas over the mixture. 1H NMR (CDC3,

5/ppm) 4.53 (s, 2H, NH20CH2-), 4.34 (t, 2H, -(O=C)OCH 2CH20-), 4.28 (t, 2H, -

(O=C)OCH 2CH20-), 3.72 (m, 12H, -OCH2CH 2(OCH 2CH 2)20CH 2CH20-), 3.31 (m, 2H, -

SCH 2CH3), 1.72 (s, 6H, -(C=O)C(CH 3)2S-), 1.34 (t, 3H, -SCH2CH3). The product, which

appears as a yellow oil, was not extensively dried, but was redissolved in dimethyl

sulfoxide (DMSO) and used in conjugation reactions with keto-proteins within the same

day. The yield of RAFT agent 4 was not calculated as the product was not extensively

dried.
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Figure 2-16. (a) TLC results for a mixture of EMP and tetraethylene glycol (Lane A),

EMP-TEG (2) crude product (Lane B), and boc-protected aminooxy-terminated RAFT

agent (3) crude product (Lane C). TLC ran with 2:1 ethyl acetate: hexanes. (b) Biotage

silica gel chromatography run for boc-protected, aminooxy-functionalized RAFT agent 3.

Purification was carried out using n-hexane as solvent A and ethyl acetate as solvent B

at a flow rate of 100 mL/min. UV absorbance and percent solvent B (blue line) shown as

a function of column volume. The elution gradient was as follows: 0 CV, 10% B; 5 CV,

16% B; 6 CV, 16% B; 13 CV 100% B, 21.2 CV, 100% B. Fractions 18-41 collected and

combined.
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Figure 2-17. 1H NMR spectra of aminooxy-functionalized RAFT agent (a) before and (b)

after boc-deprotection.

Aminooxy-terminated RAFT agent with ethylene glycol as linker

A RAFT agent with an ethylene glycol linker was also synthesized. All procedures

were similar, except the step for preparing the hydroxyl-terminated molecule. Instead of
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tetraethylene glycol, ethylene glycol was used as both a reactant and a solvent.

Reactants used were 2.5 g EMP (1), 409 mg 4-(Dimethylamino)pyridine (DMAP), 0.5 mL

dichloromethane, an excess of ethylene glycol (20 mL), and 4.8 g EDC.HCI. The boc-

protected RAFT agent was also purified via silica gel chromatography using the Isolera

One Biotage system. Elution profile and solvent ratios are shown in Figure 2-18. The

product (orange peak) was combined and collected. Finally, the concentrated RAFT

agent was deprotected in dichloromethane with TFA overnight. Excess TFA and solvent

were removed by blowing nitrogen gas over the product. 1H NMR (CDCl, 6/ppm) 4.69

(s, 2H, NH20CH2-), 4.39 (m, 4H, -OCH 2CH20-), 3.27 (m, 2H, -SCH 2CH3), 1.67 (s, 6H, -

(C=O)C(CH)2S-), 1.31 (t, 3H, -SCH2CH). The deprotected RAFT agent was used within

a day after deprotection. Yield was not calculated as the RAFT agent was not extensively

dried.

Figure 2-18. TLC results for EMP-ethylene glycol (left) and boc-protected aminooxy-

terminated RAFT with ethylene glycol linker (right). TLC ran with 1:2 ethyl acetate:

hexanes. Biotage silica gel chromatography run for boc-protected RAFT agent with
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ethylene glycol as linker. Purification was carried out using n-hexane as solvent A and

ethyl acetate as solvent B at a flow rate of 100 mL/min. The elution gradient was as

follows: 0 column volume (CV), 8% B; 5 CV, 8% B; 20 CV, 66% B; 22 CV 66% B.

Fractions 48-63 collected and combined.
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Figure 2-19. H NMR spectra of aminooxy-functionalized RAFT agent with ethylene

glycol as linker.

2.2.3 Synthesis of protein macroRAFT agent with oxime chemistry

6.5 g of the lyophilized keto-whey protein was dissolved in water, while 1.66 g of the

aminooxy-terminated EMP-tetraethylene glycol RAFT agent was dissolved in 3.25 mL

DMSO. The RAFT agent in DMSO was added to the protein solution. Solution pH was

checked, and further acidified to pH 2. The reaction was performed at room temperature

overnight. Conditions should be reoptimized for proteins other than whey protein, as not

all proteins remain solubilized at these conditions.
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Attachment of the RAFT agent to the protein was confirmed using liquid

chromatography-mass spectrometry (LC-MS). Because absorbance in the whole UV

spectrum is tracked during each LC-MS run, the protein macroRAFT absorption spectrum

can be obtained before purification is performed. UV absorbance at 310 nm confirmed

the presence of attached trithiocarbonate groups, while the absorbance at 280 nm

enabled tracking of proteins as they elute (Figure 2-20a). Estimation of reaction yield was

obtained from the deconvoluted mass spectrum (Figure 2-20b-c). Conjugation of the

RAFT agent adds 455 Da (tetraethylene glycol linker) or 323 Da (ethylene glycol linker)

to the molecular weight of the protein. About half of the main component in whey, p-

lactoglobulin, was observed to be modified with a single RAFT agent. The second most

abundant protein, a-lactalbumin, elutes earlier and appears to be unmodified both from

the molecular weight calculations and from the lack of UV absorbance at 310 nm. Details

on mass spec. deconvolution and peak assignment are shown in Table 2-1. As the

presence of the free protein does not negatively impact the grafting-from polymerization,

it was not removed to avoid difficulties and yield losses associated with purification.

To avoid side reactions, no solvents containing ketones or aldehydes should be used.

DMSO was selected as it improved solubility of the RAFT agent in aqueous solutions,

while maintaining protein solubility. Ethanol and methanol can be used, but have been

observed to cause whey protein gelation during the conjugation reaction.
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Figure 2-20. LC-MS results for the whey protein macroRAFT agent. (a) UV absorbance

and mass spec counts monitored with elution time. Proteins have an absorbance

maximum at 280 nm, while the RAFT agent trithiocarbonate group absorbs at 310 nm.

(b) Deconvoluted and raw mass spectrum averaged from 4.73 min to 4.83 min, where a-

lactalbumin elutes. Reaction products with relative abundance of 20% or lower were not

included in the deconvolution results. No conjugated protein detected. (c) Deconvoluted

and raw mass spectrum averaged from 4.83 min to 6.3 min, where P-lactoglobulin elutes.

Reaction products with relative abundance of 40% or lower were not included in the

deconvolution results. Summing over the 7 most abundant protein species, roughly 54 %

84

(a)

CU~
0

(n

4.5 5.0 5.5

Time (min)

(c)

.0

C/)

0

in

(b)
Mass spectrum
4.73 - 4.83 min

Deconvoluted
0% with RAFT agent

-

o

.



of the protein was singly modified with the RAFT agent.

modified protein are shown in blue.

Ion peaks corresponding to

Table 2-1. Molar masses of a-lactalbumin eluting between 4.73 and 4.83 min, and p-

lactoglobulin eluting between 4.83 and 6 min. Mass spectral deconvolution of LC-MS

data was performed with limits for low molecular weight, high molecular weight, and

maximum charge set at 10,000 Da, 30,000 Da, and 20 respectively. Abundance cutoff

was set to 20% for a-lactalbumin and 40% for p-lactoglobulin.

a-lactalbumin
Molecular Weight (Da) Possible identity Relative

Abundance
14158 Unmodified a-lactalbumin 100
14177 Unmodified a-lactalbumin + water adduct 50
14423 a-lactalbumin + PLP + water adduct, no 21

RAFT agent attached
P-lactoglobulin
Molecular Weight (Da) Possible identity Relative

Abundance
18816 P-lactoglobulin with 1 attached RAFT 100

agent
18711 p-lactoglobulin with 1 attached RAFT 83

agent
18360 Unmodifiedp-lactoglobulin 65
18730 P-lactoglobulin with 1 attached RAFT 56

agent + water adduct
18432 p-lactoglobulin involved in side reaction, 49

no RAFT agent attached
18275 Unmodified p-lactoglobulin 46
18625 p-lactoglobulin with PLP + water adduct, 44

no RAFT agent attached

Purification was performed by size exclusion methods toremove the free RAFT agent.

Protein macroRAFT agents were dialyzed into at least 0.5 L water per gram protein with

7 changes of water, until no free RAFT agent is detected in the dialysate by UV
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absorbance at 310 nm. Centrifugal ultrafiltration can be performed with Amicon Ultra-15

centrifugal filter units (EMD-Millipore) if the reaction scale is small. The protein

macroRAFT agent solution is loaded into the filter unit and centrifuged at 4,000 x g in a

TX-750 (Thermo Scientific) swinging bucket rotor for 30 mins. The filtrate was then

discarded, water was added to the retentate to reconstitute the protein solution, and the

sample was returned to the centrifugation process. This was repeated until the dialysate

no longer has a faint yellow color from the free RAFT agent. Care should be taken as the

protein may gel if its concentration increases above 250 mg/mL.

2.2.4 Grafting-from polymerization

6 g whey protein macroRAFT agent was dissolved in 120 mL water in a 300 mL round

bottom flask, and the pH was adjusted to -2 using 6 M hydrochloric acid. 12 mL

hydroxyethyl acrylate (HEA) and 80.4 mg initiator VA-044 were added to the flask, which

was immersed in an ice bath. The mixture was purged with nitrogen while stirring in an

ice bath for an hour, and then placed in oil bath at 50 °C. After 2 hours, the polymerization

was quenched by exposure to air. The copolymer was then lyophilized, and characterized

using sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and size

exclusion chromatography (SEC) (Figure 2-21).
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Figure 2-21. (a) SDS-PAGE results comparing free protein, a blend, and the diblock

copolymer. Lane 1: ladder, Lane 2: whey protein, Lane 3: whey protein - PHEA physical

blend, Lane 4: whey protein - PHEA diblock copolymer. Unconjugated monomeric and

dimeric forms of a-lactalbumin and p-lactoglobulin indicated. (b) SEC traces for free

protein (Lane 2), copolymer (Lane 4), and blend (Lane 3). Light scattering and UV

absorbance at 280 nm shown, where the UV wavelength was selected for protein

detection.

Polymerization and storage conditions should be chosen to minimize degradation of

the RAFT agent. EMP-based small molecule RAFT agents and the protein macroRAFT

agent were dried and stored at -20 °C when not in use. In solution, the trithiocarbonate

is susceptible to aminolysis 17 particularly when deprotonated primary amines on proteins

are present. Effects of pH on a mixture of free RAFT agent and protein incubated for

various durations are shown in Figure 2-22a, where the UV absorbance at 310 nm was
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monitored. The trithiocarbonate absorbance decreases with a larger magnitude at higher

pH's, higher temperatures, and longer incubation times. During grafting-from

polymerization in solution, the loss of active chains particularly from the presence of

primary amines was minimized by performing the reaction under acidic conditions (pH 2),

and minimizing reaction time (2 hr). In addition, the protein macroRAFT agent has also

been observed to degrade within weeks to the point of being inactive if stored as a solution

at 4 °C, leading to no formation of copolymer (Figure 2-22b). After storage at -20 °C as

lyophilized powder for 1 month, small decreases in the absorbance at 310 nm relative to

absorbance at 280 nm were also observed (Figure 2-22c), but the protein macroRAFT

agent was still functional.

2.3 Synthesis of Multi-L-Arginyl-Poly-L-Aspartate (Cyanophycin) in Recombinant

Escherichia coli

2.3.1 Recombinant expression

A previously-engineered cyanophycin synthetase-encoding gene 18 (denoted here as

cphA6 3o8A1) from Synechocystis sp. PCC6308 that showed enhanced cyanophycin

production was used in this study. All cloning work were performed by N. A. Khlystov and

A. M. Kunjapur. cphA63eAlwas codon-optimized for expression in Escherichia co/i (E.

colil) (GenScript), and the optimized gene sequence is shown below. Ncol and AfIll

restriction enzyme sites were included upstream and downstream of the open reading

frame respectively. Molecular biology techniques were performed according to Sambrook

and Russell 19, unless stated otherwise. Cloning and vector propagation were performed

in E. coli DH10B (Invitrogen).
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Figure 2-22. (a) UV absorbance spectra of free RAFT agent incubated with protein at

60 °C and at ambient conditions. Absorbance at 310 nm indicated by black arrows

appears to decrease more rapidly when solution pH is high, suggesting that the

trithiocarbonate group is degrading at a faster rate in basic conditions. (b) SDS-PAGE

showing formation of copolymers (indicated in red box) when freshly reconstituted protein

macroRAFT agent was used in grafting-from polymerization. On the other hand, no

formation of copolymer was observed when a protein macroRAFT agent solution stored
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at 4 °C for 2 weeks was used. (c) LC-UV chromatogram of freshly reconstituted protein

macroRAFT agent after lyophilization and after 1 month-storage as lyophilized powder in

a -20 °C freezer. The ratio of area under the curve (AUC) at 310 nm to AUC at 280 nm

was observed to decrease with increased storage time. Curves shifted for clarity.

The pMMB206/cphA 63o8A1 plasmid was transformed into BL21(DE3) competent E.

coli (New England BioLabs) for cyanophycin production. 1 pL plasmid was mixed with 50

pL competent cells, stirred gently with a pipette tip, and incubated on ice for 30 min. The

cells were heat shocked at 42 °C for 1 min, and placed back on ice for 10 min. 1 mL

Super Optimal broth with Catabolite repression (SOC) outgrowth media was added to the

cells, which were then incubated at 37 °C for 1 hr. 50 pL cells were plated on a Lysogeny

Broth (LB)-agar plate with chloramphenicol and incubated at 37 °C overnight. A single

colony was added to 70 mL terrific broth (TB) starter culture with 34 pg/mL

chloramphenicol. Starter cultures were grown for 12 hours in 250 mL baffled Erlenmeyer

flasks at 37°C with agitation at 250 rpm in an orbital shaker.

Expression of cyanophycin was carried out in a fermenter with 7 L working volume.

4.5 L of TB medium was prepared by dissolving 214.2 g of granulated terrific broth -

Novagen (Millipore Sigma) and 18 mL of glycerol in 4.5 L water. The media was

supplemented with 1% (v/v) casein hydrolysate and 0.4% (v/v) glucose, and was sterilized

at 121 °C for 60 min in the fermenter using an autoclave. After cooling to 30°C, 4.5 mL

sterile filtered 34 mg/mL chloramphenicol in ethanol and 0.7 mL Antifoam 204 (Sigma)

were added. The fermenter was inoculated with 1% (v/v) starter culture and grown to an

optical density at 600 nm (OD600) of 1.0 before induction with 1 mM isopropyl p-D-1-

thiogalactopyranoside (IPTG). Oxygen was supplied by sparging with air at a flow rate of
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30 L/min under constant agitation at a previously optimized impeller speed, and the pH

was not actively controlled during expression. Cultures were grown for 18-22 hours at

30°C and cells were harvested by centrifugation at 6,371 x g (Fiberlite F10S-6x100 fixed

angle rotor) for 30 min at 4 °C.

Optimized sequence encoding cyanophycin synthetase CphA63oA1 for E. coli

The codon-optimized sequence provided by N. A. Khlystov is as follows:

atgggtatgaaaatcctgaaaacccagaccctgcgtggtccgaattattggagcattcgtcgtcagaaactgattcagatg
cgtctggatctggaagatgttgcagaaaaaccgagcaatctgattccgggtttttatgaaggtctggttaaaattctgccgag
cctggttgaacatttttgtagccgtgatcatcgtggtggttttctggaacgtgttcaagagggcacctatatgggtcatattgttga
acatattgccctggaactgcaagaactggcaggtatgccggttggttttggtcgtacccgtgaaaccagcacaccgggtat
ctataatgttgtgtttgagtatgtgtatgaagaagcaggtcgttacgcaggtcgtgttgcagttcgtctgtgtaatagcattattac
caccggtgcatatggtctggatgaactggcacaggatctgagcgatctgaaagatctgcgtgcaaatagcgcactgggtc
cgagcaccgaaaccattatcaaagaagccgaagcacgtcagattccgtggatgctgctgagcgcacgtgcaatggttca
gctgggttatggtgcaaatcagcagcgtattcaggcaaccctgagcaataaaaccggtattctgggtgttgaactggcctgt
gataaagaaggtacaaaaaccaccctggcagaagccggtattccggttccgcgtggcaccgttatctattatgcagatga
gctggcagatgcaattgccgatgttggtggttatccgattgttctgaaaccgctggatggtaatcatggtcgtggtattaccatt
gatattaacagccagcaagaggcagaagaagcatacgatctggcaagcgcagcaagcaaaacccgtagcgttattgt
ggaacgttattacaaaggtaatgatcaccgtgttctggtgattaatggtaaactggttgcagttagcgaacgtattccggcac
atgttaccggcaatggtagcagcaccattgaagaactgatccaagaaaccaatgaacatccggatcgtggtgatggtcat
gataatgttctgacccgtattagtattgatcgtaccagcctgggtgtgctgaaacgtcagggttttgaaatggataccgttctga
aaaaaggtgaagttgcctacctgcgtgccaccgcaaatctgagcacaggtggtattgcaattgatcgcaccgatgaaattc
atccgcagaatatttggattgcagaacgtgttgcaaaaatcattggcctggatattgcaggtattgatgttgttacaccggata
ttaccaaaccgctgaccgaagttgatggtgtgattgttgaagttaatgcagcaccgggttttcgtatgcatgttgcaccgagc
cagggtctgcctcgtaatgttgccgcaccggttattgatatgctgtttccggataatcatccgagccgtattccgattctggcag
ttaccggtacaaatggtaaaacaaccaccacccgtctgctggcacatatttatcgtcagaccggtaaagttgttggttatacc
agcaccgatggtatttatctgggcgattatatggttgagaaaggcgataataccggtccggttagtgccggtgttattctgcgt
gatccgaccgttgaagttgcggttctggaatgtgcacgtggtggcattctgcgtagcggtctggcatttgaaagctgtgatgtg
ggtgttgtgctgaatgttgcggaagatcatctgggcctgggtgatattgataccattgagcagatggcaaaagtgaaaggtg
ttattgcagaaagcgttaatgccgatggttatgcagttctgaatgcggatgatccgctggttgcacagatggcgaaaaatgtt
aaaggcaaaatcgcctattttagcatgagcaaagataacccgatcatcattgatcatctgcgtcgcaatggtatggcagca
gtttatgaaaatggttacctgagcatttttgaaggtgaatggaccctgcgcattgaaaaagcagaaaatattccggtgacca
tgaaagcaatggctccgtttatgattgcaaatgcactggcagcaagcctggcagcatttgttcatggtattgatattgaactga
ttcgtcagggtgtgcgtagctttaatccgggtgccaatcagacaccgggtcgtatgaacctgtttgatatgaaagattttagcg
tgctgatcgactatgcacataatccggcaggttatctggccgttggtagctttgtgaaaaattggaaaggtgatcgtctgggc
gtgattggtggtccgggtgatcgccgtgatgaagatctgatgctgctgggtaaaattgcaagccagatttttgatcacatcatc
atcaaagaggatgacgataatcgcggtcgtgatcgtggtacagttgcagatctgattgccaaaggtattgttgccgaaaatc
cgaatgcaagctatgatgatatcctggatgaaaccgaagcaattgaaacaggcctgaaaaaagttgataaaggtggtct
ggttgtgatttttcctgaaagcgtgaccggtagcattgaaatgatcgaaaaatatcatctgagcagctaa
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2.3.2 Cyanophycin purification

Cyanophycin was purified using a procedure adapted from the literature . Cell

pellets from each fermentation batch were frozen at -80 °C, thawed, and resuspended in

a total of 275 mL 1.0 M hydrochloric acid for 4 hours at 30 °C with agitation. The acidified

cell mass was pelleted by centrifugation (7,000 x g, 20 0C, 30 min, Fiberlite F13-14x50cy

fixed angle rotor). The acid supernatant was neutralized to pH 7 with sodium hydroxide

and dialyzed extensively against 7 x 4 L ultrapure water at 4 °C, followed by 7 x 4 L 20

mM ammonium bicarbonate at 4 °C, and finally 7 x 4 L ultrapure water at 4 °C. Purified

cyanophycin was then separated into water soluble and water insoluble fractions by

centrifugation (17,000 x g, 25°C, 30 min, Fiberlite F13-14x5Ocy fixed angle rotor), and dry

materials were prepared by lyophilization, removing water and the majority of the volatile

ammonium bicarbonate counterions to yield a pure zwitterionic material. When heated

up to 800 °C, cyanophycin is completely pyrolyzed with < 5 wt% residue, suggesting a

low or absent non-volatile salt content. Microbial fermentation at the 4.5 L scale produced

a total protein yield of 970 ±80 mg/L of culture (averaged over three fermentation batches)

after acid extraction. The acid-extracted polypeptide dialyzed into water that remains

dissolved at 25 °C is denoted as soluble cyanophycin, and it makes up the majority of the

total protein extracted (68± 7 %wt). This purified soluble cyanophycin fraction is isolated

as white solids, while the insoluble fraction is isolated as a mixture of white and denser

brown solids (Figure 2-23).
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Figure 2-23. a) Lyophilized soluble cyanophycin (CGP) (white powder, bottom) and

insoluble CGP (brown denser solids, top) after fractionation at 25 °C in water. (b) SDS-

PAGE of CGP: Lane 1, molecular mass markers; Lane 2, insoluble CGP; Lane 3, soluble

CGP.

2.4 Characterization Methods

2.4.1 Chromatography

Protein characterization by Liquid Chromatography - Mass Spectrometry (LC-MS)

The molar masses of unmodified and modified proteins were analyzed by LC-MS

analysis using an Agilent 1260 Infinity system. Analyses were carried out on an Agilent

Poroshell 300SB-C18 column operating at a flow rate of 0.3 mL/min, with water as the

running buffer (A) and acetonitrile as the elution buffer (B). The elution gradient was as

follows: 0 min, 20% B; 5.5 min, 100% B; 6 min, 100% B; 6.01 min, 70% B; 6.5 min, 70%

B; 7 min, 20% B; 10 min, 20% B. MS detection was carried out on an Agilent 6100 Single

Quadrupole. In a typical run, -0.1 pg of protein (dry mass) was injected, and the positive

polarity mass spec. signal was collected for mass to charge (m/z) ranges of 300 to 3000
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m/z. UV absorption spectra from 190 to 700 nm were also collected and can be visualized

with elution time in a contour map (Figure 2-24a).

Results from a typical run include traces of UV intensity against elution time and mass

spec. counts against elution time, as shown in Figure 2-24 with methacrylated P-

lactoglobulin as an example. Electrospray ionization (ESI) allows large biomolecules

such as proteins to be analyzed by mass spec. by producing multiply charged proteins

with mass to charge ratios (m/z) within the mass spec. detection limit of 300 - 3000. As

proteins can be multiply charged, each distinct protein species generates a distribution of

ion peaks (Figure 2-24c). To calculate molecular weight of pure or mixtures of protein,

the averaged mass spectrum peak with overlapping ion sets is deconvoluted using the

deconvolution function in the ChemStation software (Agilent). Deconvolution parameters

including low molecular weight cutoff, high molecular weight cutoff, maximum number of

charges on ionized protein, and abundance cutoff are adjusted according to the type of

analyte and are reported along with all mass spec. data. Calculations for the sample

shown in Figure 2-24 were performed with limits for low molecular weight, high molecular

weight, and maximum charge set at 18,000 Da, 19,500 Da, and 20 respectively. Reaction

products with abundance of 20% or lower (when compared to the most abundant species)

were not included in the results. The raw charge ladder and the corresponding

deconvolution results are shown in Figure 2-24c-d.
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Figure 2-24. LC-MS analysis for methacrylated P-lactoglobulin prepared with an

anhydride to protein mole ratio of 3:1. (a) Two dimensional isoabsorbance plots

presenting UV absorbance intensity from 190 nm to 700 nm with elution time. Y-axis:

190 nm - 700nm; x-axis: 0 - 9 min; color scale (log): 0.005 - 1644.33. (b) Traces of UV

absorbance at 280 nm and mass spec. counts against elution time. (c) Raw charge
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ladder obtained from averaging the mass spectrum peak from 4.7 to 7.3 min. (d)

Deconvoluted molar masses of methacrylated p-lactoglobulin.

Amino acid characterization by HPLC

Amino acid mixtures were characterized using the Agilent 1260 Infinity system with a

G1315A diode array detector (Agilent) for UV detection. An inline reaction step that labels

the amino acids with o-phthalaldehyde (OPA) was performed to enable detection of non-

UV active amino acids. An automated injector program (Figure 2-25) was used to perform

the reaction to reduce sample-to-sample variations by standardizing reaction times, with

needle rinses in between sample and reagent draws. The injector program starts with a

needle cleaning series: 5 pL methanol was drawn and ejected into a waste vial, followed

by 5 pL of water which was also ejected into the waste vial, and finally a 0 pL draw from

the vial containing water (needle rinse). Then, the labelling reagents and sample were

withdrawn and mixed in the following sequence. 2.5 pL of borate buffer (0.4 M boric acid,

pH 10.4) and 0.5 pL of sample were drawn and mixed by moving the injector piston back

and forth, followed by a 0.5 pL o-phthalaldehyde stock solution (20 g/L OPA in 90 parts

methanol, 10 parts borate buffer, and 1 part 3-mercaptopropionic acid) draw, and another

mixing step. After 1 min, 32 pL diluent buffer (1.5 mL 85% phosphoric acid in 100 mL

running buffer) was drawn, followed by a mixing step. 30 pL of this mixture was then

immediately injected onto a Zorbax Eclipse reversed-phase C18 column (3.5 pm, 4.6 x

75 mm, Agilent) operating at 40 °C with a flow rate of 1.0 mL/min. A solution of 10 mM

sodium phosphate dibasic and 10 mM sodium tetraborate (pH 8.2) was used as the

running buffer (A), and acetonitrile-methanol-water (45%, 45%, and 10%, v/v, respectively)
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was used as the elution buffer (B). The elution gradient was as follows: 0 min, 20% B; 5.0

min, 60% B; 9.5 min, 60% B; 10.0 min, 20% B.

Setup Method
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Draw 0 pL fromlocation Vial 79* with default speed using default offset

Draw 2.5 PL fromlocation 'al 69'with default speed using default offset
Draw 0.5 pt from sarpe with default speed using default offset
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Draw 0.5 pl fromlocation'ial 59r with default speed using default offset
Mix default volume from air with maximum speed for 10 times
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Figure 2-25. Automated injector program for labelling amino acids.

OPA-modified amino acids were monitored at 338 nm (absorbance) and confirmed at

450 nm (fluorescence). A representative chromatogram for a mixture of 2.5 mM aspartic

acid, 2.5 mM arginine, and 2.5 mM lysine is shown in Figure 2-26a. To determine amino

acid composition of hydrolyzed proteins, calibration of chromatogram peak area to amino

acid concentration (R2 > 0.98) was performed using pure amino acids (Sigma-Aldrich).

Figure 2-26b shows an example of the constructed standard curves. Amino acid

composition of cyanophycin was determined by taking the ratio of aspartic acid, arginine,

and lysine concentration to the sum of all three in each sample.
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Figure 2-26. (a) Chromatogram with UV absorbance of a mixture of OPA-modified amino

acids at 338 nm. (b) Standard curves constructed based on area under each amino acid

peak.

Polymer characterization by size exclusion chromatography

Linear homopolymer and copolymer molecular weights were determined by size

exclusion chromatography (SEC). N,N-Dimethylformamide (DMF) with 0.02 M lithium

bromide was used as the mobile phase for DMF soluble polyacrylates. Polymers were

analyzed using two ResiPore, 7.5 x 300 mm (Agilent Technologies) columns in a Waters

GPC system containing a Waters 1515 isocratic pump. Ultraviolet (UV) absorbance at

254 nm, light scattering (LS), and differential refractive index (dRI) signals were collected

from a Waters 2487 Dual Absorbance Detector, a Wyatt miniDAWN TREOS, and a Wyatt
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Optilab T-rEX respectively. dn/dc values were measured and calculated using ASTRA

(Wyatt Technology)'s built-in "batch (determine dn/dc)" method, and were used to obtain

absolute molar masses. dn/dc value of polyhydroxyethyl acrylate (PHEA) in DMF was

determined to be 0.0647 (±1.8%) mL/g.

The molar mass and dispersity of water soluble polymers, proteins, and copolymers

were analyzed using three PL Aquagel-OH MIXED-M 8 pm columns (Agilent

Technologies) in an Agilent Technologies 1260 Infinity system. Signals were collected

from an Agilent UV detector, a Wyatt DAWN HELIOS Il multi-angle light scattering

detector, and a Wyatt Optilab T-rEX refractometer. The mobile phase was 50 mM Tris

pH 7.4 with 0.02% sodium azide. With the three PL Aquagel-OH column series and Tris

buffer as the mobile phase, protein elutes primarily as a single peak (Figure 2-27). This

allows molecular weight determination of copolymers grafted from protein macroRAFT

agents to be performed. On the other hand, the use of other solvents including ultrapure

water with 0.02% sodium azide and 100 mM phosphate buffer pH 7 with 0.02% sodium

azide resulted in the protein eluting as multiple peaks, potentially from the formation of

dimers and multimers. This complicates analysis of copolymers as they could not be

distinguished from multimeric unconjugated proteins. A different column set up with a

single Agilent Bio-SEC3 column (marketed for protein size exclusion chromatography)

also had similar issues with solvent selection. Since the Agilent Bio-SEC3 column set up

comprised of only a single column, resolution may also be limited. The three PL Aquagel-

OH MIXED-M 8 pm columns phase and Tris buffer were therefore selected to minimize

protein interactions with the column and maximize resolution. dn/dc value of PHEA and

whey protein-PHEA copolymer in 50 mM Tris pH 7.4 were determined to be 0.117 (±
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2.8%) mL/g and 0.144 (± 0.17%) respectively. An average protein dn/dc value of 0.185

mL/g was used for whey protein 21, which resulted in a molecular weight of 1.84 x 104

g/mol (D = 1.054) from SEC analysis with Tris buffer as the mobile phase.
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was chosen as the mobile phase for all analysis as it allows unmodified protein to elute

primarily as a single peak. (b) Whey protein isolate analyzed using a single Bio-SEC3

column with phosphate buffer as the mobile phase. Multiple and broad peaks again

suggest possible protein aggregation or column interaction.

2.4.2 Mechanical characterization

Uniaxial tensile tests

Unless otherwise noted, specimens for uniaxial static and cyclic tensile testing were

cut using an ASTM D1708 microtensile die from Pioneer Die-tecs. Thin samples (roughly

<0.5 mm in thickness) with low toughness can be cut by using a mallet with the die and

handle. Thicker and tougher samples, such as vulcanized rubber, were cut using a

pneumatic Tippmann 7 ton die press to ensure clean edges. Care was taken to place

samples on a flat surface near the center of the press. To avoid large changes in

specimen dimensions, all solution polymerized protein-based thermosets were dried prior

to cutting, as described in Section 2.1.3. Melt polymerized protein-based elastomers may

have to be incubated at relatively humid conditions for a few hours to 1 day to prevent

brittle fracture during the cutting process. All mechanical testing specimens were

equilibrated at constant temperatures and relative humidity (20% - 80% relative humidity)

in a Memmert HPP 110 climate control chamber prior to testing. For low humidity

conditions, a desiccator with Drierite was used instead. Equilibration conditions and time

before testing were reported along with mechanical testing data if humidity and

temperature effects are of interest. Only specimens free of defects (eg. voids, bubbles,

cracks) in the gauge section were tested.
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Static and cyclic tensile testing were performed in ambient conditions on a Zwick Z2.5

machine equipped with a 20 N and a 500 N load cell. Specimen dimensions were

measured prior to each test and recorded. The D1708 microtensile specimens were

loaded onto tensile grips (Figure 2-28) with grip-to-grip separation of 22 mm, and tested

at a strain rate of 100% strain/min. Multiple specimens were tested for each material,

and the number of replicates, averages, and standard deviations were reported. Grip

selection should be performed based on sample thickness and tensile strength. Grips

with screws can be used for soft specimens with force at break less than 100 N and may

be particularly suited for samples that require low gripping forces (eg. hydrogels).

Adhesive backed sandpaper may be added to the inside surfaces to reduce slip. For

stronger samples, these types of grips should not be used samples may slip out of grips,

particularly as material thickness decreases with elongation. For all dumbbell materials

(ASTM D1708, ASTM D638 type V), if slip problems occur, they are obvious as the

specimen grip area decreases, or specimens are completely pulled out of grips before

they fail. To reduce slippage, the screws have to be tightened with excessive force, which

causes accelerated wear and tear. Other side effects include large deformation of

samples during sample loading, which results in large toe regions that have to be

corrected, as described below (Figure 2-29). Pincer grips are preferred for samples that

can withstand higher clamping forces and can be used for most samples with the

exception of the thicker vulcanized rubber samples. These grips are easy to load and

provide clamping forces that are proportional to the tensile force. Pneumatic grips with

interchangeable jaw surfaces can be used for almost all materials with thickness < 5 mm.

Steel pyramid relief ground jaw inserts are ideal for the vulcanized rubber dumbbell

102



samples. The air pressure remains constant throughout the test, providing a large and

constant gripping force and eliminating slip issues.

Figure 2-28. Pictures of grips. (a) Grips with screws, (b) pincer grips, and (c)

pneumatic grips.

All tensile tests were performed at room temperature T = 24± 2 C. Tensile specimens

were loaded into the center of the grips. The load cell force reading was zeroed, and a

small pre-strain may be added to eliminate slack from the specimen before

measurements are started. D1708 test specimens were stretched at a strain rate of

100 %/min. Force and displacement readings were recorded in the TestXpert V10.1

software. Stress-strain curves were obtained by calculating engineering stress based on

the initial cross-sectional area, and engineering strain based on the initial grip-to-grip

separation. Young's modulus, tensile strength, elongation-at-break, and toughness were
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calculated from the stress-strain output. Artefacts that arise from slack in the specimen

were corrected using a toe correction procedure as described in ASTM D638 and is

demonstrated in Figure 2-29. The need for toe correction can be eliminated by changing

the clamping force of grips or applying a pre-strain during the experimental run.

8

• Before toe compensation
• After toe compensation

6

2

0
0 1 2 3 4 5 6 7

Strain (mm/mm)

Figure 2-29. Stress-strain curve obtained from a tensile test of vulcanized rubber with a

large toe region (red). Stress-strain curve after toe compensation (blue).

Other uniaxial mechanical tests performed include uniaxial cyclic tensile testing, T-

peel tests, and compression testing. Cyclic tensile tests were performed in a similar

manner as the standard tensile tests with D1708 microtensile specimens. Specimens

were subjected to interval loading from small to large strains at a speed of 100 %min,

with unloading to 0% strains in between each loading segments. Example data from a

cyclic testing run is shown in Figure 2-30a.

T-peel tests were performed to quantify adhesion quality for rubber specimens. Two

3 by 0.5 inch rectangular specimens were bonded together with an adhesive applied

lengthwise over 1.75 inch of the laminates. The unbonded ends were bent and clamped

in between tensile tester grips, and strained at 50 mm/min. The curve of peeling load
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versus distance for well bonded rubber laminates appear as a series of sharp peaks

(Figure 2-30b). Peak average, max peak, max-min average, and average strength were

calculated. The 'peak average' is the average of all blue circled peaks, 'max peak' is

largest peak value, 'max-min average' is the average of the smallest and largest peak

values, and the 'average strength across peaks' is the averaged stress within the boxed

region (Figure 2-30b).

Compression testing was performed to characterize materials that were too brittle to

be tested by tensile testing. Mechanical behavior of dry cyanophycin was determined in

this manner, using 2 mm thick cylindrical test specimens that were fabricated using a %"-

diameter dry pressing die (MTI Corporation). Compression experiments were performed

using a Zwick Z05 machine equipped with a 10 kN load cell and a round compression

test tool. Teflon sheets were double-sided taped onto the tool surfaces to provide

lubrication, and the cylindrical specimens were tested at a compression rate of 1 mm/min.
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Figure 2-30. (a) Stress-strain curves for materials stretched once (blue) and under

cyclic loading (red) for a whey-PHPA copolymer. (b) T-peel test results for a well

bonded sample of rubber laminates. (c) Compression stress-strain curves of

cyanophycin pellets.
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Dynamic mechanical analysis

Dynamic mechanical analysis (DMA) was performed using a TA Instruments Q800 along

with a tension film fixture. Rectangular shaped specimens were cut from elastomeric

films into dimensions that fit between clamps of the fixture. DMA enabled determination

of both mechanical and thermal properties through strain sweeps and temperature scans.

Strain sweeps were performed at 1 Hz at 50 0C to determine the range of linear

viscoelasticity (Figure 2-31a). Temperature scans were performed using a ramp rate of

3 °C/min from -40 °C to 250 °C while samples were under 0.1 % oscillatory strains at 1

Hz. As the instrument does not include humidity control capabilities, care must be taken

during experiments to ensure that effects of loss of moisture do not convolute changes in

mechanical properties and thermal transitions. For strain sweep experiments, these

concerns along with the instrument's limitations with cooling motivated the choice of a

higher testing temperature at 50 °C. Temperature scans were performed with one heating

cycle, one cooling cycle, and a second heating cycle. The first heating cycle eliminated

moisture from the material, which allows thermal transitions of the dry material to be

determined on the second heating cycle (Figure 2-31b).
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Figure 2-31. (a) Strain sweep experiment performed on a whey-PHPA copolymer at 1

Hz. The linear viscoelastic region was confirmed for further experiments. (b)

Temperature sweep experiment on a whey-PHPA copolymer with a heating ramp,

followed by a cooling ramp, and a second heating ramp. Thermal transitions of the dry

material can be determined from the second heating ramp.

2.4.3 Thermal characterization

Thermogravimetric analysis

Thermogravimetric analysis (TGA) was employed to determine thermal stability and

to estimate moisture content. TGA was performed on a TA Instruments Discovery TGA

using a heating rate of 20 °C/min in either nitrogen or air. Samples on platinum pans

were heated from 40 °C until 800 °C for degradation studies, or up to 600 °C for estimating

m6isture content. A typical TGA trace is shown in the figure below. Small mass losses

below 150 °C are believed to be due to free water evaporation from the sample. The
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Figure 2-32. TGA curve and first derivative of weight loss over temperature for a protein-

surfactant-polyacrylate copolymer. Weight losses below 150 0C were attributed to

absorbed moisture, while weight loss at elevated temperatures were due to sample

degradation.

Differential scanning calorimetry

Glass transitions were assessed using differential scanning calorimetry (DSC) with a

TA Instruments Discovery DSC, where differences in heat flow rate between samples and

a reference pan were measured. For standard DSC runs, materials were subjected to

two linear heating cycles and one linear cooling cycle in between with a temperature ramp

rate of 10 °C/min from -60 °C to 200 °C with an isothermal dwell of 1 min at the end of

each ramp. Lower and upper temperature limits were set according to the temperature

of transition events of each type of sample. The first heating and cooling cycles were

performed to remove thermal history, while the second heating ramp was used to
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determine the transition temperatures. Glass transition temperatures were determined

with built-in procedures in the TA Instruments TRIOS software. Differences between the

first and second heating runs are typically observed, particularly if samples were not

hermetically sealed. Samples drying as a result of the first heating run may change

thermal transitions, especially the glass transition temperature, since water in the form of

absorbed moisture can function as plasticizers.

Modulated differential scanning calorimetry (MDSC) was performed with the same TA

Instruments Discovery DSC instrument. In addition to a linear heating rate applied in

standard DSC, MDSC applies a simultaneous sinusoidal heating rate (Figure 2-33a) that

improves sensitivity and resolution in a single experiment, which is useful for quantifying

low energy transitions. Heat flow signals in MDSC are comprised of a reversing signal,

which shows glass transitions and phase changes, and the nonreversing signal, which

provides information on kinetic processes (Figure 2-33b). The total heat flow is equivalent

to that of standard DSC. Protein-surfactant complexes and copolymers analyzed by

MDSC were subjected to two heating cycles and one cooling cycle in between with a

temperature ramp rate of 5 °C/min from -90 to 150 °C and temperature modulation of

2 °C/min every 60 sec. The second heating ramp was used to determine reversible

transition events.
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Figure 2-33. (a) Temperature profile of a modulated DSC run comprised of both a linear

average heating rate and a sinusoidal heating rate. (b) Total, reversing, and non-

reversing heat capacity thermograms from a modulated DSC run on a protein-surfactant-

polyacrylate copolymer. Glass transitions are indicated with black arrows.

Turbidimetry

Turbidimetry experiments were performed to characterize thermal transitions of

cyanophycin in solution. The upper critical solution temperature (UCST) and lower critical

solution temperature (LCST) type transitions were investigated for purified soluble

cyanophycin at multiple concentrations. Optical transmission at 700 nm was monitored

using a UV-Vis spectrometer (Varian Cary 50), while temperature control was provided

by a TLC 40 (Quantum Northwest) sample holder equipped with a Peltier temperature

controller. The temperature was cycled between 3 °C to 60 °C at 1.0 °C/min, and data

was collected every 6 s, averaged over 1 s. Samples were prepared by dissolving purified

soluble cyanophycin in ultrapure water and were loaded into quartz cuvettes. Samples

were not stirred during the measurements, but were instead subjected to multiple heating

and cooling cycles. After the third heating cycle, phase separation behavior remains
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consistent across additional heating and cooling cycles (Figure 2-34a). Transition

temperatures were taken to be the inflection point of the transmission curves on the third

heating cycle (Figure 2-34b).

(a) (b) 8 20

80 - 15

10 .n

60 ° 60
05 <~.7)

40 - 40 C

-- Heating Ramp 1
- Heating Ramp 2 - -5

20 - Heating Ramp 3 20
- Heating Ramp4 -10
- Heating Ramp 5

I I 1 0 1 1 1 1 1 -4 -15
10 20 30 40 50 60 10 20 30 40 50 60 70

Temperature (°C) Temperature (°C)

Figure 2-34. (a) Optical transmission of 10 mg/mL cyanophycin in water during multiple

heating and cooling cycles. Cycle to cycle differences diminish by the third heating ramp.

(b) Change in optical transmission of cyanophycin in water on the third heating ramp,

and the first derivative. Arrows indicate the inflection points, which were reported as the

UCST and LCST type transition temperatures.

2.4.4 Structural characterization

Fourier-transform infrared spectroscopy (FTIR)

Fourier-transform infrared spectroscopy measurements were taken in attenuated total

reflection mode and transmission mode. Microscope attenuated total reflection-infrared

spectroscopy (ATR-FTIR) data were acquired on a Thermo Fisher Continuum Infrared

Microscope attached to an FTIR6700 bench using a germanium crystal. 64 background
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scans were taken, and the maximum allowed background age was 1 hr. Samples in the

form of powder or films were placed on a microscope stage, which was raised until the

sample was in contact with the crystal. Measurements were performed at ambient

conditions. 64 scans were collected with a resolution of 4 cm'. ATR and atmospheric

corrections were applied using the OMNIC software package, and all spectra were min-

max normalized. Transmission samples were prepared by casting a solution or

suspension containing the material of interest onto potassium bromide IR sample cards

(Real Crystal). While most samples were taken in ATR mode, transmission mode is

useful for samples that can be dissolved and cast from organic solvents. For samples

that are difficult to characterize by ATR due to their irregular shapes preventing good

contact with the ATR crystal, transmission experiments were performed instead.

Measurements were taken with the same FTIR6700 bench, and atmospheric corrections

were applied using OMNIC.

X-ray scattering

Small-angle and wide-angle X-ray scattering (SAXS and WAXS) data were mostly

acquired at the MIT MRSEC X-ray Diffraction Shared Experimental Facility.

Measurements were performed in transmission mode using a SAXSLAB Ganesha

system equipped with a Rigaku 002 microfocus X-ray source with Cu Ka radiation (0.154

nm). The sample-to-detector distance was 109.1 mm for WAXS and 950 mm for SAXS.

The freestanding polymer samples were either directly adhered to the sample holder

using double sided tape, or first adhered to a piece of kapton tape before placing onto the

sample holder. For WAXS measurements, the use of kapton tape as backing was

avoided if possible as kapton scatters in the wavenumber range of interest. The sample
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holder was placed inside an evacuated chamber and beam path with a pressure of 0.08

mbar. Data was acquired using a vacuum compatible DECTRIS Pilatus 300K hybrid panel

array with an exposure time of 3-5 min for SAXS and 2 min for WAXS. Two-dimensional

diffraction images were background-corrected, azimuthally averaged, and plotted as one-

dimensional scattering profiles.

SAXS and WAXS data were also acquired at the Advanced Photon Source (APS) at

Argonne National Lab, Beamlines 12-ID-B and 12-ID-C,D, and the National Synchrotron

Light Source Il (NSLS-II) at Brookhaven National Lab, Beamline 11-BM. Scattering data

was reduced as it was collected. Sample preparation and acquisition in both the on-

campus facility and the synchrotrons were similar, with the main difference being the

shorter acquisition times required at the synchrotrons. Acquisition times for all

measurements taken at synchrotrons range from 0.5 to 10 s, with longer times favored

as long as the detectors were not saturated.

As measurements performed at the synchrotrons do not require the vacuum chamber,

additional types of experiments were possible. Temperature sweep studies were

performed on cyanophycin in solution and on protein-copolymer films. Measurements of

samples incubated at different relative humidity were also possible. Additional

experimental set up explored include tensile-SAXS and well plate measurements at

NSLS-II. In-situ tensile-SAXS experiments allowed transmission experiments to be

performed while copolymers were elongated using a Linkam TST 350 tensile stage.

However, the protein-thermoset copolymers investigated do not have well-ordered

microstructures, and no ordering was observed as they were deformed. Well plate

measurements enabled high throughput transmission measurements to be performed on
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protein-surfactant complexes mixed and dried on 96-well plates. At least 30 mg solids

were loaded into each well by dissolving the protein and surfactant in water, pipetting the

solutions into wells, and finally drying them out under air flow in a fume hood. Well plate

setup in the beamline was designed by C. E. Mills. Well plates covered with plate lids

with the centers cut out were clamped onto the beamline's motorized sample stage. As

distances between wells in the plate are known, automated transmission measurements

on each well were taken using normal sample stage commands.

Microscopy - Scanning Electron Microscopy (SEM)

Copolymer morphologies were studied using scanning electron microscopy (SEM)

with aJEOL6010LASEM. Cross sections of films were characterized by fracturing films

in liquid nitrogen, which were then clamped vertically, and sputter coated with gold for

imaging.

Surface characterization of ground rubber particles were also performed with SEM.

Sample preparation for particles involve applying small amount of carbon paint onto an

SEM pin stub, sprinkling particles onto the sticky surface and sputter coating in gold.

Sputter coating was performed using an SC7640 sputter coater, operated between 10-20

mA for 30 sec. Microscope images were acquired at a voltage of 15 keV.

Microscopy - Atomic Force Microscopy (AFM)

Morphologies of crosslinked protein-containing elastomers were studied using Atomic

Force Microscopy (AFM) with an NT-MDT Ntegra Prima scanning force microscope in

tapping mode. Samples were prepared by drying the crosslinked copolymer gel

described in Section 2.1.3.1 between a sheet of kapton and a glass plate, and the dried
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kapton-backed specimen was peeled off the glass to obtain flat elastomer surfaces.

Images were obtained using a MikroMasch HQ:NSC16/AL BS tip, and phase images

were post-processed using first order flattening corrections.

Optical microscopy - Linkam stage

Material changes under strain were examined using a light microscope equipped with

a cross polarizer and a Linkam TST350 tensile stage equipped with a T96 controller and

a 20 N load cell. Samples for tensile-microscope experiments were prepared by cutting

small rectangles out of flat sheets. The software ZEISS ZEN provides video stream for

the microscope feed, CamStudio records the feed, while the Linkam LINK software

records displacement and force information from the tensile stage. Both the video feed

of the microscope and tensile data were recorded simultaneously as specimens were

stretched at 100 %/min for protein-surfactant complexes and elastomers. Figure 2-35

shows images obtained from video recordings of materials under strain.
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Figure 2-35. Microscope images under a cross polarizer of the whey protein-

benzalkonium chloride complex at a mass ratio of 1:1 at (a) 0% and (b) 50% strain.

Images of the whey protein-benzalkonium chloride-polyacrylate at a mass ratio of 1:1:2

at (c) 0% and (d) 50% strain. Scale bar: 200 pm.
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Chapter 3: Peptide Domains as Reinforcement in
Protein-based Elastomers
Reproduced with permission from Chan W Y., et al. ACS Sustainable Chem. Eng., 2017, 5
(10), pp 8568-8578. Copyright 2017 American Chemical Society
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Proteins are a widely available biomass source for synthesizing strong and tough

engineering polymers due to their propensity to hydrogen bond, chemically stable amide

backbone, and demonstrated efficacy at forming relevant material structures in nature.

Because the properties of polypeptides in many ways mimic urethane bonds and hard

domains, herein proteins are explored as the reinforcing component in a polyurethane

inspired elastomer. Materials are synthesized using a two-step process: first, protein is

methacrylated, and then copolymerized with (meth)acrylate comonomers to link protein

domains with rubbery polymer chains. This is demonstrated with water soluble proteins

- whey protein and p-lactoglobulin, and a comonomer - hydroxypropyl acrylate (HPA).

The resulting elastomers are amorphous and disordered but have microphase separated

morphologies. Materials with a wide range of stiffness have been prepared by varying
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the fraction of protein macrocrosslinkers in the materials. The protein aggregates function

like fillers that strengthen the materials, which are shown to be tougher than both

unreinforced homopolymers and unmodified proteins. Materials with low crosslink

densities prepared using proteins modified at low methacrylation levels are also stiffer

than protein-polymer blends. Above an optimal protein methacrylation level, increasing

chemical crosslink densities led to lower extents of protein aggregation and decreased

moduli.

3.1 Introduction

Among the myriad of underutilized natural and sustainable materials derived from

agricultural by-products or industrial surpluses, proteins have attracted much interest' 2

The stiffness resulting from inter- and intra-molecular associations in dry proteins have

been exploited in material design targeted at commodity products and engineering

plastics. In composites, proteins blended into rubbers and elastomers have been shown

to aggregate, forming reinforcing networks similar to carbon black fillers3. The capability

of proteins to form strong continuous matrices has led to the utilization of agricultural

proteins in packaging materials 2 4, composites5, fibers6, and adhesives7. However, due

to the extensive intermolecular interactions through hydrogen bonding, electrostatic

forces, hydrophobic interactions, and disulfide bonding8, protein based materials are

generally stiff and brittle. This necessitates modification and plasticization to achieve

useful materials9, which typically allow protein materials to be more processable10 .

However, stiffness and strength are usually sacrificed for small improvements in

extensibility, and the material has poor resistance to humidity, compounded by the use of
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hydrophilic plasticizers. Therefore, it remains challenging to develop strong and tough

materials out of proteins for application as elastomers or engineering plastics.

Proteins, with their wide range of functionalities and structural confirmations, are

amenable to conjugations to synthetic polymers. Grafting polymers onto proteins has

been explored in various contexts that harness the biodegradability, renewability, and

catalytic activity of proteins, including for biomedical applications1 1 , pharmaceutical

synthesis 1 2, and defense3 . Graft polymerization has also been employed in the

preparation of inexpensive multicomponent films where monomers were polymerized in

the presence of proteins, as seen in the preparation of feather films14-1 5. These films, like

many other bio-based materials facing challenges that limit their industrial applications,

have relatively poor mechanical properties due to their low strength or low toughness.

Strong and tough materials in nature like silk16 and squid sucker ring teeth17 derive

their properties from hierarchical ordering and cooperative hydrogen bonding, and have

inspired the development of novel materials incorporating similar design principles.

Notable examples include the synthesis of silk-mimetic polymers comprised of silk

inspired peptide sequences and poly(ethylene oxide), where peptide motifs in protein-

polymer hybrids provide mechanical reinforcement18-1 9. P-sheet forming peptides

incorporated into polyurethane/ureas also have been shown to increase moduli of

materials20. Although peptides with well-defined secondary structures offer opportunities

to design and control morphologies in polymer hybrids, they are relatively costly and

difficult to produce at scale2 1-22 . Further efforts are therefore needed to develop a novel

protein-based material with similar performance, structure, and morphology as
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engineering plastics using straightforward and controllable protein grafting strategies and

widely available biomass.

In this work, a facile chain growth polymerization strategy for formulating strong and

tough protein-based copolymers is investigated as a partially renewable alternative to

engineering plastics such as polyurethanes. Polyurethanes have many applications due

to their excellent load bearing capacity, flexibility, abrasion and impact resistance, but

involve the use of hazardous isocyanates in their production23. The advantageous

properties of these materials are driven by microphase separated hard and soft domains

and extensive hydrogen bonding between the hard blocks24. Due to the many structural

and chemical analogies between proteins and hard domains in synthetic polyurethanes,

hybrids of protein and synthetic rubbery polymer are proposed as isocyanate-free

alternatives to these engineering plastics. The protein was first modified using a reaction

with methacrylic anhydride to allow it to be polymerizable, followed by a polymerization

step that allows the protein to be randomly copolymerized along with (meth)acrylate

comonomers that make up the flexible soft segment in the material. Whey protein isolate

(WPI), a well-studied mixture of proteins composed primarily of p-lactoglobulin (BLG), a-

lactalbumin, serum albumin, and immunoglobulins was chosen as a model of crude

protein biomass that is a widely available agricultural byproduct. Materials synthesized

using WPI and BLG were compared to study the effects of protein purity. Effects of

protein content and crosslink density, and structure-property relationships of the

copolymer were investigated, and mechanical properties of the elastomers were

compared to that of other protein based materials reported in the literature.

122



3.2 Materials and Methods

Poly(ethylene glycol) methyl ether methacrylate (PEGMA, average Mn = 500 g molV),

hydroxypropyl acrylate (HPA), poly(ethylene glycol) diacrylate (PEGDA, average Mn =

700 g molV), methacrylic anhydride, p-lactoglobulin (>95% purity), and

tetramethylethylenediamine (TEMED) were purchased from Sigma Aldrich. Ammonium

persulfate was purchased from Mallinckrodt Chemicals, while Whey Protein Isolate was

purchased from Bipro USA.

3.2.1 Protein modification and characterization

13-lactoglobulin purification

p-lactoglobulin for material synthesis was purified from whey protein isolate via

selective pepsin hydrolyzation using a procedure adapted from Naofumi et a12 5. Whey

protein isolate was dissolved in water at 20 wt.% protein concentration, and the pH was

adjusted to 2 using hydrochloric acid. Pepsin was added at 1 wt.% concentration, and

the mixture was incubated at 37 °C overnight. Low molecular weight hydrolysates and

impurities were removed through dialysis, and dry P-lactoglobulin was obtained after

lyophilization.

Methacrylated protein synthesis

Proteins were functionalized with methacrylate groups using an anhydride-amine

reaction. A 10 wt.% protein solution was prepared in water, and the pH was adjusted to

10 - 11 using sodium hydroxide. Methacrylic anhydride was added to the protein solution

while stirring at anhydride to protein mole ratios of 1.2 to 6, calculated using the molecular
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weight of P-lactoglobulin. The reaction was carried out overnight under ambient

conditions, and the reaction products in solution were used in subsequent polymerization

reactions without purification. The nomenclature for modified proteins is defined as

follows: Protein-X-MA, where 'Protein' is either whey or BLG (p-lactoglobulin), and 'X' is

the mole ratio of methacrylic anhydride to protein, calculated as if the protein is pure p-

lactoglobulin.

Estimating the degree of methacrylation

The degree of methacrylation was estimated using a model methacrylation reaction

on pure p-lactoglobulin (>95% purity) and analyzed using liquid chromatography - mass

spectrometry (LC-MS) analysis with spectral deconvolution. LC-MS was carried out on

an Agilent Poroshell 300SB-C18 column operating at a flow rate of 0.3 mL/min, with water

as the running buffer (A) and acetonitrile as the elution buffer (B). The elution gradient

was as follows: 0 min, 20% B; 5.5 min, 100% B; 6 min, 100% B; 6.01 min, 70% B; 6.5

min, 70% B; 7 min, 20% B; 10 min, 20% B. MS detection was carried out on an Agilent

6100 Single Quadrupole with m/z ranges of 150 to 3000 to obtain molecular weights of

the reaction products. Degree of methacrylation shown in Figure 3-2 was calculated from

the deconvolution of the mass spectra with limits for low molecular weight, high molecular

weight, and maximum charge set at 18,000 Da, 19,500 Da, and 20 respectively. Reaction

products with abundance of 20% or lower (when compared to the most abundant species)

were not included in the results.

NMR spectra were acquired in D20on a Varian Mercury 300 MHz spectrometer.

Methacrylated whey protein was dialyzed in water to remove the methacrylic acid
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byproduct and lyophilized prior to characterization. The residual undeuterated solvent

peaks were used as references.

3.2.2 Protein copolymer sample preparation

Hydroxypropyl acrylate (HPA) and poly(ethylene glycol) methyl ether methacrylate

(PEGMA) were passed over basic alumina prior to polymerization to remove inhibitors.

The (meth)acrylate comonomers were added to 10 wt.% methacrylated protein solution

to make materials with final protein content ranging from 15 - 33 wt.%. Polymerization

was initiated using ammonium persulfate and TEMED at concentrations of 10 pM and 5

pM respectively (initiator/catalyst to monomer mole ratios of approximately 1:200 and

1:450). The mixture was pipetted in between two parallel glass plates with 1 mm spacer,

and polymerization was carried out under ambient conditions for 2 hours. The gelled

samples were then peeled off the glass plates and dried at 60 °C under ambient pressure

for 2 days. A crosslinked polymer-only control was synthesized in the absence of proteins

by adding poly(ethylene glycol) diacrylate (PEGDA) to HPA in solution at HPA to PEGDA

mole ratio of 500:1. Polymerization was carried out at the same monomer, initiator, and

catalyst concentration as aforementioned. Samples were equilibrated at 50% relative

humidity and 25 °C for at least 48 hours prior to mechanical and thermal characterization.

To study the effects of the presence of the small amount of methacrylic acid byproduct

in the material, whey6MA synthesized in water was dialyzed extensively against 5mM

sodium chloride to remove the acid byproduct and lyophilized. Elastomers without

methacrylic acid were prepared by dissolving the purified whey6MA in water and

copolymerized as described above. The control containing spiked methacrylic acid was
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prepared by dissolving purified whey6MA and methacrylic acid (34 mM) in water, and

copolymerized as described above.

3.2.3 Gel content quantification

Dried specimens were dehydrated at 70 °C overnight prior to extraction of solubilized

chains, and then incubated in water at 4 0C while shaking for three days with three

changes of water. Swollen samples were redried at 70 °C and weighed to obtain the gel

content, which is defined as the ratio of mass before to mass after extraction in water.

3.2.4 Mechanical testing

Specimens for uniaxial static tensile testing were cut using an ASTM D1708

microtensile die from Pioneer Die-tecs. Samples were tested at a rate of 100% strain/min

on a Zwick Z05 machine in tensile mode at ambient conditions. Six specimens were

tested for each material, and the averages and standard deviations were reported.

Dynamic mechanical analysis (DMA) was performed using a TA Instruments Q800

along with a tension film fixture. Temperature scans and strain sweeps were performed

on rectangular specimens. Strain sweeps were performed at 1 Hz at 50 °C. Temperature

scans were performed using a ramp rate of 3 °C/min from -40 °C to 250 °C while samples

were under 0.1 % oscillatory strains at 1 Hz.

3.2.5 Thermal characterization

Thermal properties of the copolymer were analyzed using thermogravimetric analysis

(TGA) and differential scanning calorimetry (DSC). TGA was performed using a TA

Instruments Discovery TGA under nitrogen with a heating rate of 20 °C/min from 40 to
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800 °C. DSC was performed using a TA Instruments Discovery DSC. Materials were

subjected to two heating cycles and one cooling cycle in between with a temperature

ramp rate of 10 °C/min from -60 0C to 200 °C with an isothermal dwell of 1 min at the end

of each ramp. The second heating ramp was used to determine the transition

temperatures.

3.2.6 Morphological characterization

Small-angle and wide-angle X-ray scattering (SAXS and WAXS) data were acquired

using a Rigaku 002 microfocus X-ray source with CuKa radiation (0.154 nm) in a

transmission geometry. The freestanding polymer samples were placed inside an

evacuated chamber and beam path with a pressure of 0.08 mbar. The sample to detector

distance was set to 109.1 mm for WAXS and 950 mm for SAXS, and sample acquisition

times for SAXS and WAXS were 3 and 2 minutes, respectively. The detector was a

DECTRIS Pilatus 300K hybrid pixel array with an 83.8 mm by 106.5 mm active area and

pixel size of 172 pm 2. Two-dimensional diffraction images were background corrected,

azimuthally averaged and plotted as one dimensional scattering profiles with the SAXS

Gui software.

Morphologies were also studied using Atomic Force Microscopy (AFM) with an NT-

MDT Ntegra Prima scanning force microscope in tapping mode. Samples were prepared

by drying the polymerized copolymer between a sheet of kapton and a glass plate, and

the dried kapton-backed specimen was peeled off the glass to obtain flat elastomer

surfaces. Images were obtained using a MikroMasch HQ:NSC16/AL BS tip, and phase

images were post-processed using first order flattening corrections.
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3.3 Results and Discussion

Whey protein isolate was chosen as a model water-soluble crude protein mixture as

it is a well-studied, widely available by-product in the cheese industry26 . The protein has

been shown to form transparent films and coatings through plasticization and crosslinking

reactions 9 , 27-28. Whey protein also provides an added advantage as the primary

component, P-lactoglobulin, can be easily purified using enzymatic digestion for studies

on the effects of feedstock diversity. Polymerizable whey protein and P-lactoglobulin were

prepared through an amine-based reaction with methacrylic anhydride to introduce

(meth)acrylamide moieties onto biomass-derived proteins (Figure 3-1a). Proteins with

methacrylamide groups function as macromonomers that are reactive in the subsequent

free-radical polymerization step and allow for greater control over chemical crosslink

density. Under basic conditions, exposed lysine side chains and the protein N-termini are

available to react with the anhydride, and the level of methacrylation is varied by changing

the amount of anhydride added. Methacrylic acid, a byproduct of the amine-anhydride

reaction, is not removed from the protein solution, as it is polymerizable and is

incorporated into the materials. Studies where materials were prepared after removal of

methacrylic acid and after it is added back in showed that the presence of methacrylic

acid affects the yielding behavior of the materials (Figure A-1), but has no adverse impact

on averaged mechanical properties (Table A-1). This eliminates the need for an

intermediate purification step.

To prepare the elastomers, methacrylated proteins in aqueous solution were

copolymerized with monomers such as hydroxypropyl acrylate (HPA). The comonomer

was selected to make up the flexible soft block due to its low homopolymer glass transition
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temperature at -14°C. Its solubility in water provides an added advantage in terms of

ease of formulation. The copolymerization strategy in solution can be applied generally

to other water-soluble comonomers such as PEGMA (Table A-2), and other solubilized

proteins such as soy protein29 and protein hydrolysates. A water-soluble initiator/catalyst

pair, ammonium persulfate and TEMED, enabled the free radical polymerization to be

carried out at ambient conditions. During polymerization, HPA (protein:comonomer mole

ratios of 1:300 to 1:800) propagate and occasionally incorporate the methacrylate groups

on proteins into the growing chain. This results in the attachment of proteins to the flexible

polymer chains, which can further grow through addition of more monomers or

methacrylamide groups on other protein sites (Figure 3-1b). Proteins with two or more

methacrylamide groups serve as macrocrosslinkers, and freestanding gels were formed

after polymerization is complete. 1 mm thick sheets of gels with total solids content (25

- 42%) obtained after copolymerization were dried to form elastomers of thickness 0.3 -

0.45 mm (Figure 3-1c).
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Figure 3-1. Copolymer preparation. (a) Schematic for the reaction of proteins with

methacrylic anhydride in water. (b) Schematic depiction of the free radical

copolymerization of methacrylated protein and water-soluble comonomers. (c) Free

standing gels obtained from the copolymerization were dried over two days to yield

copolymer sheets.

Protein methacrylation, a variable to control chemical crosslink density and material

properties, was quantified using model reactions with pure P-lactoglobulin (>95% purity)

as the protein reactant. p-lactoglobulin is the main protein component (approximately 65

wt.% 30 ) in whey protein and therefore provides a simple, single-protein approximation for

studying the reactivity in whey, which is a complex mixture. Molecular weight

quantification on the reaction products was performed using LC-MS, where the raw

charge ladder data was deconvoluted using the instrument software (Figure 3-2a, b),
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compared to the unmodified protein, and matched with the number of methacrylic group

additions (+68 Da). Relative abundance of the different molecular species obtained from

these calculations was used to determine the distribution of modifications (Figure 3-2c),

which is broad due to the large number of E-amino group of lysine residues available for

the reaction and the non-site-specific nature of the reaction. Methacrylate groups on the

proteins and methacrylic acid side products may undergo Michael addition with both

primary and secondary amines31 . Side reactions with methacrylic acid can lead to

formation of unpolymerizable amine-methacrylate adducts that increase molecular

weights of proteins, and may have contributed to the >100% yields observed. This is less

prominent at higher methacrylation levels, as the generation of acid lowers the pH and

protonates amines. Similar reactions may also occur with methacrylate groups on

proteins, which result in covalent bond formation between two proteins, where the molar

mass of the protein complex is a multiple of the unmodified protein molar mass plus the

contributions from all modification sites. On the deconvoluted mass spectra, the protein

complex is indistinguishable from the monomeric modified protein, unless the number of

modifications is not an integer multiple of the number of bridged proteins. Therefore, this

side reaction can contribute to peaks corresponding to non-integer number of

modifications, as observed in the reaction at the highest methacrylation level (Figure 3-

2c). The extent of this side reaction is smaller at lower methacrylation levels, as indicated

by the absence of non-integer modification numbers, and may even be small in general

due to steric hindrance. Derivatization of the protein was also confirmed through 1 H NMR

spectra of whey and whey6MA in D20 (Figure A-2). Appearance of the methacrylamide
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double bond peaks at 5.4 and 5.6 in whey6MA is consistent with observations reported

for methacrylated proteins3 2.
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Figure 3-2. Methacrylation of proteins. Representative MS signals of modified 0-

lactoglobulin before (a) and after (b) deconvolution. Molecular weights of all reaction

products obtained from deconvolution were used to determine number of methacrylate

groups on the proteins. (c) Distribution of protein methacrylation levels at various

methacrylic anhydride to protein mole fractions. The average number of modifications

was determined to be 2.6, 3.8, and 6.5 for the three methacrylation levels, 1.2, 3 and 6,

respectively.

Formation of crosslinked networks in materials prepared using methacrylated proteins

was confirmed by washing the materials in water and measuring the gel fractions (Figure

A-3). Incubation of the materials in water at temperatures below the lower critical solution
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temperature of PHPA allow linear free polymer chains to be solubilized and extracted. All

materials swell but remained intact; however, significantly larger mass loss was observed

for the blend compared to all copolymers at various methacrylation levels. This is

attributed to the presence of protein macrocrosslinkers in copolymers, where

methacrylamide groups serve as attachment sites for PHPA chains. Although the protein-

PHPA blend has no macrocrosslinkers, it has a non-zero gel fraction due to small

numbers of polymer chains chemically attached to the protein, and physical interactions

between the protein and PHPA chains. Similar observations have been made in carbon

black filled rubber, where filler-rubber interactions cause the network to swell but not

disintegrate 33. Previous studies of protein graft polymerization suggested that grafting

sites could be generated during free radical polymerization at thiol, hydroxyl, and amine

groups on peptides 34 3 5. Polyhydroxyl alkyl acrylates are also known have high degrees

of hydrogen bonding, and can therefore be physically attached to the protein3 .

Methacrylamide functionalities on the protein that provide points of attachment to

rubbery segments play an important role in both the extent of protein aggregation in the

copolymerized material and their mechanical properties. At constant protein loading,

increasing the protein methacrylation level, or the chemical crosslink density, led to

materials with higher optical transmission. The whey-PHPA blend synthesized using

unmodified protein appears cloudy, suggesting the presence of large aggregates or

macrophase separation (Figure 3-3a). Material transparency increases with increasing

methacrylation levels, which could be a result of reduced protein aggregation and limited

chain mobility from having more chains linked to each protein. The unmodified whey

protein-PHPA blend has lower modulus and tensile strength compared to the copolymer
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with low levels of protein methacrylation (Figure 3-3b red and blue curves). Protein in the

blend is analogous to reinforcing fillers in composites, and polymer composite mechanical

properties are typically highly influenced by interfacial interactions between filler and

matrix 37. In the copolymer where proteins are covalently attached to PHPA chains,

external loads may be more efficiently transferred from the PHPA matrix to the stiff protein

aggregates, leading to enhanced stiffness and strength, as demonstrated with crosslinked

nanotube-epoxy composites38
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Figure 3-3. (a) Whey-PHPA test specimens with varying levels of methacrylation. (b)

Representative stress-strain curves for wheyl.2MA-PHPA copolymer and whey-PHPA

blend with 20 wt.% protein compared to a polymer-only control prepared by polymerizing

HPA with PEGDA as crosslinker.

Comparisons of the protein-acrylate copolymers to protein only, acrylate only, and

protein-acrylate blends show that desirable elastomeric properties require the presence

and covalent attachment of both components. In the absence of reinforcing fillers, PHPA

homopolymer is rubbery and weak at room temperature. PHPA networks lightly

crosslinked using poly(ethylene glycol) diacrylate have very low moduli and mechanical
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strength compared to a copolymer with 20 wt.% protein content (Figure 3-3b black curve,

Table A-2). When the polymer is absent, unplasticized whey protein, like many other

commonly investigated dry proteins, is very brittle. Its mechanical properties are not

shown due to difficulties in handling and testing it in tension. Proteins therefore appear

to act synergistically with the flexible polyacrylates, as seen in the orders of magnitude

improvement in both strength and toughness, which are typically conflicting qualities in

many engineering materials39. This is also analogous to polyurethane structure, where

the soft rubbery domains contribute to their extensibility, while the hard domains associate

into crystalline regions that play the role of fillers and crosslinks, imparting stiffness and

strength to the material 2 4 ,40.

The protein filler network undergoes structural changes under both small and large

cyclic deformations. Specimens subjected to repeated application of strain in cyclic

mechanical testing exhibit stress-softening, a behavior known as the Mullins effect, which

has been explored extensively for filled rubbers and microphase separated block

copolymers 41 44. Protein-rich domains function as fillers, and softening in filled rubbers

has been theorized to be a result of the breakdown of polymer-filler attachments, or a

rearrangement in the molecular networks40. When the material is stretched to a larger

strain than previous cycles, stress level is independent of straining history, as seen in the

superimposed stress-strain curves for cyclic and single strain cycles (Figure 3-4a).

Unloading curves of the protein copolymers show large levels of permanent set and

hysteresis, which suggests the presence of energy dissipation sources like

microstructural changes in hard domains during deformation. The role of hard domains

in stress softening was explored in previous work on block copolymer elastomers with
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glassy domains, where the presence of physical crosslinks in hard domain structures was

shown to contribute to hysteresis and softening45. The large degree of hysteresis

observed for protein copolymers thus supports the importance of physical interactions in

the materials' mechanical behavior. Mechanical behavior as a result of small oscillatory

deformation was explored using strain sweep experiments on the dynamic mechanical

analyzer under tensile mode. Decrease in storage modulus when the oscillatory strain

amplitudes were increased (Figure 3-4b-c), or the Payne effect, is observed for whey

protein copolymers with low to intermediate methacrylation levels, and is diminished for

materials with high protein methacrylation levels. This effect has been reported for carbon

black/rubber and protein/rubber composites46, and is postulated to be due to the

disruption of filler networks47 or the debonding of matrix from filler induced by strain48.

Protein copolymers with varying methacrylation levels display different degrees of this

effect, suggesting variations in the filler network structure.
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Figure 3-4. (a) Stress-strain curves for materials stretched once (blue) and under cyclic

loading (red) for whey3MA - PHPA copolymers. (b-c) Strain sweeps of whey - PHPA
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copoylmers with varying methacrylation levels depicting material behavior within and

above the linear viscoelastic region.

Thermal characterization of the protein copolymers using thermogravimetric analysis

(TGA) shows that they are stable up until 300 °C, the onset of decomposition. Below 300

°C, small mass losses (-12 %) were observed for samples conditioned at 50% relative

humidity, and is believed to be due to water evaporation from the sample (Figure 3-5a).

Glass transitions and chain relaxations observed using dynamic mechanical analysis

(DMA) and differential scanning calorimetry (DSC) support the presence of phase

separated domains in the copolymers. DSC results show that all PHPA based samples

regardless of protein methacrylation levels undergo a midpoint glass transition at around

-15 °C (Figure 3-5b), and it is not sensitive to protein loading. The glass transition

temperatures (Tg) of the copolymers are in close agreement with the PHPA

homopolymer, indicative of domain phase separation 4 9 . The dynamic behavior of the

blend and copolymers was further evaluated using DMA temperature sweeps, which

revealed glass transition onset temperatures at ranges between -8 - -4 °C and 131 - 147

0C and multiple tan 6 peaks (Figure 3-5c), supporting the multiphase nature of the

elastomers. Much like the transitions observed via DSC, the Tg's of the PHPA-rich phase

determined from DMA are close to one another for the blend and copolymers. However,

transitions are broader for materials with higher methacrylation levels. A second

transition at higher temperatures is attributed to protein chain relaxation, and its

broadness and temperature range are consistent with observations on other types of

hydrated and dry proteins50 . The protein Tg is known to be sensitive to presence of

plasticizers, and here it decreases with increasing methacrylation levels. This suggests
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a larger degree of phase mixing within the protein-rich domains in highly chemically

crosslinked materials.
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Figure 3-5. (a) TGA scan of whey3MA-PHPA copolymer with 20 wt.% protein loading.

All samples for thermal characterization were conditioned at 25 °C and 50% relative
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humidity prior to tests. (b) Second DSC heating scans for PHPA homopolymer, whey-

PHPA blend and copolymers at 20 wt.% protein loading. Samples were subjected to a

heating and cooling cycle to remove thermal history. (c) DMA temperature sweep of the

whey-PHPA blend and copolymers at a heating ramp rate of 3 °C/min. (d) DMA

temperature sweeps on the whey.2MA-PHPA copolymer, where the sample was

subjected to a heating ramp, a cooling ramp, and a second heating ramp at 3 °C/min.

Both protein and polymer Tg's are reversible, as shown in the cyclic temperature

scans (Figure 3-5d), which reveals property changes attributed to water loss as humidity

levels are not controlled during the run. After the first heating scan, the dried material has

a higher and much narrower PHPA Tg, as indicated by the shifted and narrower tan 6

peaks. Materials pre-dried are also shown to have greatly increased moduli in the 0 -

100 °C range (Figure A-4). In addition, glass transition onset temperature shifts in the

working temperature range amplifies the material's sensitivity towards humidity and

temperature, as materials experience maximum damping from diffusional motion of main

chain segments at their Tg's5 1 . This typically undesirable mechanical property

dependence on humidity and temperature has been a common challenge for many

protein-based materials 2 .

Although the protein-based elastomers exhibit thermal behavior indicative of

microphase separation, they do not have well-ordered microstructures. The small-angle

x-ray scattering (SAXS) intensity curve of whey-PHPA copolymer decreases

monotonically with increasing wavenumber, q (Figure 3-6a). The lack of peaks and

features indicate materials with no characteristic length scale, which may be due to the

inhomogeneity in location and number of methacrylate groups on proteins, large
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dispersity in polymer molecular weight, and the presence of chemical crosslinks which

limits chain mobility and hinders protein aggregation. Microphase separated materials

with no domain periodicities have also been previously observed in a triol cured,

crosslinked polyurethane, and the lack of diffraction maximum in its SAXS curves is

attributed to its randomly placed microphase particles53. WAXS scattering patterns for

PHPA based copolymers show diffuse halos centering at around 14.4 nm-1 and 6.4 nm-1

(Bragg spacings 0.44 nm and 0.98 nm), close to the amorphous peaks observed for

PHPA homopolymer (Figure A-5) and p-lactoglobulin in lyophilized power form 5 4 .

Although whey protein and p-lactoglobulin have been observed to form fibrillar and

spherulitic structures in solution after heating55 , studies have also shown that they

undergo limited changes in secondary structure and no repeating crystalline structures

were observed for p-lactoglobulin fibrils after lyophilization54 .
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Figure 3-6. (a) SAXS/WAXS scattering patterns for whey-PHPA blend and a copolymer.

(b) AFM phase images of blend and copolymers of whey and PHPA at a protein loading
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of 20 wt.%. Scale bars and phase ranges are 1 pm and 5 for the protein-polymer blend,

and 200 nm and 9° for the covalently bonded copolymers.

Phase separated domains were observed from tapping mode AFM phase images of

elastomer surfaces (Figure 3-6b), which were distinguishable via phase imaging due to

the difference in mechanical stiffness. The distinct phases in the material are distributed

unevenly with no apparent dominant spacing in the length scales of 1 - 100 nm, in

agreement with the scattering data. In the macrophase separated whey-PHPA blend,

domains appear to be large and continuous. Clumps of light phases are observed in

materials with low protein methacrylation, and appear to be smaller in materials with high

protein methacrylation. This is consistent with the observations made from visual

inspection of the materials, and suggests that materials with smaller chemical crosslink

density had higher degrees of phase separation due to protein aggregation.

The protein methacrylation level has opposite effects on chemical crosslink density

and protein aggregation, which resulted in non-monotonic trends in mechanical properties

and plastic deformation behavior under load (Figures 3-7a-d). Possible offsetting effects

from structural differences and chemical crosslink density led to the presence of an

optimal protein methacrylation level for maximum modulus (Figure 3-7a). At this

methacrylation level, proteins are sufficiently modified such that they are covalently

attached to PHPA chains, and yet not crosslinked to the extent that protein aggregation

is inhibited. All materials undergo plastic deformation after yielding, and yield stresses

across methacrylation levels appear to follow similar trends as their moduli (Figure A-6).

Elongation-at-break is lower for covalently linked protein copolymers than the blends, but

does not vary significantly across protein methacrylation levels (Figure 3-7c). However,
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because of increasing strain hardening with methacrylation level, toughness of materials

produced using unmodified and modified whey are roughly similar to each other (Figure

3-7d).

600

500

400

300

200

100

W

_ e WPl|_
eBLG|

0 2 4 6 8

Viethacrylic Anhydride/Protein

I I

0 2 4 6 8
Methacrylic Anhydride /Protein

(b)

C>

E

(d)

E

(d)

Co
Co

20

15

10

5

0

40

30

20

10

0

WPI
- BLG-

- -

0 2 4 6 8
Methacrylic Anhydride Protein

-i~

-
0+L

0 2 4 6 8
Methacrylic Anhydride / Protein

Figure 3-7. (a) Modulus, (b) ultimate tensile strength, (c) elongation-at-break, and (d)

toughness of whey (WPI) and P-lactoglobulin (BLG) copolymers at 20 wt.% protein

loading as a function of methacrylic anhydride to protein mole ratio.

In general, materials produced using a single protein species, P-lactoglobulin, exhibit

similar trends as whey protein isolate but with lower moduli, tensile strength, elongation-

at-break, and toughness (Figure 3-7a-d). This suggests that inhomogeneity in protein

species or the use of natural protein blends has no adverse impact on mechanical

properties of these thermoset elastomers, although the molecular mass and amino acid
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content vary considerably amongst different components in whey. Similar phenomena

have been observed in studies of whey protein and p-lactoglobulin in other materials

systems. Sorbitol plasticized P-lactoglobulin and whey protein isolate films have been

demonstrated to exhibit similar mechanical properties, which was attributed to the

dominating concentration of p-lactoglobulin in whey56. Studies on whey protein and p-

lactoglobulin gels have shown that the microstructure of both materials are similar at

comparable pH, and mixtures of globular proteins with similar isoelectric points have been

observed to form single continuous networks57. Therefore, the materials are tolerant of

impure feedstock, which is advantageous as additional protein purification is not required

for material synthesis.

Copolymers spanning wide ranges of stiffness are synthesized by varying the protein

to monomer ratios. For formulations with the same protein methacrylation level,

increasing the mass fraction of protein led to increased modulus and tensile strength at

the expense of elongation-at-break (Figure 3-8, Figure A-7). The stiffening role of protein

can be attributed to the combined effects of the larger mass fraction of hard component

and an increase in the crosslink density. Toughness, defined as the area under the

stress-strain curves, rose as the protein content was increased from very low values but

then plateaus at higher protein loadings due to offsetting effects of higher tensile strength

and lower elongation-at-break.
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Figure 3-8. (a) Modulus, (b) ultimate tensile strength, (c) elongation-at-break, and (d)

toughness of whey3MA - PHPA copolymers as a function of protein mass fraction.

The straightforward one-pot synthesis illustrated in this study produces strong and

tough protein-acrylate copolymers. Typically, protein based material fabrication involves

blending in large volumes of hydrophilic small molecule plasticizers58 , which are thought

to improve extensibility of materials by reducing the intermolecular associations of

proteins59. Compared to crosslinked 60 and uncrosslinked8 whey-glycerol blends reported

in the literature, the whey-PHPA copolymers have higher tensile strength, and

extensibility, even at lower protein loadings (Figure 3-9). Whey-PHPA has greatly

improved extensibility when compared to feather grafted with high Tg polymethacrylates,

illustrating the advantages of choosing rubbery synthetic polymers as the second

domain 1 5. Much like polyurethanes, the microphase separated stiff protein domains and
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soft polymer domains impart high strength and toughness to the material. The protein-

PHPA copolymers also exhibit comparable mechanical properties when benchmarked

against biobased non-isocyanate polyurethane (NIPU) prepared from carbonated

soybean oil and oligoamides61,which have attracted a great deal of interest due to their

lower toxicity and the use of renewable feedstocks.
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Figure 3-9. Comparison of mechanical property ranges.

aWhey3MA-PHPA copolymers synthesized in this study at 15 - 33% protein loadings.
Specimens were conditioned at 25 °C and 50% relative humidity for 48 hours and tested
at strain rates of 100 %/min.

bFilms prepared by grafting methyl, ethyl, butyl, and hexyl methacrylate onto chicken
feathers15 .

cWhey protein films plasticized with 25 - 55% glycerol prepared via solution casting8 .

dWhey protein films crosslinked with glutaraldehyde, formaldehyde, dialdehyde starch,
carbonyldiimidazole, or UV and plasticized with 40% glycerol60.

eNon-isocyanate polyurethane prepared from carbonated soybean oil and oligoamides61.
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3.4 Conclusion

A straightforward method for synthesizing protein-based thermoset elastomers was

demonstrated using whey protein isolate as a model mixture of proteins. Networks made

up of protein hard blocks covalently bonded to flexible acrylate polymer chain soft blocks

exhibited superior mechanical properties when compared to either protein or polymer

alone. Materials were prepared through the copolymerization of methacrylate groups on

proteins and (meth)acrylate comonomers, where chemical crosslink density was

modulated through protein methacrylation levels. Morphological characterizations of the

copolymers suggest the formation of microphase separated domains through protein

aggregation, the extent of which is influenced by methacrylation level or chemical

crosslink density. Mechanical properties of the elastomers are highly influenced by

protein content and protein methacrylation level, but are not adversely affected by protein

inhomogeneity. Whey-PHPA copolymers synthesized exhibit mechanical performance

ranges comparable to some biomass-based polyurethanes, and are therefore promising

as isocyanate-free hydrophilic polyurethane alternatives.
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Chapter 4: Hydrophobic and Bulk Polymerizable
Protein-based Elastomers Compatibilized with
Surfactants
Reproduced with permission from Chan W Y., et al. ACS Sustainable Chem. Eng., 2019, 7
(10), pp 9103-9111. Copyright 2019 American Chemical Society
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Proteins have great potential as biomass-derived feedstocks for material synthesis and

can form strong materials due to their highly hydrogen bonded nature. Elastomers

comprised of proteins and a synthetic rubbery polymer were prepared by copolymerizing

a methacrylated protein and a vinyl monomer, where proteins function as

macrocrosslinkers and reinforcing fillers. Selecting a hydrophobic synthetic polymer

block partially mitigates the moisture absorption of protein-based materials while

maintaining desirable levels of mechanical properties. The use of a hydrophobic

monomer is enabled by the use of surfactants that function as compatibilizers, since

proteins are generally insoluble in organic solvents and vinyl monomers. Surfactants also

lower the softening temperature of proteins, allowing materials to be fabricated solvent-

free using thermoplastic processing techniques. The preparation of a polyacrylate

network toughened through incorporation of protein crosslinking domains is

demonstrated using whey protein, the cationic surfactant benzalkonium chloride, and the
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hydrophobic monomer n-butyl acrylate. The resulting materials are amorphous and

disordered but have microphase separated protein-rich and polyacrylate-rich domains.

All materials soften with increasing relative humidity, but the presence of a hydrophobic

polyacrylate decreases the material's moisture absorption at high humidity levels when

compared to pure protein and networks comprised of a hydrophilic polyacrylate.

4.1 Introduction

The use of biomass-based feedstocks in chemical and material manufacturing has

been widely investigated as an approach to reduce dependence on fossil fuel-derived

chemicals' 2. As proteins are abundant in biomass sources such as agricultural and

forestry feedstocks, plant and animal based agricultural byproducts, and municipal

wastes, transformation of proteins into value-added products can contribute to material

sustainability 3 . Proteins have many potential uses in plastic applications due to their

capability to form continuous matrices5 and the abundance of reactive functional groups

that are amenable to chemical modification. However, in the absence of protein

modification or plasticizers, proteins are known to be too brittle to handle and form6 .

Plasticization is a commonly employed strategy that increases processability of

protein-based materials and enables them to be thermoformed 7. The plasticizers reduce

glass transitions or softening temperatures of proteins by disrupting polymer-polymer

interactions and increasing the free volume of protein chains. Various hydrophilic small

molecule plasticizers such as water, ethylene glycol, sorbitol, and glycerol have typically

been explored to allow proteins to be processed at lower temperatures that limit

decomposition7 . In addition, low melting point proteins and liquid crystalline polymers
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have been prepared by complexing charged proteins with ionic surfactants8-10 . Protein

melting points were lowered as surfactants disrupt electrostatic interactions between

proteins, enabling proteins with catalytic activity to be liquefied even in the absence of

solvent8. In protein-based materials, plasticizers are crucial for ease of processing and

molding, but the increase in flexibility is typically achieved at the cost of reduced

mechanical strength.

The mechanical properties of protein- based materials are also usually strongly

dependent on the humidity of the environment due to their hydrophilicity. This is often

compounded by the use of hydrophilic plasticizers, which greatly limit material

applications and versatility. As lowering hydrophilicity of protein-based materials, among

other desirable properties, can greatly increase their utility, many previous studies have

explored incorporating hydrophobic plasticizers such as lipids, long chain fatty acids, and

waxes to limit moisture absorption of protein films1 1. Although these molecules reduce

material sensitivity to humidity, incompatibility between plasticizer and protein due to

solubility differences can lead to ineffective plasticization and poor solvation of plasticizer

in the polymer12 . The insolubility of unmodified proteins in most organic solvents 13 and

common monomers 14 in the absence of salts or other mediators also presents a major

challenge for formulating blends and conjugates with non-water soluble plasticizers or

polymers. This issue is also encountered in protein biocatalysis, where performing

reactions in organic solvents or even in solvent free conditions can be of high value.

Methods such as protein chemical modification, immobilization on solid surfaces, co-

lyophilization with protectants, and surfactant complexation have been widely explored to

address these solubility challenges5-16.
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This work explores an approach to reduce the hydrophilicity of protein-based

materials by covalently attaching proteins to hydrophobic polymer chains, using whey

protein isolate (WPI) as the model protein. The material synthesis requires mixing

between the incompatible protein and water-insoluble vinyl monomers, which was

achieved using an ionic surfactant as compatibilizer. The surfactant of choice,

benzalkonium chloride (BAC), has a low melting point and is able to plasticize the protein.

The dual role of surfactant as both compatibilizer and plasticizer critically enables solvent-

free melt polymerization of the protein-based copolymers and the preparation of moldable

thermosets. A copolymerization strategy described previously was employed to prepare

strong and tough materials, where stiff protein domains were covalently attached to

flexible synthetic polymer segments through free radical copolymerization 17 . n-Butyl

acrylate was selected as a model hydrophobic comonomer that forms the rubbery

polymer segments. The three components are blended in the melt state and

copolymerized to form a network of protein-surfactant complexes and polyacrylate. This

synthetic strategy enables partially renewable materials containing protein reinforcing

domains to be prepared using industrially relevant processes, and can potentially be

expanded in the future to incorporate vinyl monomers or rubbery polymer segments

derived from biomass 18-2 1 to produce fully bio-based plastics.

4.2 Materials and Methods

n-Butyl acrylate, poly(ethylene glycol) methyl ether acrylate (Mn: 480), and

azobisisobutyronitrile were obtained from Sigma-Aldrich, while butanediol diacrylate and

methacrylic anhydride were purchased from Alfa Aesar. Tert-butyl peroxyacetate, and
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benzalkonium chloride were purchased from Acros Organics and MP Biomedicals,

respectively. Whey protein isolate was purchased from Bipro USA.

4.2.1 Protein-surfactant complex preparation

Protein-surfactant complexes were prepared by dissolving proteins in water to make

10 wt% protein solutions, followed by addition of benzalkonium chloride at a surfactant to

protein mass ratio of 1:1. The mixtures were stirred until homogeneous and lyophilized.

Complexes with polymerizable proteins were also prepared in a similar manner. Proteins

dissolved in aqueous solutions and modified with methacrylic anhydride, as described in

a previous work 1 7, were mixed with benzalkonium chloride without intermediate

purification steps.

4.2.2 Copolymerization of protein and monomer

n-Butyl acrylate and poly(ethylene glycol) methyl ether acrylate were passed over

basic alumina to remove inhibitors. To prepare the hydrophobic copolymer, n-butyl

acrylate was added to protein-surfactant complexes heated to 110 °C at a monomer to

complex mass ratio of 1:1, and thoroughly mixed by manually stirring. Initiator t-butyl

peroxyacetate (50 wt% in mineral oil) was added at an initiator to monomer mole ratio of

1:80. The mixture was placed into a flat mold sandwiched with Teflon liners, transferred

to a hydraulic press heated to 120 °C, and polymerized under a pressure of 1000 psi for

30 minutes. After polymerization, the copolymers were cooled to room temperature under

pressure, removed from the mold, and equilibrated at various relative humidity conditions

for at least 72 hours prior to mechanical characterization. The hydrohphilic material with

poly(ethylene glycol) methyl ether acrylate as the comonomer was prepared using an
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analogous procedure, simply replacing n-butyl acrylate with the hydrophilic monomer. A

Memmert HPP 110 climate control chamber was used to equilibrate samples at 23 0C

and 20%, 35%, 50%, or 80% relative humidity, while a dessicator with Drierite stored at

room temperature was used for the 4% relative humidity condition. A crosslinked

poly(butyl acrylate) control was prepared by mixing n-butyl acrylate, butanediol diacrylate,

and azobisisobutyronitrile at a monomer to crosslinker to initiator mole ratio of 300:1:3.75,

pipetted in between two glass plates with a 1 mm spacer, and polymerized at 70 °C for

30 minutes.

4.2.3 Ternary diagram construction

Miscibility of whey protein, benzalkonium chloride, and n-butyl acrylate at various

ratios was determined by mixing the protein-surfactant complexes with butyl acrylate at

the desired ratios at 110 0C. After cooling, homogeneous or optically clear mixtures were

designated as miscible, while mixtures that were heterogeneous, opaque or macrophase

separated were labelled immiscible. At low acrylate comonomer concentrations, mixtures

appear more solid-like, and were compression molded for miscibility determination.

Mixtures that form optically transparent films were classified as miscible.

4.2.4 Mechanical testing

Tensile testing specimens were cut using an ASTM D1708 microtensile die from

Pioneer Die-tecs. Five specimens per sample were stretched at a rate of 100% min-1 on

a Zwick Z05 machine. Averages and standard deviations of mechanical properties are

reported.
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4.2.5 Thermal characterization

Moisture content in materials was determined using thermogravimetric analysis (TGA)

using a TA Instruments Discovery TGA instrument. Samples equilibrated under different

conditions were heated under air flow at a rate of 20 °C min'. Total mass loss at 150 0C

was attributed to moisture content.

Modulated differential scanning calorimetry (MDSC) was performed using a TA

Instruments Discovery DSC instrument. Materials were subjected to two heating cycles

and one cooling cycle with a temperature ramp rate of 5 °C min- from -90 to 150 °C and

temperature modulation of 2 °C min- every 60 s. The second heating ramp was used to

determine reversible transition events.

4.2.6 Morphological characterization

Small-angle and wide-angle X-ray scattering (SAXS and WAXS) data were acquired

in transmission mode using a Rigaku 002 microfocus X-ray source with Cu Ka radiation

(0.154 nm) with a sample-to-detector distance of 109.1 mm. Data was acquired using a

DECTRIS Pilatus 300K hybrid panel array with an exposure time of 5 min for SAXS and

2 min for WAXS. Two-dimensional diffraction images were background-corrected,

azimuthally averaged, and plotted as one-dimensional scattering profiles.

Copolymer morphologies were also studied using scanning electron microscopy

(SEM). Flat samples were prepared by fracturing in liquid nitrogen and clamped vertically

to observe the fractured surface. Materials were sputter coated with gold, and the

microscope images were acquired at a voltage of 15 keV.
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Microscope Attenuated Total Reflection- Infrared Spectroscopy (ATR-FTIR) data were

acquired on a Thermo Fisher Continuum Fourier Transform Infrared Microscope attached

to an FTIR6700 bench using a germanium crystal. 64 scans were collected with a

resolution of 4 cm-1 . Samples were conditioned at 23 °C and various levels of relative

humidity prior to testing, and measurements were performed at ambient conditions. ATR

and atmospheric corrections were applied using the OMNIC software package, and all

spectra were min-max normalized.

4.2.7 Swelling ratio quantification

Dried specimens were dehydrated in a desiccator and weighed prior to submersion in

dimethyl sulfoxide (DMSO). Swollen samples were weighed again, and the swelling

ratios were reported as the ratio of swollen mass over dry mass. Three specimens were

tested for each material, and averages and standard deviations are reported.

4.3 Results and Discussion

4.3.1 Compatibilization of protein and hydrophobic monomer

This study demonstrates a versatile melt polymerization approach to prepare protein-

based copolymers by conjugating stiff proteins to rubbery polymer segments in the

presence of surfactants as compatibilizers. Covalently bonded copolymers of the protein

and the polyacrylate combine advantages of both components in terms of high strength

and toughness, as has been previously demonstrated in protein-based elastomers1 7 .

Copolymers were prepared using polymerizable proteins, where amine groups on the

proteins were reacted with methacrylic anhydride (Scheme B-1a) using a previously
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described method17 22. Proteins modified to have more than one methacrylamide group

can be conjugated to more than one growing polyacrylate chain, and therefore serve as

macrocrosslinkers that produce crosslinked networks reinforced by stiff protein domains

(Scheme B-1b). As proteins are typically hygroscopic, the non-water soluble n-butyl

acrylate (n-BA) was selected as the comonomer, which forms the low glass transition

temperature polymer segments.

n-Butyl acrylate has negligible water absorption and therefore the potential to reduce

the material's overall moisture sensitivity, but is immiscible with proteins at all

temperatures and lacks good common solvents. These constitute the main challenges

when formulating materials, as copolymerization strategies are usually applied to both

water soluble proteins and monomers, or proteins that are directly soluble in the

monomers 14 , 17. Drawing inspiration from studies that show that protein-surfactant

complexation imparts organic solvent solubility to proteins23 , a surfactant was selected as

a compatibilizer to improve protein-monomer miscibility. This approach is demonstrated

using whey protein isolate (WPI), which was complexed with benzalkonium chloride

(BAC), a cationic surfactant. Protein-surfactant complexes were prepared by mixing the

two in water followed by lyophilization. Upon addition of n-butyl acrylate, some

compositions form miscible or homogeneous dispersion, and can be further melt

polymerized to form thermosets (Figure 4-1a).

Combinations of WPI, BAC, and n-butyl acrylate that result in miscible, and melt

polymerizable mixtures are shown in a ternary diagram (Figure 4-1b). Binary mixtures of

protein-acrylate are completely immiscible, while that of protein-surfactant and surfactant-

acrylate are partially miscible. Miscible three component mixtures formed viscous,
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transparent fluids or transparent films after either mixing or compression molding at

elevated temperatures. When the surfactant to protein ratio is low (left side the ternary

diagram), the complexes are infusible in the absence of n-butyl acrylate and only form

miscible mixtures when mixed with large amounts of acrylate. On the other hand, at

higher surfactant to protein ratios (middle to right side of the ternary diagram), complexes

are miscible with n-butyl acrylate primarily at low acrylate compositions. These

differences may be related to the ratio of protein net charge and the amount of surfactant.

Studies by Hanski et al. on complexes of synthetic cationic polypeptide poly(L-lysine) and

anionic surfactant dodecylbenzenesulfonic acid have shown that stoichiometric

complexes with one surfactant molecule for each lysine residue are infusible even when

heated10 . However, complexes that contain an excess of surfactant are thermo-

processable, which parallels the miscibility observations of whey protein and BAC

complexes. Excess surfactant in the complexes serves as plasticizer but may lead to

immiscibility at high acrylate content due to limited miscibility of the ionic surfactant in the

non-polar acrylate. A composition where the protein is fully compatible with the acrylate

monomer is selected for copolymerization and for studies on material mechanical

properties and structure. While the approach is demonstrated only for one protein-

surfactant combination, this strategy of compatibilizing protein and monomer using

surfactants is generalizable across various other protein mixtures and monomers.
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Figure 4-1. (a) The surfactant, benzalkonium chloride (BAC), enables mixing between

the otherwise incompatible whey protein isolate (WPI) and n-butyl acrylate (n-BA).

Protein-surfactant complexes were copolymerized with n-BA in the melt state to produce

copolymer sheets. (b) Ternary diagram depicting ratios of WPI, BAC, and n-BA that result

in miscible and immiscible mixtures.

Besides functioning as a compatibilizer, the surfactant also reduces the melting point

of proteins and enables the protein mixture to be thermoformed without the use of

solvents. Thermal transitions of a dessicated protein-surfactant-polyacrylate copolymer

and its constituents are measured with modulated differential scanning calorimetry

(MDSC). Materials were dried prior to measurement to demonstrate properties of whey

protein, benzalkonium chloride, and acrylate during solvent-free blending and melt

polymerization. Glass transitions of the amorphous materials manifest in step changes

in their reversing heat capacity and peaks in the first derivative of reversing heat capacity

versus temperature (Figure 4-2). Dry whey protein does not undergo a glass transition

when heated up to 150 °C while the surfactant, BAC, has a midpoint glass transition
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temperature (Tg) at around -32 0C. A binary miscible mixture comprised of 50% protein

and 50% surfactant has a single Tg at 68 °C, which suggests that the protein is

plasticized. Tg's of other proteins have also previously been shown to be high when the

protein is dry and are rapidly lowered in the presence of solvent or plasticizer24 2 5, as a

result of disrupted hydrogen bonding and electrostatic interactions, and increased protein

chain mobility. In the synthesis of solvent-free protein melts, protein melting points have

been drastically lowered by complexing charged proteins with ionic surfactants of the

opposite charge with long alkyl tails8-9,'2 6. This inspired the selection of BAC, a low melting

point cationic surfactant, as the plasticizer, since the main component of whey protein, P-

lactoglobulin, has a small net negative charge at neutral pH (isoelectric point: 5 .3 )2-28.

The resulting WPI-BAC protein-surfactant complex not only has a low glass transition

temperature, but also softens considerably when heated and mixed with the liquid n-butyl

acrylate. Above the blending temperature of 110 °C, the miscible three component

mixtures can appear as pastes or viscous fluids, and are amenable to molding and melt

polymerization.
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Figure 4-2. (a) Reversing heat capacity thermograms and (b) first order derivative of

reversingheatflowversustemperature from modulatedDSCruns onBAC,WPI,WPI-

BAC complex, and WPI-BAC-polyBA copolymer. The protein: surfactant mass ratio for

the complex is 1:1, while the protein: surfactant: comonomer ratio for the copolymer is

1:1:2. Copolymer was prepared with protein with an average methacrylamide

functionality of 6. All materials were dessicated prior to measurements. Curves are offset

for clarity.

Elastomeric protein-surfactant-polyacrylate copolymer sheets were prepared by

compression molding mixtures of protein-surfactant complexes and comonomer in the

presence of a thermal initiator (Figure 4-1a). During compression molding at elevated

temperatures, mixtures of protein, surfactant, and acrylate monomers were softened and

pressed into sheets, while the polymerization process cures the material. Molding

pressure does not have a significant impact on material properties, as shown in a
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comparison of copolymers molded and polymerized at 250 psi and 1000 psi (Table B-1).

The low vapor pressure surfactant does not participate in polymerization, and is left in the

material as a plasticizer. Since the cured material does not contain solvent or volatile

components, drying steps are eliminated. This is advantageous as materials can deform

or fracture while drying 29 , which can be costly and limiting. The use of solvent also

substantially limits the types of processes that may be used and shapes of parts that may

be fabricated.

4.3.2 Effect of humidity on mechanical properties

Miscible blends of proteins and highly hydrophobic monomers enable the preparation

of less hygroscopic protein copolymers. n-Butyl acrylate was selected as a model

hydrophobic monomer, as its homopolymer absorbs -0% moisture after incubation at 23

°C and 80% relative humidity. In contrast, solution cast whey protein absorbs 13%

moisture under the same conditions. The disparity in moisture absorption between

proteins and hydrophobic synthetic polymers highlights the challenge of formulating

protein-based materials with consistent properties regardless of environmental

conditions, as water can soften materials by swelling or plasticizing polymers to reduce

glass transitions 30. Moisture absorption at 80% relative humidity for a protein-surfactant

complex (mass ratio: 1:1) and a copolymerized protein-surfactant-PBA (mass ratio: 1:1:2)

are 11.6% and 7.2% respectively, showing the positive effect of n-butyl acrylate

comonomer in decreasing the overall water absorption.

To elucidate the role of monomers on moisture absorption and provide a direct

comparison to n-butyl acrylate, materials were also prepared with a water soluble
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monomer, poly(ethylene glycol) methyl ether acrylate. Like butyl acrylate, this monomer

has a homopolymer Tg well below room temperature, which eliminates effects of Tg

change with water absorption on mechanical property differences. While both types of

copolymers absorb the same amount of water after dessication, differences in moisture

content increase rapidly with humidity levels (Figure 4-3a, Figure B-1). At 80% relative

humidity, the hydrophilic copolymer absorbs nearly two times more moisture than the n-

butyl acrylate based copolymer. Across all conditions, the PEG based hydrophilic

copolymer performs worse than the n-butyl acrylate based copolymer. Major differences

were observed for dried materials, even though their moisture content was similar. This

may be due to differences in monomer size, which has been observed in other studies

where the larger monomer was hypothesized to form more homopolymers than

copolymers with the protein due to sterics31. On the other hand, tensile properties of both

copolymers exhibit similar trends with humidity (Figure 4-3b-d). Both materials soften

considerably above 20% relative humidity, and have elongation-at-break and toughness

that peak between 20 - 50% relative humidity. Even in high humidity conditions, both

copolymers maintain their structural integrity and toughness. An optimal relative humidity

for toughness is observed, as small amounts of water act as plasticizers and raise

material extensibility at low humidity levels. Above a certain water content, the markedly

softer materials fracture at much lower tensile strengths, resulting in decreased

toughness. Similarities in the trends regardless of the polyacrylate hydrophobicity

suggest that water absorption and the resulting softening in protein reinforcing domains

dominate changes in mechanical properties.

165



14-
w n-Butyl Acrylate

12 - m PEG Methyl Ether
Acrylate (Mn: 480)

10-

8-

6-

4-

2-

0 '"" Iad,
4% 20% 35% 50% 80%

Relative Humidity

(b)
250

200
cc

2150

100
0

50

0

0-

0 40 80 120
Relative Humidity(%)

(d)

4)

(C)

14

CU

C

CU
0)
C

0
w

0 20 40 60 80 10
Relative Humidity (%)

-EU)

CD

0)

8

6

4

2

01
0 0 20 40 60 80 100

Relative Humidity (%)

Figure 4-3. (a) Moisture content of crosslinked WPI-BAC-polyacrylate copolymers

incubated at 23 °C and various relative humidity levels. Red and blue points indicate

materials synthesized with n-butyl acrylate and PEG methyl ether acrylate respectively.

(b), (c), (d) Modulus, elongation-at-break and toughness of copolymers as a function of

relative humidity. Protein: surfactant: comonomer ratio is 1:1:2. Proteins were modified

to have an average of 6 methacrylamide groups per protein.
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4.3.3 Material morphology

Due to the non-specific nature of protein modification and presence of diverse protein

species, the protein-surfactant-polyacrylate copolymers are expected to exhibit

microphase separation but not form well-ordered microstructures. The DSC thermogram

of the WPI-BAC-poly(n-BA) copolymer exhibits features that support the existence of

distinct poly(n-BA) and WPI-BAC protein-surfactant transitions at around -52 °C and 57

°C respectively (Figure 4-2 red curves). As these two Tg's lie close to that of poly(n-BA)

homopolymer and protein-surfactant complex, the hard and soft components are likely

microphase separated. The surfactant is likely localized in protein domains, as indicated

by the Tg and observations on the immiscibility between surfactant and poly(n-BA)

homopolymer. A representative small-angle X-ray scattering (SAXS) intensity curve for

a crosslinked copolymer is shown in Figure 4-4a. Scattering intensity decreases

monotonically with increasing wavenumber, q, with no peaks and features that would be

indicative of a characteristic length scale. This is similar to previous observations on

copolymerized methacrylated whey protein and hydroxypropyl acrylate 17 , and indicates a

lack of long range order. Similar observations were made across varying material

crosslinking densities and equilibration humidity levels (Figure B-2). Scanning electron

microscope (SEM) images of a fractured surface of the copolymer depict rough textures

and no regular distinct phases (Figure 4-4b), which is consistent with observations from

SAXS.
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Figure 4-4. (a) Representative SAXS and WAXS curves for a crosslinked WPI-BAC-

poly(n-BA) copolymer. WAXS curve offset to match the overlapping region with SAXS.

(b) SEM image of a freeze fractured copolymer surface. (c) Comparison of WAXS curves

of surfactant (BAC), protein (WPI), poly(n-BA) homopolymer, protein-surfactant (WPI-
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BAC) complex (1:1 ratio), WPI-BAC-poly(n-BA) copolymer and blend. Protein: surfactant:

comonomer ratio is 1:1:2 for all copolymers and blends studied.

Short range ordering in the protein-surfactant complexes and protein-surfactant-

polyacrylate blends and copolymers was investigated using wide-angle X-ray scattering

(WAXS) in vacuum conditions to understand structure in the absence of water. Broad

peaks observed confirm the amorphous nature of all the blends and copolymers. The

peak at around 14 nm observed in all materials including poly(n-butyl acrylate)

homopolymer and benzalkonium chloride correspond to a 0.45 nm spacing, and can be

attributed to lateral alkyl tail-tail distances 32, protein backbone and inter-strand

distances33-34 . A sharper peak at around 2.3 nm- 1 (long period of 2.7 nm) is present in all

surfactant containing materials. These low wavenumber scattering peaks for the

complex, blend, and copolymer were broader and shifted to lower wavenumbers when

compared to that of the surfactant (Table B-2), suggesting the disruption of surfactant

packing upon protein complexation. The amorphous protein-surfactant complexes and

copolymers are isotropic when examined between cross polarizers, but are birefringent

upon stretching (Figure B-3). This is consistent with the SAXS results (Figure B-4), where

the complexes lack molecular ordering when unperturbed. Upon stretching, the

complexes can be oriented, which has also been previously observed in plasticized

proteins and protein blends 35.

Structural changes of the protein as a result of surfactant complexation were observed

using Attenuated Total Reflection- Fourier Transform Infrared (ATR-FTIR) spectroscopy

(Figure 4-5). The intense amide I absorption of proteins (1600 - 1700 cm 1 ) which

originates mainly from C=O stretching with minor contribution from C-N stretching, is
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known to provide important structural information6 . Solution cast whey protein has a

strong absorption peak at 1630 cm 1 , consistent with large fractions of p-sheet structures

in the protein mixture comprised primarily of p-lactoglobulin37 3 8 . Upon complexation and

high temperature compression molding with benzalkonium chloride, the amide I band

appear to split into two main components: one at a lower frequency of 1626 cm 1 and

another at around 1655 cm-1. The 1630 cm-1 p-structure peak is affected by the strength

of hydrogen bond involving the amide carbonyl (C=O), and the lowered frequency

suggested the presence of denatured and aggregated proteins with strong intermolecular

hydrogen bonds3 6. Relative intensity of the 1655 cm-1 band versus the 1626 cm 1 band

is higher when whey protein was complexed with benzalkonium chloride, indicating a

larger presence of random coil or helix structures. These changes may suggest that the

process of surfactant blending and compression molding led to the unfolding of proteins,

and the formation of denatured protein aggregates with increased intermolecular

hydrogen bonding interactions. When the protein-surfactant complex was exposed to

high humidity levels (80% relative humidity), a further increase in the higher frequency

component relative to the 1626 cm 1 band was observed. No major differences were

observed in the amide 11 region (1510 - 1580 cm 1) between the protein and protein-

surfactant complexes. This region has previously been found to be less sensitive to

protein conformation 39, but is affected by the hydrogen bonding interactions and

environment of the N-H group40 -42 . The similarity between the protein and protein-

surfactant complex could therefore be attributed the lack of functional groups that

participate in hydrogen bonding in benzalkonium chloride.
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Figure 4-5. (a) Microscope ATR-FTIR spectrum of water, surfactant (BAC), protein (WPI),

and the protein-surfactant (WPI-BAC) complex at 1:1 mass ratio. All spectra were min-

max normalized, and shifted for clarity. (b) Comparison of the amide I and amide II

regions for WPI and WPI-BAC complex after incubation at various relative humidity levels.
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4.3.4 Material mechanical properties

Achieving high strength and toughness in the material requires the presence of both

stiff protein domains for reinforcement and rubbery polymer domains for extensibility. On

its own, the protein-surfactant complex is stiff but has low elongation-at-break and

toughness (Figure 4-6, Table B3), properties commonly observed for plasticized protein

films7. These films were prepared by compression molding, which softens and fuses the

WPI-BAC complexes to produce a continuous matrix. On the other hand, poly(n-butyl

acrylate) is a liquid at room temperature, with a glass transition temperature of -55 °C.

Unreinforced poly(n-BA) crosslinked with butanediol diacrylate at a crosslinker to

monomer mole ratio of 1:300 produces a soft rubber with low modulus and toughness.

Solid protein-based copolymers were prepared by polymerizing n-BA in the presence of

the protein-surfactant complex, where methacrylamide groups on proteins function as

sites for the protein to be included in the polyacrylate backbone (Scheme B-1b). The

copolymer where proteins had an average of 6 methacrylamide groups per protein is

shown to possess both high mechanical strength and extensibility, and is tougher than its

constituents. This synergistic combination of a hard and soft component has previously

been observed in other similar crosslinked protein-acrylate copolymers 17, and is also

typically regarded to be central in the design of high performance engineering plastics

like polyurethanes4 44 .
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Figure 4-6. Representative stress-strain curves of a crosslinked WPI-BAC-poly(n-BA)

copolymer averaging 6 methacrylamide groups per protein, protein-surfactant (WPI-BAC)

complex, and a crosslinked poly(n-BA) at 1:300 crosslinker to monomer ratio. All

materials were conditioned at 23 °C and 50% relative humidity prior to testing.

The capability of proteins to function as reinforcing blocks demonstrates the potential

use of these renewable biopolymers in manufacturing engineering plastics and reinforced

elastomers, and proteins may also have unique characteristics distinct from those derived

from fossil fuel based feedstock. Proteins have a large number of reactive functional

groups that are amenable to further reactions or polymerization, and copolymers can be

prepared using straightforward approaches like the free radical polymerization method

demonstrated in this work. As a filler, the availability of reactive groups on proteins also

distinguishes them from inorganic fillers that are typically employed to reinforce

elastomers, such as silica, carbon black, and nanoparticles. Inorganic hard fillers provide

additional mechanical strength to polymers, and their effectiveness of reinforcement has

been shown to improve when filler-matrix interactions are strong45 . This is typically

173



achieved by improving filler dispersion to achieve high surface area to volume ratios, or

by including coupling agents that enable chemical bond formation between filler and the

polymer matrix. In the protein-based copolymers, covalent attachment between protein

and rubbery polymer can provides efficient transfer of external load between the two

phases, and the filler-matrix interactions may be potentially tuned in the form of

crosslinking density.

4.3.5 Modulating crosslinking density in copolymers

The presence of methacrylamide groups in proteins as a result of the reaction between

whey protein and methacrylic anhydride heavily influences mechanical properties, as they

provide sites for the protein to be covalently attached to the rubbery polyacrylate chains

during polymerization (Scheme B-1b). The level of protein functionalization therefore

modulates crosslinking density. In addition to copolymers, blends were also prepared by

polymerizing the acrylate in the presence of unmodified proteins, where the proteins

function only as filler. Characterization of the degree of methacrylation using a model

reaction with p-lactoglobulin was previously described 17 . To verify that materials with

increasing degrees of protein methacrylation have higher crosslinking densities, swelling

experiments were performed in dimethyl sulfoxide (DMSO), a good solvent for swelling

both the protein and polyacrylate phases. In the case of a blend, where the protein is

unmodified, the swollen material lost structural integrity and was nearly fully dissolved,

whereas copolymers prepared with increasing protein functionalization were observed to

have decreasing solvent uptake (Table B-4), indicative of the expected trend in crosslink

densities. Mechanical property comparison between the blend and copolymers showed

that the blend has higher modulus but lower elongation-at-break than all crosslinked
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materials with varying protein methacrylation levels (Figure 4-7). Both tensile strength

and toughness initially increase with increasing crosslinking density, but level off at high

levels of methacrylation. Large differences between the blend and all copolymers of

various crosslinking densities could arise from structural differences, as proteins in the

blend function only as fillers (Scheme B-1c).
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Figure 4-7. (a) Representative stress-strain curves, (b) modulus, (c) elongation-at-break,

and (d) toughness of WPI-BAC-poly(n-BA) blend and copolymer with a range of

methacrylation levels. Protein: surfactant: comonomer ratio is 1:1:2.
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4.4 Conclusion

This work presents a practical and scalable melt polymerization approach to prepare

protein copolymers and demonstrates for the first time that surfactants can be used as

both plasticizers for proteins and compatiblizers. The use of appropriate surfactants

enables mixing of proteins with monomers of wide-ranging polarity and expands the

accessible range of material properties for protein-based copolymers. The plasticization

capability of surfactants allows the copolymers to be thermoformed and melt polymerized,

which is critically enabling for industrial processes such as injection and blow moulding.

Materials were prepared by first complexing whey protein with a cationic surfactant

benzalkonium chloride. The complexes were shown to be partially miscible with the

hydrophobic vinyl monomer n-butyl acrylate in the absence of solvent. Mixtures of

protein, monomer, and surfactant can be thermoformed and cured, while shrinkage

issues due to post-processing solvent evaporation are eliminated. Copolymers consisting

of a protein-polyacrylate network and surfactant are produced when methacrylamide

functionalities are installed onto proteins. As proteins function as macrocrosslinkers, the

crosslinking density is modulated by protein modification level. Copolymers in general

have lower stiffness but higher elongation-at-break, ultimate tensile strength, and

toughness than uncrosslinked blends. The presence of both the stiff protein and flexible

polyacrylate domains are crucial for mechanical properties, as individually, these

materials are either too brittle or too soft. Copolymers may be microphase separated, as

thermal transitions of both the polyacrylate phase and protein-surfactant phase are

observed. However, they do not have ordered microstructures.
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To assess the impact of incorporation of a hydrophobic component into copolymers,

a second material was prepared with hydrophilic monomer poly(ethylene glycol) methyl

ether acrylate. Moisture absorption of the two types of materials are similar when

materials were dessicated, but increases with a larger magnitude for the hydrophilic

copolymer at higher humidity levels. Although n-butyl acrylate is effective at lowering the

copolymer's overall moisture absorption, both materials exhibit similar qualitative trends

in material softening and have peak toughness at 20 - 50% relative humidity. Therefore,

protein-surfactant complexes represent an important technology for solvent-free

processing of protein biomass into hydrophobic polymers, but despite a reduction in water

uptake, challenges remain with managing humidity effects on the protein domains. Efforts

to increase material mechanical strength and to reduce humidity sensitivity are described

in Appendix E.
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Chapter 5: Synthesis of Protein-based
Thermoplastic Elastomers through Site-specific
Protein Modification and Grafting-from
Polymerization

Proteins are renewable biopolymers with potential as a feedstock for sustainable

materials. However, as proteins typically have multiple reactive functional groups, efforts

at developing protein-based plastics have focused almost entirely on chemically

crosslinked networks. Here an approach to prepare thermoplastic protein copolymers is

presented, using a site-selective protein conjugation strategy to install a RAFT agent onto

the protein N-terminus, followed by grafting-from RAFT polymerization. A diblock

copolymer was prepared with whey protein as the reinforcing component and

poly(hydroxyethyl acrylate) as the rubbery segment. Roughly half of the most abundant

protein species in whey, P-lactoglobulin, was observed to be modified with the single

RAFT agent after transamination of the N-terminus into a ketone followed by oxime

formation. Copolymers were obtained from solution polymerization of hydroxyethyl

acrylate and the protein macroRAFT agent. Lyophilized copolymers of the protein and

polyacrylate were observed to be thermally moldable and reprocessable.

5.1 Introduction

Thermoplastic elastomers (TPEs) are a class of materials with advantages of both

rubbery and plastic materials, finding widespread applications in consumer products,

automotive parts, coatings, adhesives, and more. The enhanced mechanical

performance of TPEs, particularly multi-block copolymers and polyurethanes, originate
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from their molecular structure: they are comprised of copolymers or blends of hard and

soft segments. The hard segments may be glassy polymers with high glass transition

temperatures, or may contain functional groups that form tough physical crosslinks

through crystallization or ionic associations1 4. The soft domains with low glass transition

temperatures permit deformation and contribute to the material's extensibility4-5. The

microphase separated hard domains and thermoreversible physical crosslinks enable

TPEs to possess mechanical properties of crosslinked rubbers yet maintain advantages

of processability and recyclability.

Most commercial TPEs are derived from fossil fuel-dependent feedstocks. However,

significant efforts have been dedicated towards the use of sustainable chemicals in the

preparation of TPEs. Notable examples include polyester-based TPEs with potentially

biomass-sourced monomers, such as poly(lactide), poly(methylene butyrolactone), and

terpene derived methylstyrenes as the hard segments, and poly(methyl caprolactones),

poly(menthide), and poly(myrcene) as the soft segments6-8. A few examples of using a

biopolymer as complete replacement for one of the phases/segments in TPEs have also

been demonstrated, although mostly in the form of blends instead of copolymers 9.

Recently, Huang et al. have prepared a TPE with lignin as the hard domain and polyolefin

elastomer as the rubber matrix, where interactions between the two phases were

enhanced with metal coordination bonds1 0 . TPEs with multigraft copolymer architecture

have also been prepared using biopolymers, where stiff cellulose or lignin backbone were

grafted with rubbery side chains".

Proteins are biopolymers with historical uses as raw materials in commodity and

engineering plastic applications. Extensive intermolecular interactions between proteins
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enable them to form films and sheets, where the stiff nature of dry proteins can be

leveraged to provide reinforcement in thermoset elastomers- 1 . Polymer grafting onto

proteins and chemical crosslinking are commonly employed to improve structural integrity

of protein copolymers 14 -15. However, the preparation of thermoplastic elastomers with

protein-based block copolymers has not been reported. Because the protein contains

diverse reactive functionality, most materials formed thermoset networks, which limit the

potential to use conventional thermal processing methods for molding and recycling. In

addition, in the absence of plasticizers, proteins have high softening temperatures that

may be beyond their degradation temperatures, making a thermoplastic transition difficult

to achieve.

Due to the potential applications of protein-polymer conjugate materials in fields

including drug delivery, catalysis and sensors, various conjugation chemistries targeting

the natural amino acids have been developed 16- 18 . Reactive functional groups including

amines on lysines and carboxylic acids on aspartic acids and glutamic acids are popular

targets, but are typically the least site-specific due to their abundance on protein surfaces.

Some site-specificity can be achieved by targeting thiol groups on cysteine residues,

which are relatively rare. However, these residues may be less accessible as they can

be buried and may be involved in maintaining protein structure. Additionally, phenolic

groups on tyrosines can be modified with electrophilic reagents. Less commonly adopted

chemistries for modifying phenylalanine and tryptophan have also been developed17 .

Besides targeting less abundant amino acids, site-specific bioconjugation strategies that

rely on unique positions on proteins such as the N-terminus have demonstrated

tremendous potential. Some of the developed chemistries such as the pyridoxal-5'-
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phosphate mediated transamination are general for a range of N-terminus residues1 9 ,

while others such as periodate oxidation or Pictet-Spengler reactions require specific

residues 20-21.

This work aims to develop the very first protein-based thermoplastic elastomers

without the need for external plasticizers. Achieving this goal requires site-specific

bioconjugation chemistries that can be applied to crude protein biomass, enabling

covalent bonds to be formed between protein and polymer without forming so many

bonds that a crosslinked network results. A grafting-from approach to prepare diblock

protein copolymers is presented, with whey protein isolate as the model protein, and

poly(hydroxyethyl acrylate) as the rubbery segment. A protein macroRAFT agent was

first prepared using an N-terminus modification chemistry previously reported22 , followed

by RAFT polymerization 23 of the hydroxyethyl acrylate. This approach should be

generalizable to other proteins and similar rubbery polymers. The properties of the

thermoplastic are then discussed, and the copolymer is demonstrated to be thermally

processable and recyclable.

5.2 Materials and Methods

2-(Ethylthiocarbonothioylthio)-2-methylpropionic acid (EMP) was prepared as previously

reported2 4 . 4-(Dimethylamino)pyridine (DMAP), tetraethylene glycol, trifluoroacetic acid,

hydroxyethyl acrylate, and dimethylacrylamide were obtained from Sigma-Aldrich, while

2,2'-Azobis[2-(2-imidazolin-2-yl)propane] dihydrochloride (VA-044) was purchased from

Wako Pure Chemical Industries. N-(3-Dimethylaminopropyl)-N'-ethylcarbodiimide

hydrochloride, pyridoxal-5'-phosphate (PLP), and (boc-aminooxy)acetic acid were
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purchased from Chem-Impex International. Whey protein isolate was purchased from

Bipro USA. All other chemicals were purchased from VWR, unless otherwise noted.

5.2.1 RAFT agent synthesis

EMP-tetraethylene glycol. 5 g EMP (Figure C-1), 817 mg 4-(Dimethylamino)pyridine

(DMAP), -10 g tetraethylene glycol, and -15 mL of dichloromethane were added to a

three neck flask. After stirring for 10 min in an ice bath under nitrogen flow, 9.6 g N-(3-

Dimethylaminopropyl)-N'-ethylcarbodiimide hydrochloride (EDC.HCI) was added to the

flask. The reaction mixture was stirred overnight under nitrogen and allowed to warm up

to room temperature. The crude product was diluted with -200 mL of dichloromethane,

washed thrice with 200 mL water, thrice with 200 mL brine, dried over anhydrous

magnesium sulfate, and finally filtered and concentrated by rotary evaporation. The crude

product appears as a viscous orange oil, and was analyzed by NMR. 1H NMR (CDCl3,

6/ppm): 4.28 (t, 2H, O=C-0-CH 2-CH20-), 3.67 (m, 14H, HOCH 2CH 20-), 3.29 (M, 2H, -

SCH2CH3), 1.72 (s, 6H, -(C=O)C(CH)2S-), 1.30 (t, 3H, --SCH2CH 3) (Figure C-2). As the

crude product was functionalized in additional reactions, it was not further purified or

extensively dried.

Boc-protected, aminooxy terminated RAFT agent. 3.8 g (boc-aminooxy)acetic acid,

4 g RAFT agent EMP-tetraethylene glycol, and 367 mg DMAP were dissolved in -15 mL

anhydrous dichloromethane in a three neck flask. After stirring for 10 min in an ice bath

under nitrogen flow, 4.8 g EDC.HCI was added to the flask. The reaction mixture was

stirred overnight under nitrogen and allowed to warm up to room temperature. The crude

product was purified via silica gel chromatography using an Isolera One Biotage system.
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The viscous product was applied directly onto two Biotage samplet cartridges, which were

dried under air flow and then inserted into two 100 g SNAP KP-SIL columns, with hexane

and ethyl acetate as the mobile phase. The isolated product was concentrated by rotary

evaporation. 1H NMR (CDCl, 6/ppm): 4.48 (s, 2H, -NHOCH 2-),4.36 (t, 2H, O=C-0-CH 2-

CH20-), 4.28 (t, 2H, O=C-0-CH 2-CH20-), 3.68 (m, 12H, -OCH2CH20-), 3.31 (m, 2H, -

SCH2CH3), 1.72 (s, 6H, -(C=O)C(CH 3)2S-), 1.50 (s, 9H, -OC(CH3)3), 1.35 (t, 3H, --

SCH2CH) (Figure C-3a).

Aminooxy terminated EMP-tetraethylene glycol RAFT agent. The entire batch of boc-

protected RAFT agent was redissolved in -10 mL of dichloromethane. Boc-deprotection

was carried out with 7 mL of TFA at ambient conditions overnight. The next day, residual

solvent and TFA were removed by blowing nitrogen gas over the mixture. 1H NMR

(CDC13, 6/ppm) 4.53 (s, 2H, -NHOCH 2-), 4.34 (t, 2H, O=C-0-CH 2-CH20-), 4.28 (t, 2H,

O=C-0-CH 2-CH20-),3.72 (m, 12H, -OCH2CH20-), 3.31 (m, 2H, -SCH 2CH3), 1.72 (s, 6H,

-(C=0)C(CH 3)2S-), 1.34 (t, 3H, --SCH2CH 3) (Figure C-3b).

Protein macroRAFT agent synthesis

16 g whey protein isolate was dissolved in 80 mL water. A pyridoxal-5'-phosphate (PLP)

stock solution was prepared by adding 1.7 g PLP and 1.2 mL 10 M sodium hydroxide to

40 mL water. The PLP solution was vortexed and/or sonicated to ensure complete

dissolution of the solids. Both solutions were combined, and the pH was adjusted to 6.5.

The solution was stirred at 50 °C for 2 hours. Excess PLP was removed by dialyzing the

protein solution against 4 changes of DI water (4 x 16 L), 3 changes of 25mM ammonium

bicarbonate (3 x 16 L), and finally 7 changes of DI water (7 x 16 L). The obtained keto-
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protein was lyophilized. Oxidation of the N-terminus results in a molecular weight change

of -1 Da). This can be detected by mass spectrometry, but may be within the margin of

error. Conjugation to an aminooxy-terminated dye, aminooxy-5(5)-FAM, can also provide

visual and qualitative confirmation of the formation of keto-proteins (Figure C-4).

6.5 g of the lyophilized keto-whey protein was dissolved in water, while 1.66 g of the

aminooxy-terminated EMP-tetraethylene glycol RAFT agent was dissolved in 3.25 mL

DMSO. The RAFT agent in DMSO was added to the protein solution. The solution pH

was acidified to pH 1-2 using hydrochloric acid. At these conditions, the main component

in whey protein, P-lactoglobulin, is likely in the monomeric form, with most of its secondary

structure retained 25. The reaction was performed at room temperature overnight. Excess

RAFT agent was removed by dialyzing the protein solution against at least 7 changes of

DI water (7 x 4 L).

5.2.2 RAFT polymerization

Synthesis of protein copolymer with grafting-from polymerization

6 g whey protein macroRAFT agent was dissolved in 120 mL water in a 300 mL round

bottom flask, and the pH was adjusted to -2 using 6 M hydrochloric acid. 12 mL

hydroxyethyl acrylate (HEA) and 80.4 mg initiator VA-044 were added to the flask, which

was immersed in an ice bath. The mixture was purged with nitrogen while stirring in an

ice bath for an hour, and then placed in a water bath at 50 0C. After 2 hours, the

polymerization was quenched by exposure to air. The copolymer was then lyophilized,

and characterized using sodium dodecyl sulfate polyacrylamide gel electrophoresis

(SDS-PAGE) and size exclusion chromatography (SEC).
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Lyophilized copolymer was placed into a flat mold sandwiched between Teflon liners,

transferred to a Carver hydraulic press heated to 121 °C, and molded under a pressure

of 3 metric ton for 5 minutes. After polymerization, the copolymers were cooled to room

temperature under pressure, removed from the mold, and equilibrated at 50% relative

humidity and 23 °C for at least 48 hours prior to mechanical testing.

Synthesis of PHEA - whey protein blend

To prepare the PHEA homopolymer, 12 mL hydroxyethyl acrylate (HEA) was added to

120 mL water in a 300 mL round bottom flask. 73 mg EMP in 3 mL DMSO and 80.4 mg

initiator VA-044 were then added to the flask, which was immersed in an ice bath. The

mixture was purged with nitrogen while stirring in an ice bath for an hour, and then placed

in a water bath at 50 C. After 45 min, the polymerization was quenched by exposure to

air. Unreacted monomer and DMSO were removed by centrifugal ultrafiltration with PALL

centrifugal devices with 10 kDa molecular weight cut off. Blends were prepared by

dissolving whey protein and homopolymer in water at a polymer to protein dry weight ratio

of 2:1 followed by lyophilization.

5.2.3 Characterization methods

Liquid Chromatography-Mass Spectrometry (LC-MS)

The percentage of RAFT agent modified proteins was estimated via Liquid

Chromatography-Mass Spectrometry (LC-MS) using an Agilent 1260 Infinity system.

Analyses were carried out on an Agilent Poroshell 300SB-C18 column operating at a flow

rate of 0.55 mL/min, with water as the running buffer (A) and acetonitrile as the elution

buffer (B). The elution gradient was as follows: 0 min, 5% B; 5.2 min, 95% B; 6 min, 95%
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B; 6.4 min, 95% B; 8 min, 95% B. MS detection was carried out on an Agilent 6100 Single

Quadrupole. In a typical run, -0.1 pg of protein (dry mass) is injected, and the positive

polarity mass spec signal was collected for m/z ranges of 300 to 3000. UV absorption

spectrum from 190 to 700 nm was also collected.

Conjugation of the RAFT agent adds 455 Da to the molecular weight of the protein.

Modified proteins were identified through mass spectral deconvolution performed with

limits for low molecular weight, high molecular weight, and maximum charge setat 10,000

Da, 30,000 Da, and 20 respectively. Relative abundance is normalized to the most

abundant species.

Size Exclusion Chromatography

The molar mass and dispersity of water soluble polymers, proteins, and copolymers were

analyzed using three PL Aquagel-OH MIXED-M 8 pm columns (Agilent Technologies) in

an Agilent Technologies 1260 Infinity system. Signals were collected from an Agilent UV,

a Wyatt DAWN HELIOS 11 multi-angle light scattering detector, and a Wyatt Optilab T-rEX

refractometer. The mobile phase was 50 mM Tris pH 7.4 with 0.02% sodium azide. dn/dc

values were measured and calculated using ASTRA (Wyatt Technology)'s built-in "batch

(determine dn/dc)" method, and were used to obtain absolute molar masses. dn/dc value

of PHEA and whey protein-PHEA copolymer in 50 mM Tris pH 7.4 were determined to be

0.117 (± 2.8%) mL/g and 0.144 (± 0.17%) respectively. An average protein dn/dc value

of 0.185 mL/g was used for unmodified whey protein2 .
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Mechanical testing

Specimens for uniaxial static tensile testing were cut using an ASTM D1708 microtensile

die from Pioneer Die-tecs. Samples were tested at a rate of 100% strain/min on a Zwick

Z2.5 machine in tensile mode at ambient conditions.

Thermal characterization

Thermal properties of the copolymer were analyzed using thermogravimetric analysis

(TGA) and differential scanning calorimetry (DSC). TGA was performed using a TA

Instruments Discovery TGA under nitrogen with a heating rate of 20 °C/min from 40 to

800 °C. DSC was performed using a TA Instruments Discovery DSC. Materials were

subjected to two heating cycles and one cooling cycle with a temperature ramp rate of

10 °C/min from -40 °C to 225 °C with an isothermal hold of 1 min at the end of each ramp.

The second heating ramp was used to determine the transition temperatures.

Morphological characterization

Small-angle and wide-angle X-ray scattering (SAXS and WAXS) data were acquired

using a SAXSLAB Ganesha system with a Rigaku 002 microfocus X-ray source with

CuKa radiation (0.154 nm) in a transmission geometry. The freestanding polymer

samples were adhered to Kapton tape, and were then placed inside an evacuated

chamber and beam path with a pressure of 0.08 mbar. The sample to detector distance

was set to 109.1 mm for WAXS and 950 mm for SAXS, and sample acquisition times for

SAXS and WAXS were 3 and 2 minutes, respectively. The detector was a DECTRIS

Pilatus 300K hybrid pixel array with an 83.8 mm by 106.5 mm active area and pixel size
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of 172 pm 2. Two-dimensional diffraction images were background corrected, azimuthally

averaged and plotted as one dimensional scattering profiles with the SAXS Gui software.

5.3 Results and Discussion

Whey protein isolate was selected as the model byproduct protein for thermoplastic

synthesis. Being a mixture of proteins produced as a byproduct in cheese production, it

is a simple yet realistic representation of crude protein feedstock. The protein mixture

also contains a multitude of reactive functional groups, including thiols, carboxylic acids,

and primary amines from cysteines, aspartic acids, glutamic acids, and lysines 27. To

prepare block copolymers with defined architecture, a site-specific conjugation chemistry

was used to install a reverse addition-fragmentation chain transfer (RAFT) agent onto the

N-terminus. As all protein species have one N-terminus each, the approach should be

generalizable to other protein sources albeit with variability in yields. The single attached

RAFT agent on proteins allow diblock copolymers to be prepared from grafting-from

polymerization regardless of protein amino acid sequence (Scheme 5-1).

Aminooxy terminated 0
H0 PLP H RAFT agent H

Protein tein2 -t n Protein Protein

H Hydroxyethy acrylate
Protein 

VA.5044

Scheme 5-1. Synthesis of aprotein macroRAFT agent through formation of aketone

group on the protein N-terminus followed by conjugation of anaminooxy terminated RAFT

agent. Diblock copolymers were prepared through RAFT polymerization.
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The protein N-terminus conjugation was performed using a procedure modified from

the transamination approach previously reported in the literature 22,which converts the N-

terminal amine to a ketone using an aldehyde such as pyridoxal-5'-phosphate (PLP). This

reaction takes advantage of the lower pKa of the N-terminus a-amine compared to the

lysine E-amineS 28. PLP undergoes condensation with amines to form imines, which then

undergo tautomerization only on the terminal a-amine. Hydrolysis of the glyoxyl imine

lead to the formation of a ketone or aldehyde group only on this single unique site22 2829

A RAFT agent bearing an aminooxy group is then conjugated to protein ketone group

through the formation of a stable oxime bond. Nucleophilic catalysts such as aniline have

been reported to be good catalysts for speeding up oxime ligation reactions at neutral

conditions30; however, since whey protein remains highly soluble at low pH, the reaction

was instead carried out under acidic conditions. The stability of whey protein isolate in

acidic conditions is known; both the native form and the protein subjected to mild heat

treatment have been observed to maintain high solubility at pH's below 3 and above 631.

In addition, structural characterization of p-lactoglobulin using near and far UV circular

dichroism (CD) shows that structural changes are small over the entire acidic pH range. 2 5

Attachment of the RAFT agent to the protein was confirmed using liquid

chromatography-mass spectrometry (LC-MS). UV absorbance at 310 nm confirmed the

presence of attached trithiocarbonate groups, while the absorbance at 280 nm enabled

tracking of proteins as they elute (Figure 5-1a). Estimation of reaction yield was obtained

from the deconvoluted mass spectrum (Figure 5-1b-c). Attachment of the RAFT agent

adds 455 Da to the unconjugated protein molecular weight. About half of the main

component in whey, p-lactoglobulin, was observed to be singly modified with the RAFT
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agent. The second most abundant protein, a-lactalbumin, elutes earlier and appears to

be unmodified both from the molecular weight calculations and from the lack of UV

absorbance at 310 nm. Details of peak assignment and mass spec. deconvolution are

included in Appendix C. As the presence of the free protein does not negatively impact

the grafting-from polymerization, it is not removed to avoid difficulties and yield losses

associated with purification.
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Figure 5-1. LC-MS results for the whey protein macroRAFT agent. (a) UV absorbance

and mass spec counts monitored with elution time. Proteins have an absorbance

maximum at 280 nm, while the RAFT agent trithiocarbonate group absorbs at 310 nm.

(b) Integrated mass spectrum from 4.73 min to 4.83 min, where a-lactalbumin elutes.

Reaction products with relative abundance of 20% or lower were not included in the

deconvolution results. No conjugated protein detected. (c) Integrated mass spectrum

from 4.83 min to 6.3 min, where p-lactoglobulin elutes. Reaction products with relative
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abundance of 40% or lower were not included in the deconvolution results. Summing

over the 7 most abundant protein species, roughly 54 % of the protein was singly modified

with the RAFT agent. Ion peaks corresponding to modified protein indicated in blue.

Differences in protein reactivity may be due to the N-terminus amino acid identity or

solvent exposure. Using a tetrapeptide library with 20 natural amino acids at the N-

terminus, Scheck et al. observed that alanine, glycine, aspartic acid, glutamic acid, and

asparagine had the highest conversion to the desired oxime, while other amino acids had

lower conversions, formed PLP adducts with and without further oxime formation, formed

other byproducts, or underwent PLP transamination but failed to form the oxime 19. To

increase the yield for other amino acids, Zhang et al. have developed new PLP

derivatives32, which can be explored in future work to broaden the approach's utility

towards protein mixtures.

In the preparation of a diblock copolymer, poly(hydroxyethyl acrylate) (PHEA) was

selected as the soft segment for its water solubility, low glass transition temperature, and

its immiscibility with proteins. Blends of PHEA and whey protein form macrophase

separated mixtures, suggesting that in a copolymer, the two components can form distinct

protein-rich hard phases and soft rubbery phases. Grafting-from RAFT polymerization

was chosen to prepare linear copolymers because it does not require large excess of

polymer reactant or complicated purification, both of which are typically necessary in

grafting-to approaches16. Since both PHEA and whey protein are water-soluble,

polymerization was performed in aqueous solutions. Copolymers were characterized with

polyacrylamide gel electrophoresis (SDS-PAGE) and size exclusion chromatography

(SEC). The diblock copolymer with a molecular weight of ~ 55 kDa was observed in the
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PAGE gel, along with the unconjugated protein bands. Presence of unconjugated

proteins is as expected as not all proteins have the RAFT agent attached. In addition,

the RAFT agent may also undergo partial hydrolysis and aminolysis in aqueous

conditions. Rates of these side reactions increase with higher temperature, increasing

pH, and decreasing molecular weight33. To minimize the loss of active chains particularly

from the presence of primary amines, polymerization was performed under acidic

conditions, and the reaction time was minimized. Effects of pH on a mixture of free RAFT

agent and protein is shown in Figure C-5. SEC results for the diblock copolymer show a

broader peak shifted towards shorter elution times when compared to the protein only

sample (Figure 5-2b). Absolute molar mass obtained for the protein and copolymer were

1.84 x 104g/mol (D = 1.054) and 4.74 x 104 g/mol (D = 1.088) respectively. A bimodal

chromatogram was obtained for the physical blend of protein and PHEA homopolymer.

(a) (b) II
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Figure 5-2. (a) SDS-PAGE results comparing free protein, a blend, and the diblock

copolymer. Lane 1: ladder, Lane 2: whey protein, Lane 3: whey protein - PHEA physical
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blend, Lane 4: whey protein - PHEA diblock copolymer, Lane 5: compression molded

diblock copolymer redissolved. Unconjugated monomeric and dimeric forms of a-

lactalbumin and P-lactoglobulin indicated. (b) SEC traces for free protein (Lane 2),

copolymer (Lane 4), and blend (Lane 3). Light scattering and UV absorbance at 280 nm

shown, where the UV wavelength was selected for protein detection.

The dried whey - PHEA copolymers demonstrated thermoplastic behavior.

Copolymer sheets were fabricated by compression molding the lyophilized material at

121 °C and 13.8 MPa. Under the elevated temperature and pressure, the copolymer

softened, fused, and formed semi-transparent, yellowish sheets (Figure 5-3a). Blends of

protein and PHEA homopolymer, on the other hand, were opaque and macrophase

separated. Besides the difference in visual appearance, the blend was more challenging

to thermally process, as boundaries where individual flakes were not fully fused were

observed. Notably, compression molding of the copolymer containing -33 wt% protein

did not require external plasticizers, which are typically reported to be necessary for

thermoplastic protein processing 34 35. The thermo-processability is likely dependent on

physical properties of the selected rubbery polyacrylate and interactions between the

polymer and protein, although further studies are required to establish this.

Thermogravimetric analysis confirmed that the lyophilized material was dry, as the mass

loss below 200 °C was <6 %, corresponding to the presence of only tightly bound water.

The copolymer was also shown to be stable up to at least 250 °C (<10% mass loss),

making it amenable to thermal processing.
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Figure 5-3. (a) Lyophilized diblock whey protein-PHEA copolymer and blend were

compression molded into sheets. (b) TGA scan of the lyophilized copolymer showing

stability of the material up to at least 250 °C. Mass loss below 200 °C were attributed to

loss of bound water.

The presence of a rubbery polymer segment and the linear copolymer architecture

critically imparts thermoplastic characteristics to the diblock copolymer. While some

unconjugated proteins remain present, they do not impact the capability of the material to

be thermally processed. In contrast, previous reports on thermoplastic processing of

proteins have typically relied on hydrated or highly plasticized materials, where

intermolecular interactions in proteins are disrupted34,3. Proteins plasticized with small

molecules such as water, ethylene glycol, sorbitol, and glycerol can be fabricated into

sheets and fibers via compression molding and extrusion 34 Ionic surfactant
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complexation with proteins has also been shown to drastically lower melting or softening

points of proteins, enabling some proteins to be liquefied and even copolymers to be

prepared in a solvent free manner38-39. Thermoplastic hydrated protein-based materials

have also been reported. For example, triblock recombinant proteins with elastin mimetic

plastic end blocks flanking an elastomeric midblock40-41, and native and recombinant

squid ring teeth protein4243 have low glass transition temperatures when wet and can be

molded. While potentially useful in a variety of hydrogel applications, these materials

would not be appropriate as conventional TPEs due to changes in mechanical properties

with the evaporation of water. By eliminating the need for external plasticizers in the block

copolymers prepared in this work, some challenges including increases in material

hydrophilicty and plasticizer migration may be avoided.

Presence of the protein reinforcing block transforms the soft rubbery poly(hydroxyethyl

acrylate) into a stiff material with modulus of 25± 6 MPa and tensile strength of 2.2 ±0.1

MPa. When the material was stretched at a strain rate of 100 %/min, formation of a neck

was observed, followed by a continuous decrease in engineering stress as the cross

section area of the neck decreases (Figure 5-4). Due to the absence of strain hardening,

the maximum tensile strength of the material is low, and it tears easily. This weak

mechanical behavior may be due to the diblock polymer architecture. Many conventional

thermoplastic elastomers are ABA block copolymers with glassy segments flanking both

ends of the rubbery segment for reinforcement. Henstschel et al. studied the mechanical

behavior of poly(butyl acrylate)-poly(styrene) diblock copolymers end-functionalized with

protected 2-ureido-4-pyrimidinone (UPy) groups, and found that the material was

relatively weak44. ABA triblock copolymers prepared from dimerized diblocks on the other
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hand were able to undergo post-yield strain hardening and had enhanced mechanical

strength and extensibility. This suggests that to improve mechanical performance,

triblock copolymers or polymers with more repeats of the alternating protein and soft

segments should be investigated.
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Figure 5-4. (a) Stress-strain curves obtained from tensile testing of the whey protein -

PHEA specimens. (b) Pictures of specimen taken at different strain values. (c) The

broken dumbbell specimens from mechanical testing were remolded into a sheet. Scale

bars: 1 cm.
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In addition, the whey - PHEA thermoplastic was reprocessable. Molded material can

be fully dissolved in water, and was shown to be similar to the freshly polymerized

copolymer via SDS-PAGE (Figure 5-2a). Specimens that were used for mechanical

testing were also remolded into a sheet (Figure 5-4c). In contrast, plasticized whey

protein films prepared by compression molding have been shown to have lower solubility

in water, potentially due to the formation of intermolecular disulfide bonds when protein

denatures35. The undesirable protein crosslinking can be challenging for thermal

processing methods such as extrusion45, but does not appear to be significant for the

diblock copolymers prepared in this study, as copolymers can be resolubilized in water

even after thermal molding and repeatedly remolded.

Structural characterization of the whey protein - PHEA diblock copolymer indicate that

it is phase separated but does not have well-ordered microsctructures. The small-angle

x-ray scattering (SAXS) intensity curve decreases with wavenumber, with no peaks or

features that would indicate a characteristic length scale. The wide-angle scattering

(WAXS) shows diffuse scattering halos, indicating that the material is amorphous. The

lack of microstructure ordering may be due to the presence of a complex mixture of

proteins. Similar observations were made in previous work on whey protein based

thermosets.12  Differential scanning calorimetry (DSC) shows that the copolymer

undergoes a midpoint glass transition (Tg) at around 15 0C, close to that of PHEA

homopolymer at 13.6 °C (Figure 5-5b) and indicating the presence of PHEA-rich domains.

Tg is unaffected by the compression molding process, as shown in the similar DSC traces

for the lyophilized sample before and after molding.
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Figure 5-5. (a) SAXS and WAXS patterns for whey protein - PHEA copolymer, blend and

the Kapton backing used to load samples. The blend and copolymer are amorphous,

with no well-ordered microstructure. WAXS curves are rescaled to overlap with SAXS

curves. Traces are shifted for clarity. (b) Second DSC heating scan for the homopolymer

and protein copolymer. Samples were first subjected to a heating and cooling cycle to

remove thermal history. Glass transitions indicated with arrows, and the curves are

shifted for clarity.
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5.4 Conclusion

Using whey protein as a model mixture of proteins, the synthesis of protein-based

thermoplastic elastomers has been demonstrated for the first time. The protein functions

as the reinforcing hard block, while poly(hydroxylethyl acrylate) (PHEA) was selected as

the rubbery block. Diblock copolymers with well-defined polymer architecture were

prepared through grafting-from polymerization with the protein macroRAFT agent. A

trithiocarbonate RAFT agent was site-specifically attached to the protein N-terminus using

pyridoxal-5'-phosphate (PLP) mediated transamination and oxime formation. The

resulting copolymer was compression molded into sheets, which can be recycled or

reprocessed thermally. The value of this approach will be maximized if it can be

expanded to incorporate renewable vinyl monomers for the rubbery block, thereby

enabling the preparation of fully bio-based thermoplastic elastomer.

5.5 References

1. Drobny, J. G., Handbook of thermoplastic elastomers. Elsevier: 2014.
2. Antony, P.; De, S. K., Ionic thermoplastic elastomers: a review. Journal of
Macromolecular Science, Part C: Polymer Reviews 2001, 41 (1-2), 41-77.
3. Cella, R. J., Morphology of Segmented Polyester Thermoplastic Elastomers. J
Polym Sci Pol Sym 1973, (42), 727-740.
4. Petrovi6, Z. S.; Ferguson, J., Polyurethane elastomers. Progress in Polymer
Science 1991, 16 (5), 695-836.
5. Qi, H. J.; Boyce, M. C., Stress-strain behavior of thermoplastic polyurethanes.
Mech Mater 2005, 37 (8), 817-839.
6. Shin, J.; Lee, Y.; Tolman, W. B.; Hillmyer, M. A., Thermoplastic Elastomers
Derived from Menthide and Tulipalin A. Biomacromolecules 2012, 13 (11), 3833-3840.
7. Bolton, J. M.; Hillmyer, M. A.; Hoye, T. R., Sustainable Thermoplastic Elastomers
from Terpene-Derived Monomers. Acs Macro Lett 2014, 3 (8), 717-720.
8. Watts, A.; Kurokawa, N.; Hillmyer, M. A., Strong, Resilient, and Sustainable
Aliphatic Polyester Thermoplastic Elastomers. Biomacromolecules 2017, 18 (6), 1845-
1854.

202



9. Tran, C. D.; Chen, J. H.; Keum, J. K.; Naskar, A. K., A New Class of Renewable
Thermoplastics with Extraordinary Performance from Nanostructured Lignin-
Elastomers. Adv Funct Mater 2016, 26 (16), 2677-2685.
10. Huang, J. H.; Liu, W. F.; Qiu, X. Q., High Performance Thermoplastic Elastomers
with Biomass Lignin as Plastic Phase. Acs Sustainable Chemistry & Engineering 2019,
7 (7), 6550-6560.
11. Wang, Z. K.; Yuan, L.; Tang, C. B., Sustainable Elastomers from Renewable
Biomass. Accounts Chem Res 2017, 50 (7), 1762-1773.
12. Chan, W. Y.; Bochenski, T.; Schmidt, J. E.; Olsen, B. D., Peptide Domains as
Reinforcement in Protein-Based Elastomers. ACS Sustainable Chemistry & Engineering
2017.
13. Jong, L., Characterization of soy protein/styrene-butadiene rubber composites.
Compos Part a-Appl S 2005, 36 (5), 675-682.
14. Shi, Z.; Reddy, N.; Hou, X. L.; Yang, Y. Q., Tensile Properties of Thermoplastic
Feather Films Grafted with Different Methacrylates. Acs Sustainable Chemistry &
Engineering 2014, 2 (7), 1849-1856.
15. Ustunol, Z.; Mert, B., Water solubility, mechanical, barrier, and thermal properties
of cross-linked whey protein isolate-based films. Journal of Food Science 2004, 69 (3),
El29-El33.
16. Obermeyer, A. C.; Olsen, B. D., Synthesis and Application of Protein-Containing
Block Copolymers. Acs Macro Lett 2015, 4 (1), 101-110.
17. Gauthier, M. A.; Klok, H.-A., Peptide/protein-polymer conjugates: synthetic
strategies and design concepts. Chemical Communications 2008, (23), 2591-2611.
18. Canalle, L. A.; L6wik, D. W.; van Hest, J. C., Polypeptide-polymer bioconjugates.
Chemical Society Reviews 2010, 39 (1), 329-353.
19. Scheck, R. A.; Dedeo, M. T.; Lavarone, A. T.; Francis, M. B., Optimization of a
biomimetic transamination reaction. Journal of the American Chemical Society 2008,
130(35), 11762-11770.
20. Geoghegan, K. F.; Stroh, J. G., Site-Directed Conjugation of Nonpeptide Groups
to Peptides and Proteins Via Periodate-Oxidation of a 2-Amino Alcohol - Application to
Modification at N-Terminal Serine. Bioconjugate Chem 1992, 3 (2), 138-146.
21. Li, X. F.; Zhang, L. S.; Hall, S. E.; Tam, J. P., A new ligation method for N-
terminal tryptophan-containing peptides using the Pictet-Spengler reaction. Tetrahedron
Lett 2000, 41 (21), 4069-4073.
22. Gilmore, J. M.; Scheck, R. A.; Esser-Kahn, A. P.; Joshi, N. S.; Francis, M. B., N-
terminal protein modification through a biomimetic transamination reaction. Angew
Chem Int Edit 2006, 45 (32), 5307-5311.
23. Tucker, B. S.; Coughlin, M. L.; Figg, C. A.; Sumerlin, B. S., Grafting-From
Proteins Using Metal-Free PET-RAFT Polymerizations under Mild Visible-Light
Irradiation. Acs Macro Lett 2017, 6 (4), 452-457.
24. Suguri, T.; Olsen, B. D., Topology effects on protein-polymer block copolymer
self-assembly. Polym Chem-Uk 2019,10 (14), 1751-1761.
25. Taulier, N.; Chalikian, T. V., Characterization of pH-induced transitions of beta-
lactoglobulin: Ultrasonic, densimetric, and spectroscopic studies. Journal of Molecular
Biology 2001, 314 (4), 873-889.

203



26. Zhao, H. Y.; Brown, P. H.; Schuckt, P., On the Distribution of Protein Refractive
Index Increments. Biophys J 2011, 100 (9), 2309-2317.
27. Bateman, A.; Martin, M. J.; O'Donovan, C.; Magrane, M.; Alpi, E.; Antunes, R.;
Bely, B.; Bingley, M.; Bonilla, C.; Britto, R.; Bursteinas, B.; Bye-A-Jee, H.; Cowley, A.;
Da Silva, A.; De Giorgi, M.; Dogan, T.; Fazzini, F.; Castro, L. G.; Figueira, L.; Garmiri,
P.; Georghiou, G.; Gonzalez, D.; Hatton-Ellis, E.; Li, W. Z.; Liu, W. D.; Lopez, R.; Luo,
J.; Lussi, Y.; MacDougall, A.; Nightingale, A.; Palka, B.; Pichler, K.; Poggioli, D.; Pundir,
S.; Pureza, L.; Qi, G. Y.; Rosanoff, S.; Saidi, R.; Sawford, T.; Shypitsyna, A.; Speretta,
E.; Turner, E.; Tyagi, N.; Volynkin, V.; Wardell, T.; Warner, K.; Watkins, X.; Zaru, R.;
Zellner, H.; Xenarios, I.; Bougueleret, L.; Bridge, A.; Poux, S.; Redaschi, N.; Aimo, L.;
Argoud-Puy, G.; Auchincloss, A.; Axelsen, K.; Bansal, P.; Baratin, D.; Blatter, M. C.;
Boeckmann, B.; Bolleman, J.; Boutet, E.; Breuza, L.; Casal-Casas, C.; de Castro, E.;
Coudert, E.; Cuche, B.; Doche, M.; Dornevil, D.; Duvaud, S.; Estreicher, A.; Famiglietti,
L.; Feuermann, M.; Gasteiger, E.; Gehant, S.; Gerritsen, V.; Gos, A.; Gruaz-Gumowski,
N.; Hinz, U.; Hulo, C.; Jungo, F.; Keller, G.; Lara, V.; Lemercier, P.; Lieberherr, D.;
Lombardot, T.; Martin, X.; Masson, P.; Morgat, A.; Neto, T.; Nouspikel, N.; Paesano, S.;
Pedruzzi, I.; Pilbout, S.; Pozzato, M.; Pruess, M.; Rivoire, C.; Roechert, B.; Schneider,
M.; Sigrist, C.; Sonesson, K.; Staehli, S.; Stutz, A.; Sundaram, S.; Tognolli, M.;
Verbregue, L.; Veuthey, A. L.; Wu, C. H.; Arighi, C. N.; Arminski, L.; Chen, C. M.; Chen,
Y. X.; Garavelli, J. S.; Huang, H. Z.; Laiho, K.; McGarvey, P.; Natale, D. A.; Ross, K.;
Vinayaka, C. R.; Wang, Q. H.; Wang, Y. Q.; Yeh, L. S.; Zhang, J.; Consortium, U.,
UniProt: the universal protein knowledgebase. Nucleic Acids Res 2017, 45 (D1), D158-
D169.
28. Rosen, C. B.; Francis, M. B., Targeting the N terminus for site-selective protein
modification. Nat Chem Biol 2017, 13 (7), 697-705.
29. Witus, L. S.; Francis, M., Site-specific protein bioconjugation via a pyridoxal 5'-

phosphate-mediated N-terminal transamination reaction. Current protocols in chemical
biology 2010, 2 (2), 125-134.
30. Dirksen, A.; Hackeng, T. M.; Dawson, P. E., Nucleophilic catalysis of oxime
ligation. Angew Chem /nt Edit 2006, 45 (45), 7581-7584.
31. Zhu, H. M.; Damodaran, S., Heat-Induced Conformational-Changes in Whey-
Protein Isolate and Its Relation to Foaming Properties. Journal of Agricultural and Food
Chemistry 1994, 42 (4), 846-855.
32. Zhang, M. J.; Zhang, X. M.; Li, J.; Guo, Q. X., A New Pyridoxal Derivative for
Transamination of N-Terminus of Proteins. Chinese J Chem 2011, 29 (8), 1715-1720.
33. Thomas, D. B.; Convertine, A. J.; Hester, R. D.; Lowe, A. B.; McCormick, C. L.,
Hydrolytic susceptibility of dithioester chain transfer agents and implications in aqueous
RAFT polymerizations. Macromolecules 2004, 37 (5), 1735-1741.
34. Hernandez-lzquierdo, V. M.; Krochta, J. M., Thermoplastic processing of proteins
for film formation--a review. J Food Sci 2008, 73 (2), R30-9.
35. Sothornvit, R.; Olsen, C.; McHugh, T.; Krochta, J., Formation Conditions, Water-

vapor Permeability, and Solubility of Compression-molded Whey Protein Films. Journal
of food science 2003, 68 (6), 1985-1999.

204



36. Galietta, G.; Di Gioia, L.; Guilbert, S.; Cuq, B., Mechanical and
thermomechanical properties of films based on whey proteins as affected by plasticizer
and crosslinking agents. Journal of Dairy Science 1998, 81 (12), 3123-3130.
37. Verbeek, C. J. R.; van den Berg, L. E., Mechanical Properties and Water
Absorption of Thermoplastic Bloodmeal. Macromolecular Materials and Engineering
2011,296(6),524-534.
38. Perriman, A. W.; Colfen, H.; Hughes, R. W.; Barrie, C. L.; Mann, S., Solvent-Free
Protein Liquids and Liquid Crystals. Angew Chem Int Edit 2009, 48 (34), 6242-6246.
39. Chan, W.; King, E.; Olsen, B., Hydrophobic and Bulk Polymerizable Protein-
Based Elastomers Compatibilized with Surfactants. ACS Sustainable Chemistry &
Engineering 2019.
40. Nagapudi, K.; Brinkman, W. T.; Leisen, J.; Thomas, B. S.; Wright, E. R.; Haller,
C.; Wu, X. Y.; Apkarian, R. P.; Conticello, V. P.; Chaikof, E. L., Protein-based
thermoplastic elastomers. Macromolecules 2005, 38 (2), 345-354.
41. Wright, E. R.; McMillan, R. A.; Cooper, A.; Apkarian, R. P.; Conticello, V. P.,
Thermoplastic elastomer hydrogels via self-assembly of an elastin-mimetic triblock
polypeptide. Adv Funct Mater 2002, 12 (2), 149-154.
42. Pena-Francesch, A.; Akgun, B.; Miserez, A.; Zhu, W. P.; Gao, H. J.; Demirel, M.
C., Pressure Sensitive Adhesion of an Elastomeric Protein Complex Extracted From
Squid Ring Teeth. Adv Funct Mater 2014, 24 (39), 6227-6233.
43. Pena-Francesch, A.; Florez, S.; Jung, H.; Sebastian, A.; Albert, I.; Curtis, W.;
Demirel, M. C., Materials Fabrication from Native and Recombinant Thermoplastic
Squid Proteins. Adv Funct Mater 2014, 24 (47), 7401-7409.
44. Hentschel, J.; Kushner, A. M.; Ziller, J.; Guan, Z. B., Self-Healing Supramolecular
Block Copolymers. Angew Chem Int Edit 2012, 51 (42), 10561-10565.
45. Bier, J. M.; Verbeek, C. J. R.; Lay, M. C., Thermal Transitions and Structural
Relaxations in Protein-Based Thermoplastics. Macromolecular Materials and
Engineering 2014, 299 (5), 524-539.

205



Chapter 6: Material Properties of the
Cyanobacterial Reserve Polymer Multi-L-Arginyl-
Poly-L-Aspartate (Cyanophycin)
Reproduced with permission from Khlystov N.A.*, Chan W Y., et al. Polymer, 2017, 109, pp
238-245. Copyright 2016 Elsevier Ltd.

*These authors contributed equally.
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Bio-sourced macromolecules such as cyanophycin are an attractive source for

alternative, sustainable plastics. While the chemical structure and biological function of

cyanophycin have been previously investigated, its material properties remain largely

unexplored. This study investigates the structural, thermal, mechanical, and solution

properties of cyanophycin produced from recombinant Escherichia coli. Unplasticized, it

has an elastic compression modulus of about 560 MPa and undergoes brittle failure at 78

MPa. Cyanophycin exhibits thermal stability in air up to 200 0C and does not undergo

glass transition within its limit of thermal stability. The polypeptide is amorphous and has

no long-range ordering in the solid state. In solution, water-soluble cyanophycin is

thermoresponsive, exhibiting both upper and lower critical solution temperatures.
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Because the feasibility of industrial scale cyanophycin production through fermentation

has been well studied, an expanded understanding of its materials properties should

contribute to the development of new applications for this biopolymer.

6.1 Introduction

Society produces, consumes, and discards an extraordinary range and quantity of

plastics1. Globally, around three hundred million metric tons of plastic are produced each

year, sourced almost entirely from non-renewable petroleum-based chemicals2 . The vast

majority of plastic municipal solid waste is not recovered 3 and instead persists as

environmental pollution, especially in marine habitats 4-6. This has led to increased

interest in the development and production of biodegradable plastics, notably poly(lactic

acid) (PLA), poly(E-caprolactone) (PCL), and poly(P-hydroxyalkanoates) (PHA), among

others 7-8.

Biologically-derived macromolecules present a potentially sustainable and

environmentally compatible feedstock for material synthesis. Microorganisms are able to

efficiently catabolize biological polymers under appropriate conditions, reducing their

persistence and impact on the environment 9-10. Polymers in the form of biomass are

abundant and are replenished more quickly than petroleum sources 11 -12 . Biomass and

microbial systems have already been successfully harnessed as alternatives to petroleum

in the production of fuels and chemicals, and parallel efforts can adequately address

sustainability and environmental concerns in polymer materials as well11 , 13-16. Several

examples of bio-sourced polymers used as consumer plastics already exist today, and
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certain other high-production plastics can be feasibly replaced by those derived from

biomass1 16-17

Cyanophycin, also known as multi-L-arginyl-poly-L-aspartate, is one biologically-

derived polymer that has been investigated in efforts to understand its properties and

synthesis in various organisms 18-23. This polypeptide is native to most cyanobacteria,

where it is employed as a temporary nitrogen reserve 24-26 . It is non-ribosomally

synthesized by cyanophycin synthetase, which is encoded by the gene cphA and

produces a polydisperse polypeptide of molecular mass between 25 and 100 kDa as

estimated by gel electrophoresis 2 27. Cyanophycin is efficiently degraded into its

constituent dipeptides by cyanophycinase despite being resistant to a range of other

proteases1 0 , 28. The molecular structure of cyanophycin consists of a polyaspartate

backbone with an arginine moiety attached via its a-amino group to the P-carboxyl group

of each aspartate. This structure produces a highly-charged, net-neutral polyzwitterion

that readily self-associates and requires strong ionic conditions to solubilize29 . When

expressed in transgenic microorganisms, cyanophycin has a lower molecular mass (25-

35 kDa), and significant amounts of lysine replace arginine 27 , 30. The incorporation of

lysine appears to disrupt self-association and thereby enhance solubility in pH-neutral

aqueous conditions, resulting in a lysine-rich 'water-soluble' form of cyanophycin in

addition to the arginine-rich 'water-insoluble'form31 32.

Development of commercial applications for cyanophycin has focused primarily on its

chemical derivatives. For example, the P-arginine groups in cyanophycin can be

selectively hydrolyzed to yield unbranched poly(a-L-aspartic acid), which has numerous

economically-important applications as a replacement for non-biodegradable
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polyacrylates 10' 33-35. Cyanophycin can also be hydrolyzed into its constituent dipeptides

and amino acids for use in nutrition and health 36 . In light of these applications, industrial-

scale production of cyanophycin has been successfully demonstrated in a range of

recombinant microorganisms, transgenic plants, and even in vitro1 8', 20, 22-23, 36-41

Differences in cyanophycin molecular weights and solubility have been observed in

different organisms and even in organisms with genes from different bacterial strains.

The different routes of cyanophycrin production and their technological and economic

bottlenecks have been reviewed previously 20

Despite this interest in cyanophycin derivatives, the applications of cyanophycin itself

remain largely unexplored. Detailed knowledge of its bulk material properties and solution

thermodynamics is required to understand its possible applications. Its low molecular

weight, combined with its zwitterionic character, suggest an amorphous and stiff polymer

with possible ionomer-like uses. Previous solubility characterization of cyanophycin,

especially on the effects of increased lysine content, suggests it may also have unique

applications as a surfactant, further underscoring the need to better understand its

properties. This study describes relevant mechanical, thermal, and structural properties

of recombinant soluble cyanophycin that inform its potential use as a new polymer

material. The thermoresponsive behavior of soluble cyanophycin in aqueous solution is

also investigated as a function of polypeptide concentration and ionic strength. The

results provide the first quantitative study of the zwitterionic character of cyanophycin and

its properties as a bulk material.

209



6.2 Materials and Methods

6.2.1 Recombinant expression in E. coli

A previously-engineered cyanophycin synthetase-encoding gene2 2 (denoted here as

cphA 63 oA1) from Synechocystis sp. PCC6308 that showed enhanced cyanophycin

production was used in this study. cphA6 3 o8 AL was codon-optimized for expression in E.

coli (GenScript). Ncol and Aflll restriction enzyme sites were included upstream and

downstream of the open reading frame, respectively. Molecular biology techniques were

performed according to Sambrook and Russell4 2 , unless stated otherwise. Cloning and

vector propagation were performed in E. coliDH1OB (Invitrogen). E. coli BL21(DE3) (New

England BioLabs) was used for cyanophycin production. All cell cultures were grown in

terrific broth (TB) medium with 34 pg mL 1 chloramphenicol. Starter cultures were grown

for 12 hours in 250 mL baffled Erlenmeyer flasks at 37°C with agitation at 250 rpm. 4.5 L

of TB medium supplemented with 1% (v/v) casein hydrolysate and 0.4% (v/v) glucose in

a bioreactor was inoculated with 1% (v/v) starter culture and grown to an optical density

(OD600) of 1.0 before induction with 1 mM isopropyl p-D-1-thiogalactopyranoside (IPTG).

Oxygen was supplied by sparging with air at a fixed flow rate under constant agitation,

and pH was not actively controlled during expression. Cultures were grown for 18-22

hours at 300C and cells were harvested by centrifugation. Gene sequences and strain

genotypes are included in Appendix D.

6.2.2 Cyanophycin purification

Cyanophycin was purified using a procedure adapted from the literature 22 , 43. Cell

pellets were frozen at -80 °C, thawed, and resuspended in three volumes of 1.0 M
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hydrochloric acid for 4 hours at 30 °C with agitation. The acidified cell mass was pelleted

by centrifugation (7,000xg, 20 0C, 30 min). The acid supernatant was neutralized to pH 7

sodium hydroxide and dialyzed extensively against >100 volumes of deionized water at

4 0C, followed by >100 volumes of 20 mM ammonium bicarbonate at 4 0C, and finally

>100 volumes of deionized water at 4 °C. Purified cyanophycin was then separated into

water soluble and water insoluble fractions by centrifugation (17,000xg, 250C, 30 min),

and dry materials were prepared by lyophilization, removing water and the majority of the

volatile ammonium bicarbonate counterions to yield a pure zwitterionic material.

6.2.3 Molecular characterization of cyanophycin

Analysis of purified cyanophycin by sodium dodecyl sulfate-polyacrylamide gel

electrophoresis (SDS-PAGE) was performed using the Mini-PROTEAN Tetra Cell

electrophoresis kit (BioRad). Gels were run for 45 minutes at 200 V, washed with

deionized water, and stained with Coomassie Brilliant R-250 Dye (BioRad).

The amino acid composition of cyanophycin was determined by using high-

performance liquid chromatography (HPLC) analysis of ortho-phthalaldehyde (OPA)-

modified amino acids. Lyophilized cyanophycin was incubated in 6 M hydrochloric acid

for 24 hours at 105 °C, followed by drying under vacuum at room temperature. The

hydrolysate was dissolved in 0.1 M hydrochloric acid at 0.5 g/L and clarified by

centrifugation (5 min at 21,000xg). 2.5 pL of borate buffer (0.4 M boric acid, pH 10.4), 0.5

pL of hydrolysate, and 0.5 pL OPA stock solution (20 g/L in 90 parts methanol, 10 parts

borate buffer, and 1 part 3-mercaptopropionic acid) were mixed using an autosampler,

incubated for 120 seconds, and mixed with 32 pL diluent buffer (1.5 mL 85% phosphoric

acid in 100 mL running buffer). 30 pL of this mixture was then immediately injected onto
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a reversed-phase C18 column (3.5 pm, 4.6 x 75 mm, Agilent) operating at 40°C with a

flow rate of 1.0 mL/min. 10 mM sodium phosphate dibasic and 10 mM sodium tetraborate

(pH 8.2) was used as the running buffer (A), and acetonitrile-methanol-water (45%, 45%,

and 10%, v/v, respectively) was used as the elution buffer (B). The elution gradient was

as follows: 0 min, 20% B; 5.0 min, 60% B; 9.5 min, 60% B; 10.0 min, 20% B. OPA-modified

amino acids were monitored at 338 nm (absorbance) and confirmed at 450 nm

(fluorescence) using a G1315A diode array detector (Agilent). Linear calibration of

chromatogram peak area to amino acid concentration (R2 > 0.98) was performed using

chromatographically-pure amino acids (Sigma-Aldrich). Cyanophycin composition was

determined by taking the ratio of aspartic acid, arginine, and lysine concentration to the

sum of all three in each sample. Each sample was analyzed in triplicate.

6.2.4 Material characterization of cyanophycin

Wide-angle X-ray scattering data were collected on lyophilized water-soluble

cyanophycin powder using a Bruker D8 X-ray Diffractometer. Powder and solution-cast

cyanophycin samples were analyzed using small-angle X-ray scattering (SAXS) at

Beamline 7.3.3 of the Advanced Light Source (ALS) at Lawrence Berkeley National

Laboratory (LBNL). The solution-cast sample was prepared by solubilizing cyanophycin

in water at high concentration (10 - 20 % v/v) and repeatedly casting (3 - 4 times) into

sample holders to produce a uniform disc about 1 mm in thickness. Samples were dried

under vacuum overnight and annealed at 200 °C for 2 hours, excluding heating and

cooling, while under vacuum. SAXS data were collected and corrected for empty-cell and

dark-field scattering.
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Thermal properties of the purified cyanophycin were analyzed using

thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC).

Thermogravimetric measurements were performed using a TA Instruments Discovery

TGA under air with a heating rate of 20 °C/min from 30 to 750 °C. DSC was performed

using a TA Instruments Discovery DSC with a heating rate of 10 °C/min by cycling from -

20 °C to 200 °C and back twice, with an isothermal dwell of 5 min at each end.

For mechanical testing, purified soluble cyanophycin was pressed into cylindrical

compression test specimens with 2-mm thickness using a %"-diameter dry pressing die

(MTI Corporation). Samples were compressed at 2.0 metric tons and 100°C for 20

minutes, and extracted from the press after rapid cooling to room temperature.

Mechanical testing was performed using a Zwick Z05 machine equipped with a 10 kN

load cell and at a compression rate of 1 mm/min.

6.2.5 Characterization of cyanophycin in solution

Analysis of the upper critical solution temperature (UCST) and lower critical solution

temperature (LCST) of cyanophycin was performed on purified soluble cyanophycin

suspended in deionized water at multiple concentrations. Optical transmission at 700 nm

was monitored using a UV-Vis spectrometer (Cary 50) as the temperature was cycled

between 3 0C to 60 0C at 1.0 °C/min. On the third heating cycle, the temperatures

corresponding to the inflection point of the transmission were taken to be the transition

temperatures.

6.3 Results and Discussion

Recombinant cyanophycin granule protein (CGP) was produced through microbial

fermentation at a 4.5-liter scale, with a protein yield of 970 ±80 mg/L of culture (averaged
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over three fermentation batches) after acid extraction. In general, recombinant

cyanophycin is separated into soluble and insoluble forms via fractionation processes that

vary slightly across different studies18 32. Here, soluble cyanophycin is denoted as the

acid-extracted polypeptide dialyzed into water that remains dissolved at 25 OC, and it

makes up the majority of the total protein extracted (68± 7 %wt). This purified soluble

cyanophycin fraction is isolated as white solids, while the insoluble fraction is isolated as

a mixture of white and denser brown-colored solids (Figure 6-1a).

Multiple batches of soluble and insoluble cyanophycin were blended together to obtain

averaged chemical, physical, and mechanical properties. SDS-PAGE analysis (Figure 6-

1b) revealed that both cyanophycin fractions are polydisperse, with a molecular mass

distribution of about 20 to 25 kDa for the insoluble fraction and about 8 to 20 kDa for the

soluble fraction, as determined by comparison to protein standards. The molecular weight

range for the insoluble fraction is similar to that obtained in other E. coli fermentation

studies, while the soluble fraction is more polydisperse, as significant amounts of the

protein has lower molecular weight than previously reported18,32 Consistent with known

polyzwitterion behavior", cyanophycin's solubility in water appears to decrease with

increasing molar mass. The presence of lower molecular weight cyanophycin therefore

may have contributed towards larger fractions of soluble polymer, although differences in

amino acid compositions is also a contributing factor which cannot be decoupled.
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Figure 6-1. (a) Lyophilized soluble cyanophycin (CGP) (white powder, bottom) and

insoluble CGP (brown denser solids, top) after fractionation at 25 °C in water. (b) SDS-

PAGE of CGP: Lane 1, molecular mass markers; Lane 2, insoluble CGP; Lane 3, soluble

CGP. (c) Chemical structure of a cyanophycin monomer dipeptide, with arginine (left) or

lysine side chains (right). (d) Amino acid composition of soluble and insoluble

cyanophycin. Hydrolysis was performed in triplicate.
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Amino acid compositions of soluble and insoluble cyanophycin fractions were

determined through HPLC analysis of OPA-derivatized cyanophycin hydrolysates. The

results indicate that half of the polypeptide is comprised of aspartic acid, while the other

half consists of arginine and lysine (Figure 6-1d). This is consistent with the known

chemical structure of cyanophycin, where each monomer is composed of a p-

functionalized aspartic acid linked to a second amino acid, typically either arginine or

lysine (Figure 6-1c). The soluble fraction is made up of 54.2 ±1.9% aspartic acid, 24.5±

0.7% arginine, and 21.3 ±2% lysine, while the insoluble fraction is made up of 51.0+

1.9% aspartic acid, 31.4 ±1.7% arginine, and 17.7 ±3.1% lysine. Soluble cyanophycin

has a larger lysine to arginine ratio (0.87 ±0.03) than insoluble cyanophycin (0.58 ±0.10).

Similar trends have been previously observed by Frommeyer et al., and the larger

proportion of arginine in insoluble cyanophycin was presumed to be a cause of its

insolubility 32, as guanidinium groups on arginine side chains can form more hydrogen

bonds with carbonyl groups than primary amines on lysine side chains 45. The improved

solubility behavior observed in lysine-rich water-soluble cyanophycin could therefore

potentially be due to disrupted hydrogen bonding and decreased intramolecular

interactions, in addition to its lower molecular weight.

Solution behavior of cyanophycin was examined using turbidimetry, where upper

critical solution temperature (UCST) and lower critical solution temperature (LCST) type

transitions were detected. Due to the negatively charged a-carboxyl group and the

positively charged side chain groups of arginine and lysine at neutral conditions, the

polypeptide has extensive intra-chain associations from zwitterionic and hydrogen bonds

on the same chain, and intra-group associations from ion pairs within each monomer. The
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soluble fraction exhibits both UCST and LCST in dilute solutions, as evidenced in the two

sharp transitions in solution transmission upon heating or cooling (Figure 6-2). To

investigate the reversibility of the UCST and LCST behaviors, cyanophycin in solution

was subjected to multiple heating and cooling cycles. A small amount of precipitate was

formed irreversibly after the first and second temperature cycles, possibly due to the

presence of impurities. After three cycles of heating and cooling, phase separation

behavior remains consistent across additional heating and cooling cycles (Figure D-1).

From the third heating cycle, temperatures corresponding to the inflection points were

taken as transition temperatures.

Thermal transition behavior of the material is dependent on its concentration and the

ionic strength of the solution. The temperature window at which cyanophycin solubility is

highest is the widest at low concentrations and narrowest at around 10 mg/mL, where a

peak in the UCST type transition temperature is observed (Figure 6-2a, b). In

polyzwitterions, the phase space where increasing concentration leads to lowering of

UCST transition temperatures was hypothesized to be a result of enhanced solubilization

induced by intermolecular interactions. Small amounts of additional polymer replaces

intramolecular associations with intermolecular ones, which lead to an expansion in chain

conformation and subsequently an increase in solubility4 6.
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Figure 6-2. (a) Change in optical transmission of cyanophycin in water on the third

heating ramp at various concentrations. (b) Transition temperatures of cyanophycin in

water as a function of protein concentration. Transition temperatures are defined as

inflection point temperatures.

Since fractionation in this study was performed on very dilute protein solutions at 25

°C, UCST type thermal transitions for dilute solutions are necessarily below 250C. Protein

chains with high UCST transition temperatures at similar concentrations would be isolated

in the insoluble fraction (Figure D-2). No LCST transitions were observed for the insoluble

fraction in the temperature range of 3-80 °C.

Previous reports on cyanophycin solution behavior have mainly focused on the

insoluble fraction, where the effects of temperature and salt concentration on solubility

were investigated44. Through temperature gradient separation of insoluble cyanophycin,

Wiefel et al. showed that the polypeptide is a polydisperse polymer with a significant

solubilization temperature distribution, where higher lysine content corresponds to a lower
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solubilization temperature (UCST) 31 Fuser et al. have shown that inorganic salts can

increase solubilization of insoluble cyanophycin, which remains soluble when salt ions

are bound to the polypeptide2 9 . This thermal sensitivity and solubility enhancement in the

presence of salt is consistent with the behavior of commonly investigated polyzwitterions.

In this work, the solution behavior of soluble cyanophycin is explored. Interestingly, the

lysine-rich soluble fraction exhibits dual UCST and LCST behavior, while Wiefel et al. also

reported only one UCST type transition for the insoluble fraction within similar

temperature ranges 31.

The observed dual transition behavior of soluble cyanophycin in aqueous solution can

be explained by its amino acid composition and structure. Quiroz and Chilkoti have

conducted extensive studies on amino acid sequence dependent phase behavior in

intrinsically disordered proteins and found patterns in sequences that undergo phase

transitions4 7 . Resilin, a protein similar to cyanophycin in that it has an almost equal

number of positively- and negatively-charged residues, serves as an example of a

polypeptide with both UCST and LCST behavior. Arginine comprises the majority of its

cationic residues, and upon deprotonation of these residues at high pH, recl-resilin loses

its UCST behavior47 . Electroneutrality therefore was proposed to be a requirement for

UCST behavior in polypeptides, and arginine as the cationic residue drives UCST phase

transitions more strongly when compared to lysine48 . At pH-neutral conditions,

cyanophycin should have near zero net charge, leading to UCST-type transitions in both

soluble as well as insoluble fractions. The occurrence of UCST-type transitions at lower

temperatures for lysine-rich soluble cyanophycin fraction can be attributed to fewer

guanidinium groups in their side chains as compared to the insoluble fraction.
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Both the lower and upper transition temperatures are decreased upon a slight

increase in ionic strength, although the effects of ionic strength appear more pronounced

in the UCST type transition (Figure 6-3). This behavior is consistent with previous

observations where water-insoluble cyanophycin was partly solubilized in simple salt

solutions2 9 . Salt induced decreases in UCST type transition temperatures in zwitterionic

polymers can be attributed to reduced monomer interactions due to charge screening49.

The weaker dependence of LCST-type transitions on temperature and ionic strength

suggests that there are different types of protein interactions that lead to phase

transitions. Unlike the UCST-type transitions that are likely driven by ionic interactions,

the LCST observed may be better explained by the hydrophobic effect in unfolded

polypeptides50. Although cyanophycin is made up of polar residues, backbone hydrogen

bonding has been shown to decrease polypeptide water solubility5 Its significant

arginine fraction contributes to the charged character of the polypeptide without

decreasing its hydrophobicity, as opposed to other charged residues5 2. At this transition,

the negative entropy of mixing dominates, and the polypeptide chains collapse and phase

separate.
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Figure 6-3. Transition temperatures of 10 mg/mL cyanophycin in sodium chloride

solutions as a function of ionic strength.

The smaller effect of salt on the LCST is consistent with observations on other

thermally responsive systems. LCST dependence on ionic strength has been widely

explored in poly(N-sicopropylacrylamide) (PNIPAM), a polymer with a peptide bond in its

monomer unit. Salts typically reduce its LCST through interactions with water involved in

hydrogen bonding with the amide and hydrophobic hydration, and the effect of anions

follows Hoffmeister series53. A block copolymer of PNIPAM and zwitterionic

polysulfobetaine has been shown to exhibit both UCST and LCST in water. Upon sodium

chloride addition, UCST of this copolymer decreases and disappears entirely even at

relatively low salt concentrations, while the LCST decreases in a more gradual manner".

In general, the composition of cyanophycin suggests that both UCST and LCST

behaviors are expected in aqueous solutions. It should be noted, however, that because

it is non-ribosomally synthesized, cyanophycin exhibits variability in both molecular weight

and composition, thus potentially leading to batch-dependent differences in transition

temperatures.
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In the dry state, cyanophycin forms an amorphous solid, consistent with observations

of purely synthetic zwitterionic polymers like polymethacrylate and polyvinyl

sulfobetaines, which depending on their molecular architecture, may form microphase

separated ionic and hydrophobic structures55 -56. X-ray diffraction of cyanophycin reveals

a broad halo with a peak at approximately 15 nm- 1 and a shoulder at 7.5 nm-1 (Figure 6-

4a), corresponding to d-spacings of 0.42 nm and 0.83 nm, respectively. This is similar to

typical wide-angle X-ray scattering patterns of proteins where two peaks are usually

observed: one at 0.45 nm as a result of interstrand or backbone hydrogen bonding, and

another at 1 nm corresponding to inter-sheet or inter-helix hydrogen bonding 57. Notably,

any sort of ionic crystal structure is absent, indicating that the charged side groups of the

cyanophycin are unable to crystallize in the solid state. Despite the lack of crystallinity,

the absence of residual salt in the polypeptide is confirmed through other techniques

since up to stoichiometric amounts of salt have previously been shown to be miscible with

polyzwitterions and remain amorphous due to strong ion-dipole interactions58 -59 .

Cyanophycin does not exhibit long range ordering (Figure 6-4b). The small angle X-ray

scattering data exhibits a power law decay with an exponent of 3.66 0.11, close to the

exponent of 4.0 that indicates a disordered two phase structure60 . The polypeptide

therefore likely has a disordered, macrophase-separated structure with voids that remain

kinetically trapped even after sample casting and annealing. The lack of microstructure is

independent of the sample processing method, as similar results were obtained for

samples in powder form and samples that were solution cast from water. In addition,

cyanophycin in solution does not form ordered structures (Figure D-3). Small shifts in the

222



scattering curves were observed in the low-q region in accordance with transitions of the

protein from insoluble to soluble to insoluble as temperature is increased.
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Figure 6-4. (a) X-ray diffraction pattern of cyanophycin powder. (b) Small-angle X-ray

scattering data of annealed powder and solution cast cyanophycin on a log-log scale

(curves are offset for clarity).

Thermal properties of cyanophycin were examined to determine its decomposition

temperature and to detect any phase transitions in the solid state. TGA results show that

the polypeptide is thermally stable to about 200 °C under air, and is completely pyrolyzed

upon reaching 700 OC (Figure 6-5a), indicating an absence of non-volatile salts in the

material. Mass loss below 100 °C (8 - 9% for soluble cyanophycin, 5 - 6% for insoluble

cyanophycin) suggests the presence of tightly-bound water that remains even after

lyophilization. As expected for dehydrated proteins, DSC shows that both cyanophycin

fractions do not undergo a glass transition or melting transition within the accessible range

223



of temperature due to strong intermolecular interactions and the lack of mobility of

polymer chains (Figure 6-5b).
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Figure 6-5. (a) TGA traces and (b) second
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The mechanical behavior of pure, unmodified cyanophycin was studied through

compression testing due to the brittleness of the cyanophycin. Mechanical test specimens

were prepared using compression molding to fuse the polypeptide into pellets at elevated

pressures and temperatures (Figure 6-6a). As shown in the compression stress - strain

curves (Figure 6-6b), the material is stiff and undergoes brittle failure at small strains.

Averaged over seven samples, the Young's modulus, ultimate compressive strength, and

strain-at-break are 560 ±70 MPa, 78 ±20 MPa and 17 ±4%, respectively. The

mechanical behavior of compression molded cyanophycin is comparable to those

reported for other unplasticized polypeptides, which are known to be rigid and brittle due

to the large number of chain interactions6 1-6 2. Compression molded soy protein isolate is
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reported to have Young's modulus, maximum stress, and strain at break at approximately

1.7 GPa, 22 MPa, and 1.8%, respectively6 3.
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Figure 6-6. (a) Cyanophycin powder and compressed pellet. (b) Compression stress-

strain curves of cyanophycin pellets tested at 1 mm/min.

Although the results suggest that pure cyanophycin is too brittle for most applications

as a material, its zwitterionic character makes it an interesting candidate as a component

in zwitterionomeric copolymers. In these copolymers, ionic associations between chains

serve as physical crosslinks that undergo rupture upon material deformation5 9. The

reversibility of these crosslinks enhances the toughness and fatigue resistance of the

material as energy is dissipated when bonds are broken and reformed 64-6. Hydrogels

made up of zwitterionic random copolymers have been shown to exhibit superior

elastomeric performance when compared to cationic analogues. In other examples,

zwitterionization of linear polyurethane chain extenders appears to enhance microphase

separation, hard domain cohesion, and mechanical properties due to aggregation of the

ionic groups66. As a block ionomer complex, cyanophycin could potentially be used to
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toughen resins. Various well known protein conjugation strategies 67-68 can be applied to

cyanophycin in the synthesis of hybrid materials that combine the strengths of

cyanophycin with the versatility of synthetic polymers. In addition, brittleness of

cyanophycin can be reduced through the addition of small polar molecules as plasticizers,

which reduces inter and intramolecular protein interactions and allows the material to be

more processable69 .

6.4 Conclusion

Cyanophycin is an amorphous, glassy polyzwitterion with a glass transition beyond its

thermal decomposition temperature. The material is stiff and brittle in the dry state. The

water-soluble form of cyanophycin is thermoresponsive in dilute solution, exhibiting upper

and lower critical solution behavior that is a function of ionic strength. Given its glassy

nature and good thermostability, cyanophycin may be attractive as a sustainably sourced

and biodegradable material that could be used to synthesize zwitterionomeric copolymers

or as reinforcing fillers. The high charge density and the thermoresponsiveness of

cyanophycin potentially could be harnessed to design hybrid materials with improved

mechanical and thermal properties. Cyanophycin is also readily modified or derivatized

due to the presence of a number of reactive functional handles in its amino acid side

chains, which could be exploited to create a range of cyanophycin-derived sustainable

polymers.
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Chapter 7: Recycling Used Car Tires

Disposal of end of life car tires poses many environmental challenges, and an effective

while sustainable rubber recycling technology that valorizes one of the largest waste

polymer sources is desired. This project aims to develop chemical and physical

processes that enable the waste rubber to be recycled and reformulated into new

materials by blending with virgin rubber compounds. Two different approaches are

investigated, both are designed to address hypothesized reasons that cause materials

containing recycled rubber to encounter mechanical performance degradation: the

formation of sulfur crosslinks that prohibits reprocessing of rubber, and the incompatibility

between reclaim rubber particles with the virgin compounds. A proposed chemical route

was designed to devulcanize rubber by breaking the sulfur crosslinking bonds and

reverting its structure and characteristics back to those resembling virgin rubber. Bulk

devulcanization was performed in a solvent-free manner using an internal mixer.

Devulcanization increases the processability of waste rubber, which was then blended

with revulcanization additives and cured. The second approach aims to improve

adhesion between the old rubber particles and fresh rubber matrix by modifying the

surface of the ground rubber particles. The development of an effective adhesive

comprised of a mixture of vulcanizing cement and cushion gum is described, as well as

the process of applying the adhesive onto ground rubber particles. Coated particles

demonstrated improved mechanical performance compared to uncoated particles, but

further optimization may be required for the recycled materials to recover the level of

mechanical properties obtained with virgin rubber.
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7.1 Introduction

Tire rubbers are among the largest sources of waste polymers in the world; their

crosslinked structure and the presence of stabilizers result in their resistance to

decomposition. Due to concerns over fire hazards, leaching of toxic chemicals, potential

pest breeding grounds and instability of tire piles, countries worldwide are moving towards

complete or partial bans on landfilling used tires 1. Value recovery from waste tires has

therefore gained tremendous levels of interest, and many strategies and approaches to

reuse and reclaim waste are actively being investigated 2

Tires are made up of rubber matrices and reinforcing components such as steel and

textile cords. Generally, the rubber matrix is composed primarily of natural or synthetic

polyolefins and carbon black (-30% by weight) as a reinforcing agent. Present at smaller

amounts, other additives including sulfur, zinc oxide, stearic acid, accelerators,

antioxidants, and retardants are used to modulate the material's cure kinetics and final

material properties. The rubber compounding process is industrially performed in internal

mixers like the Banbury mixer, which generates high shear that breaks apart and

disperses carbon black aggregates, leading to increased chemical bonds and physical

interactions between carbon black and polymer chains. The presence of "bound rubber",

or the insoluble complex comprised of carbon black surrounded by rubber, has been

shown to be crucial for rubber reinforcement3. Sulfur crosslinking transforms rubber from

a viscous fluid to a solid with high mechanical strength and durability, as well as thermal

stability. Mono-, di-, and multi-sulfidic crosslinks form during the curing process, and may

change with time and temperature. Addition of accelerators, which can be classified as

primary or secondary accelerators (used to activate primary accelerators), increase the
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speed and efficiency of the vulcanization process 4 -6. An appropriate accelerator system

is usually selected to prevent premature crosslinking. Zinc oxide and stearic acid typically

function as activators, increasing the speed of vulcanization.

Unlike thermoplastics that can be thermally re-processed, sulfur vulcanized rubber

generally has thermoset characteristics as the crosslinking bonds prohibit melting without

extensive degradation. To circumvent this problem, strategies to crosslink rubbers using

reversible crosslinkers involving ionic interactions7 and Diels-Alder chemistry8-9 have

been proposed. However, since sulfur curing systems are prevalent in the tire and non-

tire rubber industry, devulcanization through the selective cleavage of sulfur bonds or the

dynamic exchange of di- and poly-sulfidic bonds10 are attractive.

Motivated by the need for a sustainable and scalable tire recycling technology, a

process is investigated to convert scrap and waste vulcanized rubber into a state that can

be processed into new products. The process of grinding waste tires is well developed11 .

Sold as "reclaim rubber", these rubber crumbs or particles can be used as fillers or civil

engineering materials. However, when used to make new elastomers or rubber goods,

they are limited to low mechanical performance applications due to the poor properties of

materials containing once-vulcanized particles. The aim of this work is to produce higher

quality reclaim rubber that can serve as virgin rubber substitutes. By partially replacing

virgin rubber with recycled ground rubber particles (GRPs), the waste polymer can be

converted to a valuable resource, and the burden of producing fresh rubber from either

fossil fuel feedstock or agriculture can also be reduced. As waste tire crumbs ($0.30-

$0.50 per pound for cryogenically ground 80-100 mesh rubber 12) are cheaper than fresh

rubber compounds, devulcanization has the potential to be competitive with virgin rubber.
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Multiple strategies were explored to target the use of recycled material in both tires

and non-tire products, where tires represent applications with the strictest requirements

and tolerances for mechanical performance. Two approaches are presented (Scheme 7-

1). Nucleophiles were used to selectively cleave sulfur crosslinking bonds such that main

chain scission can be limited while increasing processability of waste rubber. This will be

referred to as the bulk chemical devulcanization process (Scheme 7-1a), where the goal

was to maximize the mechanical properties while maximizing the fraction of ground

rubber particles in the final recycled material. The second approach attempts to improve

the adhesion of once-vulcanized ground rubber particles with the surrounding virgin

rubber matrix through rubber particle surface coating or modification (Scheme 7-1b). The

increased compatibility between the two rubber phases is hypothesized to improve

mechanical properties by increasing the energy required to propagate defects and voids.

This approach will be referred to as coating approach and the process was developed

with tire applications in mind. Only a small amount of recycled ground rubber particles

(15 wt% of total rubber mass) was used in the final rubber compounds, and the

mechanical property targets were set to those of pure virgin rubber materials.
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Scheme 7-1. (a) Bulk chemical devculanization process, and (b) surface modification or

GRP for reblending into new rubber products. Figure modified from drawings provided

by Devin Currie.

7.2 Materials and Methods

Materials

Rubbers for chemical devulcanization studies

The model rubber vulcanizates were prepared in a custom order from Akron Rubber

Development Laboratory (ARDL). To obtain a large and consistent batch of materials

with known composition, crosslinked natural rubber was custom compounded with the

following recipe in units of phr (parts per hundred rubber, ie. mass of additive per 100 g

of rubber): carbon black N330 (40 phr), stearic acid (2 phr), zinc oxide (2 phr), antioxidant

Naugard BHT (1 phr), sulfur (S8, 1.25 phr), and TBBS (N-tert-butyl-2-

benzothiazolosulfenamide, 0.83 phr) according to ASTM D3182. A Master Batch was

first compounded with rubber, carbon black, stearic acid, zinc oxide, and BHT in the

internal mixer, where natural rubber was first added, followed by carbon black and other
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chemicals after 1 min. Two ram sweeps were performed when the mixer temperature

reached 115.6 °C and 137.8 °C, and mixing was stopped at 148.9 °C. The Master Batch

was then blended with sulfur and TBBS, where one ram sweep was performed at 82.2 0C

and mixing was stopped at 98.9 °C. Six identical 2.8 kg batches were mixed to produce

one large homogeneous rubber compound. Another 2.8 kg batch of non-filled rubber was

also prepared, with the same compositions but without carbon black.

Both filled and non-filled rubber were cured into sheets as the model 'used' vulcanized

rubber. Cure times needed for filled and non-filled material were determined by ARDL

using a moving die rheometer (MDR) cure (ASTM D5289). At 160 °C, cure times required

for the torque to reach 50% (to) and 90% (to) of the maximum achievable torque were

4.0 min and 6.2 min for carbon black filled material, and 6.9 min and 9.6 min for the non-

filled material. Filled and unfilled rubber sheets were cured at a temperature of 160 0C

for 10 min and 12 min respectively. Vulcanized sheets were then sent to Midwest

Elastomers, Inc. for cryogenic grinding, which produced filled ground rubber particles with

an average radius of 58 ±39 pm, as measured by light microscopy. A fraction of large

particles (sizes in the centimeters range) that could be not further ground was also

obtained. The vulcanized unfilled rubber was also ground and appeared as less dense

particles. All materials were stored in a freezer free of volatile organic solvents to reduce

aging effects.

Rubbers for ground rubber particle surface coating

Vulcanized rubber, referred to as F3, was compounded in a custom order from ARDL.

The polymer is a high-cis (>95%) polybutadiene rubber (Lanxess, Neodymium catalyzed

solution polymerization) with a number-average molar mass, Mn, of at least 130,000 g/mol
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based on gel phase chromatography (GPC) taken in THF referenced to polystyrene

standards. This Mn estimate is an underestimate based on Mark-Houwink-Sakurada

coefficients; the expected Mn is >200,000 g/mol. The rubber was reinforced with carbon

black N330 (40 phr) and blended with cure package stearic acid (2 phr), zinc oxide (2

phr), antioxidant (1 phr), sulfur (S8, 1.25 phr), and TBBS (N-tert-butyl-2-

benzothiazolosulfenamide, 0.83 phr). Crosslinking was performed with a cure time of 39

minutes.

Ground rubber particles (GRP) were prepared by cryogenic grinding, which produced

particles of two sizes: <250 pm diameter (small) or 250-500 pm (medium). Uncured

compounds were also obtained in the form of Final Batch (FB) and Master Batch (MB) for

reblending experiments. FB contains the entire cure package, while MB contains all but

TBBS and sulfur in the cure package, which are only added in the reblending process.

Ground rubber particles from actual tires

A small batch of cryogenically ground rubber particles from used car tires (PolyDyne)

was obtained from Lehigh Technologies. These particles were used in process

development for bulk devulcanization, surface coating, and reblending with binder or

virgin rubber.

Other materials

Natural rubber, the same used to make model vulcanizates for chemical

devulcanization, was purchased from ARDL. Rubber processing oil Sundex oils 8125,

750, and 840 were obtained as trial samples. Ingredients for the adhesive used for
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surface modification of tires, 760 vulcanizing glue and square woven nylon reinforced

rubber cushion gum, were purchased from G.H.B. Distributors.

7.2.1 Melt mixing of GRP with devulcanization agent or coating material

Rubber compounding experiments for preparing plaques were performed at -40 g

scales in a Brabender 3-piece mixer with the ATR Plasti-corder rheometer drive system

and Banbury mixing blades. Mixing runs were typically divided into (i) particle

modification, where the ground rubber particles (GRPs) were melt processed with a bulk

devulcanization agent or a coating material, and (ii) reblending, where the modified

particles were blended with binder and curing agents. The reblended materials were then

roll milled into sheets, and cured in a heated hydraulic press.

Parameters to be selected at the start of a mixing run include temperature, mixing

speed, mixing sequence, and total mixing time. Three thermocouples provide

temperature readings for different parts of the mixer, and all should read the desired set

point before starting the run. The 'Stock' temperature may have lower reading when the

chamber is empty. Temperature set point was selected based on a series of

considerations: the rubber compound needs to be heated above a certain temperature

for processability, but an excessively high temperature can lead to pre-mature curing or

sample degradation. This set point was typically selected based on a desired final mixer

temperature. The mixer is only cooled by the flow of compressed air, which is insufficient

for maintaining a constant temperature once the rubber compound in the mixer generates

heat from viscous dissipation. The total temperature rise depends on the composition of

the rubber compound, and may have to be experimentally determined before choosing a
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set point starting temperature. Varying the mixer speed can lead to changes in

temperatures, and the choice should be made based on a balance between obtaining

good mixing of the compound and avoiding excessive chain breakage from shear.

Temperature, speed, and time for some typical types of experiments are shown in Table

7-1. Details on the choice of mixer parameters are discussed in the results section.

Output from the ATR torque rheometer include torque and temperature, as shown in

Figure 7-1.

Table 7-1. Typical mixer parameters for GRP modification and reblending processes.

Experiment Activity Temperature Speed (rpm) Total time
(°C) (min)

Bulk Devulcanization 50-100 40-120 > 7 min
devulcanization Revulcanization ~50 40 > 9 min
Surface Particle coating 40 -55 60 > 5 min
Modification Reblending into 40 - 65 (MB), 40 - 60 (MB), 9 (MB), 4 (FB)

Master Batch 50 (FB) 30 (FB)
(MB), or Final
Batch (FB)

The order of material addition into the mixer for a particle modification process is

typically as follows: half of all GRP and/or dry blended additives, binder and/or oil, and

finally the rest of the GRP and/or dry blended additives. GRP was added into the mixer

in multiple batches to prevent the low density particles from spilling out of the mixer as

the blades rotate. Addition of binder and/oil decreases void volume and increases

viscosity of the mixture, which helps the loading of the remainder of GRP without

excessive spillage. When loading and mixing high viscosity rubber compounds,

increases in torque were typically observed (Figure 7-1), which either peaks and then

decays, or plateaus. Mixing time is typically reported as time from the torque spike until
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the end of the mixing run. In typical revulcanization and reblending runs, the order of

addition is: virgin rubber and/or treated GRP, followed by any other additives.

Figure 7-1: Representative torque curves obtained when reblending GRP into fresh

rubber compounds.

A Brabender two roll mill was used to flatten the reblended compound before curing,

which was extracted out of the mixer in the form of a lump. It was passed once without

folding through the mill to start flattening it out. Then, the sheet thickness was

successively reduced as it was folded crosswise, passed through the mill, folded

lengthwise, passed through the mill, crosswise once more, lengthwise once more, and a

final crosswise fold, which resulted in a long rectangular/oblong sheet. Roll gap was

adjusted to obtain the desired sheet thickness. The folding sequence was kept consistent,

and the grain direction was noted on every rubber sheet after milling and curing. Curing

was performed with a Carver hydraulic press at a pressure of 6.9 - 27.6 MPa and at a
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temperature of 160 0C. Tensile specimens were cut out of the cured rubber sheets along

the grain direction.

7.2.2 Solution coating of ground rubber particles

The encapsulation of GRP with a polymer layer was also explored by using a solution-

precipitation method. GRP were suspended in water using an overhead drill stirrer

(Figure 7-2). The polymer layer to be coated onto particles was dissolved in a good

solvent, typically toluene or tetrahydrofuran (THF) at a concentration of 5-500 mg/mL.

Coating polymer investigated include poly(butadiene) (PBD) and high cis poly(isoprene)

(NatSyn). While the particles were suspended, the coating solution was added at a rate

of 0.5-3 mL/min into the water with a syringe pump. The coating precipitated immediately

onto surfaces of the suspended particles. To cure the coating polymer onto particle

surface, free radical initiator ammonium persulfate (in 10 wt% solution) and catalyst

tetramethyethylenediamine (TEMED) were added to the stirring solution. The coated

GRP were collected via vacuum filtration. This method is referred to as the water-based

coating method.

Alternatively, particles were also coated by first suspending the GRP in THF. The

dissolved coating polymer in THF and free radical initiator azobisisobutyronitrile (AIBN)

were added to the suspension. The mixture was stirred vigorously with a magnetic stir

bar on a stir plate. Water was then added dropwise, resulting in the rapid precipitation of

the coating polymer and water-insoluble initiator onto GRP surfaces and the deswelling

of GRP. This method is referred to as the THF-based coating method. The suspension
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was then heated up to 60 °C to for curing, and the GRP were collected via vacuum

filtration.

Figure 7-2. Photograph of stirrer setup. A mixing shaft was attached to the corded drill.

The drill was selected because other high speed stirrer setups available were not rated

for flammable solvents. To control the speed of the mixer, the corded drill was connected

to a variable transformer. Speed control was achieved by the changing voltage supplied.

7.2.3 Characterization of devulcanized materials by swelling studies

Devulcanized samples were characterized by their sol content and swelling ratio in a

good solvent. Chemical and thermomechanical treatment of ground rubber particles lead

to decreased crosslink density and the reduced of molecular weight, which manifest as

an increase in the fraction of material that becomes soluble (designated as the sol

content), and an increase in swelling ratio or solvent uptake. To enable comparison

between samples treated with different amounts of additives, the swelling experiment and

data analysis were standardized in the following manner.
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In a typical swell test, roughly 1 g of GRP was placed in a 20 mL scintillation vial with

10 mL toluene. The samples were allowed to swell overnight, and the solids were

separated by vacuum filtration. Dissolved polymer was extracted by methanol

precipitation. Upon addition of methanol, the polymer collapses into a dense state, which

can be collected, dried, and weighed. The swollen GRP collected after vacuum filtration

was deswelled once in methanol, dried, and weighed. This step was performed to remove

soluble small molecules and obtain the dry mass of the polymer network. The deswelled

and dried rubber was once again soaked in toluene overnight, and then weighed to obtain

the swollen mass. Normalized sol content was reported as the mass of the sol fraction

over the mass of the dried and deswelled polymer network, while normalized swelling

ratio was reported as the mass of swollen polymer in the second swell over the dried and

deswelled polymer network.

Analysis and comparison of swelling data should be performed with caution, as they

can vary depending on the methodology used to quantify sol content and swelling ratio.

Some chemical treatment can also change material solubility by altering the backbone

functionality, and the swelling data may not be a true measure of crosslink density.

7.2.4 Characterization of adhesives by T-peel tests

Effectiveness of the developed adhesives at bonding rubber was evaluated with

rectangular rubber laminates and T-peel tests (Figure 7-3). The adhesive was placed in

between a cured strip on one side and an uncured strip of rubber on the other to simulate

the bonding of once-vulcanized rubber to virgin rubber. All cured rubber strips were

buffed either with a sharpening stone or with a drill buffing attachment to ensure good
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bonding. If rubber processing oil was used, a fixed volume of oil was first spread onto the

buffed strip and allowed to dry for 6 hours. Next, the liquid adhesive was measured and

dispensed with a syringe, with even spreading over the strip surface. If vulcanizing

cement was used as the liquid adhesive, it was applied to the cured strip and allowed to

dry for 10 minutes. Then, a strip of cushion gum was placed on the top of the vulcanizing

cement layer (Figure 7-3a). If a preblended cement + cushion gum in solvent was used

as the liquid adhesive, it was spread evenly on the strip surface in multiple applications

to avoid spilling of the liquid adhesive, with drying of the solvent in between (Figure 7-3b).

A solvent-less preblended cement + cushion gum formulation was also prepared by

mixing the vulcanizing cement and cushion gum in the Brabender internal mixer at 40 °C

and 40 rpm. First, the cushion gum was loaded into the mixer, followed by the vulcanizing

cement at the 1 min mark. The mixture was taken out of the mixer at the 4 min mark, roll

milled and pressed into a 2 mm sheet. Strips were then cut out and used in the same

manner as the cushion gum. The single or multicomponent adhesives were only applied

to 60% of the strip length (ie. 3.5 inches from one end, on a 5 inch strip). A thin Teflon

film was placed between the two sheets in the remaining untreated region to prevent

bonding in that area. Laminates were assembled with the cured strip on the bottom and

the uncured strip on the top, placed into a stainless steel mold with 0.5" by 5" cavities,

and cured in a hydraulic press at 160 °C and at least 10.3 MPa for 20 min.
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Uncured rubber strip

Cured rubber strip

= Teflon sheet

Liquid vulcanizing cement (with or without oillayer)

1 Cushion gum

LISolid or liquid preblended cement + cushion gum

Figure 7-3. Schematic of laminate assembly with separate vulcanizing cement and

cushion gum layers (a) and preblended cement + cushion gum adhesive (b). (c) T-peel

test used to evaluate the effectiveness of the adhesive at bonding cured rubber to uncured

rubber.

7.4 Results and Discussion

7.4.1 Bulk chemical devulcanization of ground rubber particles for recycling

Process development

Cryogenically ground vulcanized rubber particles (GRPs) were mixed with

nucleophiles for devulcanization, incorporated into small amounts of virgin rubber in the

presence of curatives and various additives, and were then revulcanized. Studies were

performed to first develop a process for preparing recycled rubber sheets containing -

60 % of GRPs, and then to optimize recycled material properties. The mixing protocol

with the Brabender internal mixer was first developed with PolyDyne 140 particles.

Process parameters were: 40 rpm mixing rate, 75 °C starting temperature, and 6 - 10 min

mixing time. Additives added to devulcanize a 40 g batch of GRP are shown in Table 7-

2. GRP was loaded into the mixer in two additions interspaced with oil and binder
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additions. The amine was added 4 mins after the torque spike, and the mixing time (time

between the first torque spike and the end of the mixing run) was varied.

Table 7-2. Devulcanization additives used to develop the mixing protocol with PolyDyne

140 particles.

Mass (g) phr
PolyDyne 140 particles 40 100
Hexadecylamine 1.2 3
Sundex 8125 (processing oil) 3.2 8
Natural rubber (binder) 4 10

Swelling tests were performed on the devulcanized particles, with the sol content and

swelling ratio reported in Figure 7-4. With the exception of the unmodified particles, sol

content was detected for samples blended both with and without amines. Sol content

was higher in samples blended with amines. Sol fraction extracted from the no amine

control may have originated from the natural rubber binder added. Addition of amine

increased the amount of free polymer chains, suggesting that amine addition resulted in

breakage of polymer chains and/or crosslinks. Increasing the mixing time from 6 to 10

min does not have an appreciable effect. Swelling ratio appeared to be highest for the

particles subjected only to thermomechanical treatment (no amine), and were similar for

all others.
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Figure 7-4. Devulcanization of PolyDyne 140 particles using an internal mixer. (a)-(b)

Sol content and swelling ratio of GRP swollen with toluene, N = 2-3. Large variabilities in

the results are likely due to sample loss during transfers, and may be improved by

increasing the number of replicates and performing the experiment at a larger scale. (c)

Revulcanized sheet of rubber.

While the swelling ratio results were inconclusive, the generation of more soluble

polymer suggests that hexadecylamine can be used as a devulcanizing agent.

Hexadecylamine was also used in model compound studies performed by Rajan et al. to

study the mechanism of natural rubber devulcanization with 2,3-dimethyl-2-butene as the

model compound13 . Using High Performance Liquid Chromatography, the authors

measured the total crosslinks and the number of mono-, di-, and polysulfidic bonds as a

function of amine addition and devulcanization time. From a vulcanized starting mixture

comprised mainly of polysulfidic bonds, polysulfides were observed to decrease
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exponentially with time. Comparing to the case of thermal treatment only (no

devulcanizing agent), presence of the amine led to a faster decrease in polysulfides, and

less formation of monosulfides, disulfides, and trisulfides, and an overall lower

concentration of total crosslinks. Once formed, the mono and disulfides do not decrease

with time. Although this model study was performed with a small molecule at 200 °C,

some observations may be relevant to GRP devulcanization. The high activity of aliphatic

amines towards polysulfides would suggest that they may be effective devulcanization

agents for used tires and the model vulcanizates studied in this work, which was cured

with conventional vulcanization. However, effectiveness of aliphatic amines could

depend on the rubber vulcanization method, as fractions of monosulfide, disulfide, and

polysulfide bonds can vary widely, from 0-5, 30-40 and 60-70% respectively in

conventional vulcanization, to 40-50, 35-50, and 5-20% respectively for efficient

vulcanizationO.

The hexadecylamine devulcanized samples were further processed into cured

plaques. They were blended with a cure package (1 phr sulfur, 1 phr stearic acid, 2 phr

(tert-butyl-benzothiazole sulfonamide (TBBS), and 1 phr zinc oxide), binder (10 phr

natural rubber), and processing oil (17.5 phr Sundex 8125), flattened in a two roll mill,

and compression molded into sheets (Figure 7-3c). Qualitatively, the revulcanized

samples with and without addition of hexadecylamine appear softer than typical

vulcanized virgin rubber, and the degradation in mechanical properties can be due to a

multitude of factors ranging from changes in polymer architecture to side reactions.

Mechanical properties of these materials should be characterized in depth to shed more

light on the effectiveness of the devulcanizing agent. It is important to note that the
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amines can participate in a multitude of side reactions. In another work, Rajan et al.

showed that the use of amines to reclaim natural rubber latex increased crosslink density,

compared to the case of pure thermomechanical reclamation (no amines) with an internal

mixer at 50 rpm and 170-180 °C. The authors pointed out that amines can cleave free

sulfur S8 to form polysulfide ions and free radicals, which can lead to formation of

crosslinks.

This devulcanization and revulcanization trial using PolyDyne rubber particles

illustrates the potential of solvent-less devulcanization and processing of GRPs using

conventional rubber processing equipment. As rubber plaques were successfully

prepared using the described blending and curing method, the protocols were extended

for further optimization experiments to evaluate the effects of amine or cure package

addition.

Effect of amine loading

The aforementioned protocols for devulcanization and revulcanization were used to

study effects of amine content. Studies were performed on model natural rubber

vulcanizates that were custom compounded and cured, as described in Section 7.2. GRP

was devulcanized with various amounts of octylamine using the same protocol

demonstrated above, but with a slight modification in the mixer loading sequence where

the amine was pre-blended with the particles before both were added at the same time.

The swelling data is shown in Figure 7-5a. The highest average sol content and average

swelling ratio were observed for the intermediate amine content, although more replicates

may be required to make definitive statements. White powder was observed on the

sample with 1.8 phr amine after devulcanization, which appears to either be from
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macrophase separation or poor mixing. Interestingly, this sample with the highest amine

content was also observed to be the least processable; the material was less moldable

than the others.
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0z
0
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Octylamine (phr)
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Figure 7-5. (a) Swelling data for octylamine devulcanized natural rubber vulcanizates.

N=2-3. (b) - (c) Modulus, tensile strength, and elongation-at-break of revulcanized

specimens cured for different durations. Plaques were cured at 150 °C.
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Devulcanized materials were blended with a cure package (1 phr sulfur, 1 phr stearic

acid, 2 phr TBBS, and 1 phr zinc oxide), binder (10 phr natural rubber), and processing

oil (17.5 phr Sundex 8125), and revulcanized with different curing times. Blending of the

revulcanization mixture was performed in the internal mixer at 40 rpm and 50 °C, with the

mixing sequence shown in Table 7-3. No consistent trends in mechanical properties were

observed for the different cure times (Figure 7-5b-c). However, samples devulcanized

with large octylamine content appeared to generally perform worse, consistent with the

poor processability observed.

Table 7-3. Mixing sequence for blending additives in the revulcanization of amine

devulcanized GRP.

Time point
0 min GRP, binder, and processing oil added
Torque spike + 4 min Cure package added
Torque spike + 6 min Compressed air blown in
Torque spike + 8 min Batch removed from mixer

Effects of cure package additives

Effects of revulcanization cure package on material properties were studied using

hexadecylamine devulcanized natural rubber vulcanizates. First, the GRP was

devulcanized according to the recipe listed in Table 7-2, with a modified mixing sequence.

Hexadecylamine was dry mixed with GRP prior to loading into the internal mixer, which

was set to run for 7 mins after the torque peak. Then, different revulcanization cure

packages were used, as shown in Table 7-4, and the effects of the different additives on

mechanical properties of cured rubber plaques were investigated.
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Table 7-4. Effects of revulcanization cure package on material properties. Recipe is

color coded to match mechanical testing data in Figure 7-6.

Sulfur (phr) Stearic Acid (phr) TBBS (phr) Zinc Oxide (phr)
Sample 1 0.4 0.4 0.8 0.4
Sample 2 0.2 0.4 0.6 0.2
Sample 3 0.2 0.2 0.6 0.1
Sample 4 0.1 0.1 0.4 0.2

Mechanical properties of revulcanized rubber are shown in Figure 7-6. Mechanical

property variation as a function of cure time is more significant for sample #1, and can be

speculated to be due to its lower accelerator to sulfur ratio, which can result in different

sulfur cure kinetics. In general, treatment type #3 and #4 produced both higher

mechanical strength/stiffness and extensibility, properties that are typically mutually

exclusive. While more studies are required to make conclusive statements, one should

note that these two treatments contain smaller amounts of revulcanization additives.
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Figure 7-6. Mechanical properties of hexadecylamine devulcanized rubber, revulcanized

with different amounts of additives and cure times.
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Effects of vulcanizing system on reclaimed rubber were studied by many others,

include Formela et al. who quantified mechanical properties of recycled rubber

revulcanized with TBBS, MBT (2-mercaptobenzothiazole), TMTD (tetramethylthiuram

disulfide), DPG (1,3-diphenylguanidine), and CBS (N-cyclohexyl-2-bbenzothiazol

sulfonamide) at accelerator to sulfur ratios of 2 and 0.515. The authors observed that

increasing accelerator to sulfur ratios for TBBS, CBS, and TMTD did not have significant

impact on tensile strength but improve extensibility, which is consistent with observations

made in Figure 7-5. In addition, the optimum cure time, t9o, for TBBS is higher for larger

accelerator to sulfur ratio. To gain a better understanding on cure behavior, cure

rheological studies should be performed.

In conclusion, this work has demonstrated an approach that enables preparation of

recycled rubber plaques containing a large fraction of recycled material. The formulation

and processing parameter space is vast, and the presented studies have only scratched

the surface. Data-driven approaches like machine learning tools can be highly

advantageous for developing optimized formulations and for accelerated predictions of

material properties. To illustrate the space for optimization, a vulcanized virgin rubber

with similar compositions but with polybutadiene instead of natural rubber can have

tensile strength and elongation-at-break values around 12 MPa and 700 %, and a

toughness that is vastly superior to the best specimens obtained in this study.

7.4.2 Coating of Ground Rubber Particles for Recycling

The use of recycled ground rubber particles in the manufacture of new tires has been

of both environmental and commercial interest, as the tire industry represents the largest
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market for rubber. However, incorporation of recycled material into rubber vulcanizates

has been shown to decrease modulus, strength and elasticity, which is unacceptable due

to the stringent requirements for material performance in tire manufacturing. One

hypothesis for the poor performance is the incompatibility between fresh rubber matrix

and once cured material. When the material is deformed, voids and defects around the

GRP interface can propagate and lead to premature failure. In addition, the capability of

recycled material to undergo strain induced crystallization is impaired 16. This work

proposes a rubber coating strategy to improve adhesion between once-vulcanized GRP

and virgin rubber compounds, where the compatibilizing coating layer may facilitate load

transfer between the two rubber phases.

Water and THF-based solution coating method

Two approaches will be described in this section. The first is a solution coating

approach, where GRP were encapsulated with polybutadiene, which was then lightly

crosslinked using ammonium persulfate (APS) as initiator and

tetramethyethylenediamine (TEMED) as the catalyst. The presence of the polymer layer

is proposed to improve adhesion of GRP to the virgin rubber matrix. Crosslinking was

hypothesized to be important for avoiding loss of the adhesive due to shear during mixing

processes. Coated GRPs were dried and sized either by using sieves or by light

microscopy. Particle aggregation was observed after coating, as shown in the size

distribution in the figure below.
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Figure 7-7. Sizes of GRP before and after solution (water-based) encapsulation with

polybutadiene with a target coating thickness of 1.5 pm. Sizing performed with sieves.

Figure obtained frominternal research progress report.

Particles coated with PBD with and without crosslinking were reblended into Master

Batch and cured to make recycled materials. Both the coating thickness and crosslink

density are varied according to Table 7-5. GRP with two sizes were tested. GRP coating

was performed by suspending 7.5 g GRP in 550 mL water with high speed mixing and

injecting PBD in THF (50 mg/mL) into the suspension at 1 mLmin. Coating thickness was

calculated assuming that all added PBD precipitates onto particle surfaces and that

particles are spherical. A crosslink % (Table 7-5), corresponding to the percentage of

unsaturated bonds involved in crosslinking, was also calculated based on PBD molecular

weight of 130 kDa, and with the assumptions that 1 radical was required to crosslink each

double bond and 2 radicals were generated per molecule of ammonium persulfate (APS).
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Table 7-5. Samples prepared to study effects of coating/encapsulating GRP with PBD,

with and without crosslinking with APS. Negative control samples were prepared without

addition of GRP into virgin rubber compounds. Parameters investigated include GRP

size, coating thickness, and crosslink density.

GRP Calculated coating
Label (g) GRP mesh size thickness (pm) Crosslink %
Al, control med - 84 0 0
A2, control small - 140 0 0
B1, control med thin 10.5 84 0.78 0
82, control med thick 10.5 84 1.46 0
B3, control small thick 10.5 140 1.46 0
B4, control small match 10.5 140 0.89 0
C1, med thin_2 10.5 84 0.78 0.2
C2, med thin_4 10.5 84 0.78 0.4
C3, med thick_2 10.5 84 1.46 0.2
C4, med thick_4 10.5 84 1.46 0.4
C5, small thick_4 10.5 140 1.46 0.4
C6, small match 4 10.5 140 0.89 0.4

Reblending experiments and preliminary mechanical testing were performed by ARDL.

For each sample type, 7.5 g of GRP was added to 42.5 g of virgin rubber (F3 Final Batch).

Mixing of GRP with fresh rubber compounds was performed at 50 °C and 30 rpm in an

internal mixer. GRP was added at the 1 min mark, and was allowed to mix for an

additional 3 minutes or until the batch temperature reaches 50 °C. Plaques were then

molded and cured at 160 °C for 25 min.

Mechanical testing data for the reblended plaques and controls were shown in Figure

7-8. The control comprised of pure virgin material with no recycled rubber was reported

to have tensile strength and elongation-at-break of 14± 2 MPa and 510 ±70%

respectively. Samples containing GRP however, had much lower mechanical strength
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and extensibility, regardless of treatment type. The stress and elongation at break were

greater in the smaller particles (140 mesh), but are indistinguishable based on the coating

thickness or amount of crosslinking.
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Figure 7-8. Results from coating trials. (a) Mod5O, ModIQO, Mod200and Mod300 for

specimens prepared according to Table 7-5. N=2. The moduli are indistinguishable

based on particle size and treatment. (b) Stress-at-break (Tb) and elongation-at-break (Eb).

The stress and elongation at break are a function of the particle size, but are independent

of the treatment (layer thickness or crosslinking density). Samples prepared with small

GRP are indicated with lighter colored bars. Figure obtained from internal research

progress report.

The lack of improvement from the addition of a coating layer may be due to a multitude

of factors, one of which was that crosslinking was ineffective, leading to the loss of coating

layer due to shear during the mixing process. This was of a particular concern as APS

and TEMED may not be able to penetrate into the PBD layers as they are water-soluble

and were added at very low concentrations. This motivated the development of the THF-
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based coating approach, where the GRP, coating polymer, and initiator

azobisisobutyronitrile (AIBN) were first suspended/dissolved in THF, and then

deswelled/precipitated with addition of water. AIBN was chosen as it is readily soluble in

organic solvents but has low water solubility, and can therefore be added to the PBD THF

solutions prior to coating experiments, and activated via application of heat.

To understand the lack of improvement observed with coated particles, further

characterization of the coating and the effectiveness of crosslink treatment would be

required. This was, however, challenging due to the presence of carbon black, which

interferes with many types of characterization methods. Methods to visualize the coating

by fluorescence using a dye dissolved along with the coating were inconclusive. Scanning

Electron Microscopy (SEM) was also used to visualize at the coating uniformity of the

particles (Figures 7-9, 7-10). These images were taken for a control (non-coated particles)

as well as particles coated using the THF-based and water-based coating methods.

Addition of a coating layer was hypothesized to reduce roughness of particles, but the

results obtained were inconclusive. At a 100x magnification, enough particles can be

visualized efficiently, but particles coated using different methods do not exhibit large

differences. All batches contain small and large particles and aggregates of very small

particles. Due to potential artefacts from the gold coating, differences in the level of focus

and the angle of the particle surface, it may be difficult to make any conclusions from

these images.
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Figure 7-9: SEM images of (a) control particles, (b) particles coated with PBD via

precipitation out of THF, (c) particles coated with poly(isoprene) (Natsyn) via the water-

based coating method. Magnification: 100x.

Figure 7-10: SEM images of (a) control particles, (b) particles coated with PBD via

precipitation out of THF, (c) particles coated with Natsyn via the water-based coating

method. Magnification: 500x.

Besides the two coating by precipitation strategies presented, a dip coating method

was also briefly investigated. A viscous solution of the polymeric adhesive was made in

THF. Particles were manually stirred into the adhesive solution, and were then passed

through sieves with mesh sizes slightly larger than the uncoated particles. The particles

were pushed through the mesh and scraped off the other side to obtain coated particles.
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Characterization of the coating layer was challenging, as particles were observed to form

large clumps with excess adhesive.

All solution coating strategies were not explored extensively as the solvent-free

method of coating using the internal mixer was used instead, as described in the next

section. Advantages of using the solvent-free approach include scalability and the

eliminated need for large quantities of solvent and the drying process.

Bulk solvent-free coating

The second approach is a bulk coating approach, where the dry GRP were mixed with

adhesives in an internal mixer. The use of adhesives and polymer coating layer to

compatibilize GRP with virgin rubber matrix is analogous to tire retreading methods,

where new treads are adhered to old vulcanized tire casings using layers of adhesive and

cushion gum 17. An effective adhesive was found to be a dried mixture of vulcanizing glue

and cushion gum.

Proof of concept experiments were performed with laminates to demonstrate the use

of adhesive in improving bonding between cured and uncured rubber. Laminates were

prepared using cured and uncured strips of F3 rubber, with cement and cushion gum in

between. Adhesion quality was quantified using T-peel tests on the laminates, and a

typical peel test result is shown in Figure 7-11. This laminate system was used to perform

screening experiments to elucidate effects of adhesive composition, adhesive thickness,

preparation method, and the use of processing oil.

261



12.02.2018 1.xlsx
80

max peak
701 min + max

average
60i

peak average
50

~40

2 30
0

LL

20

average strength across peaks

0 1 2
Travel In;

Figure 7-11. Sample T-peel test curve showing each of the metric reported. The peak

average is the average of all blue highlighted peaks, whereas the average strength across

the peaks is shown by the box. Figure obtained from internal research progress report.

An important discovery made in this work was on the combined use of vulcanizing

cement and cushion gum as a single component adhesive. Application of the two

components as multiple layers was demonstrated to improve bonding between

vulcanized and virgin rubber. However, given the potential difficulties of developing a

multi-layer coating formulation when the technology is ultimately applied to particles, the

effects of combining the cushion gum and cement in a single layer was investigated. The

adhesive as a single mixture (cement + cushion gum) or as separate layers of cement

and cushion gum (no additional processing oil) were compared in Figure 7-12. To prepare

the adhesive mixture, the cushion gum was dissolved in THF and mixed with the liquid

vulcanizing cement with a stir bar and magnetic stir plate. The cushion gum to cement

mass ratio (1 g dry mass to 0.5 mL volume) was kept the same as the multi-layer control.
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The mixture in THF was then applied onto strips, dried, and cured. Comparison between

bonding strength in laminates shows that the combined cement and cushion gum is a

better adhesive, and that multi-layer coating is unnecessary.

I r I I I

-- Control
60 - Mixed j -

40 -1

20 -

0II I I
0 1 2 3 4

travel, in

Figure 7-12. Representative peel tests comparing the single component mixed cement +

cushion gum and multi-layer approach (control). Figure obtained from internal research

progress report.

The single component adhesive (SCA) coating formulation made up of combined

cushion gum and vulcanizing cement was applied to GRP in a recycling experiment. A

series of trials performed at ARDL investigated the effects of coating layer thicknesses

and compared the single and multi-layer approaches on both small and medium sized

GRP. The single component type adhesive was prepared by dissolving the cushion gum

in THF, followed by addition of vulcanizing cement, and drying off the solvent. The dried

adhesive was coated onto GRP using an internal mixer. For the multi-layer type adhesive,

the liquid vulcanizing cement and cushion gum were added directly during the coating

process with no pre-mixing. Table 7-6 list the coating conditions tested. GRP coating

was performed in a Brabender internal mixer at 40 g scales, with an initial temperature
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set point of 40 °C and 60 rpm as the mixing speed. Oil (if used) and SCA were added in

between GRP additions to help pull all particles into the mixer. The mixer was run for an

additional 5 minutes after the torque spike.

Table 7-6. Coating recipes used. In each coating experiment, 40 g of GRP were coated

with adhesive in amounts shown, along with 4 mL of processing oil (Sundex 750).

Sample Name Adhesive Amount Adhesive Type Particle Size
(g)

R1 4 (10 phr) Single component Small
R2, R3 (repeat) 8 (20 phr) Single component Small
R4 4 (10 phr) Multi-layer Small
R5 4 (10 phr) Single component Medium
R6 12 (30 phr) Single component Small
R7 8 (20 phr) Single component Medium
R8 4 (10 phr) Multi-layer Medium

The coated GRPs were also subjected to heat treatment at 85 °C for different pre-

curing times, before they were reblended into fresh rubber compounds. Since the

adhesive mixture contained accelerators and the vulcanized particle surface still

contained residual free sulfur, an additional heat treatment was hypothesized to lightly

cure the adhesive layer onto GRPs, reducing the loss of the adhesive during the

reblending process. When GRPs were reblended into fresh rubber compounds for

revulcanization, the use of Master Batch (MB) and Final Batch (FB) was compared to

elucidate the effects of extra shear. Since MB does not contain the sulfur and accelerator,

mixing processes were longer with MB, as shown in Table 7-7. For all reblended

materials, the total mass fraction of ground rubber particles was kept constant at 7.5 g for

a reblend batch size of 50 g. To account for the different amounts of adhesive, the total

264



coated particles added were 8.97, 9.72, and 10.5 for particles with 10 phr, 20 phr, and 30

phr adhesives respectively.

Table 7-7. Mixing sequence for reblending GRP into Master Batch and Final Batch virgin

rubber.

Time point (min) Master Batch (MB) Final Batch (FB)
0 MB added, mixer set at 60 rpm FB added, mixer set at 30 rpm,

and 40°C 50° C
1 Particle/SCA mixture added Particle/SCA mixture added
2.5 Mixer speed lowered to 40 rpm 4 min: mixing stopped
5 Sulfur and accelerator added
7 Compressed air blown in
9 Batch removed from mixer

The reblended rubber samples were cured into plaques. The averaged results are

listed below in Table 7-8, and the tensile strength with elongation-at-break are plotted in

Figure 7-13a. As expected, the control containing no recycled material had the highest

tensile strength and elongation-at-break. Loss of mechanical performance was observed

when GRP was incorporated. Notably, when the GRP was coated with the single

component adhesives, some formulations and processing variables led to better

properties when compared to untreated GRP and GRP coated with the multicomponent

adhesive. All samples with GRP coated with the single component adhesive are shown

as green data points, and some formulations have properties in between that of the no

particle (positive) and no coating (negative) controls (Figure 7-13a). Generally, samples

with smaller particles had better properties than larger particles (Figure 7-13b). No

obvious trends were observed for pre-curing across the large data set, and no definitive

conclusions were made. However, some pre-curing conditions were observed to result in

better properties for the single component adhesive than the multilayer adhesive (Figure
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7-13c). In some cases, increasing the amount of coating (Figure 7-13d) led to better

properties. However, it should be noted that using larger amounts of coating increases

cost.

Compared with uncoated GRP (negative control), many samples with coated GRP

show improved elongation at break, but the modulus and strength are weaker for these

new samples. This suggests that these treated samples may have lower crosslink

densities, either due to the poorer diffusion of the curing components or the slightly longer

optimal cure time t9o. However, the generally improved extensibility is a positive sign of

the treatment, and suggests that altering the formulation could increase the crosslink

density to obtain a higher modulus, while maintaining a desirable extensibility.

To conclude, the mechanical properties of recycled materials can be improved by

enhancing interfacial adhesion between ground rubber particles and virgin rubber matrix.

The coating treatment was developed to be compatible with industrially-relevant process

equipment, with minimal processing steps required. While the single component

adhesive comprised of blended vulcanizing cement and cushion gum provided

improvements to mechanical performance, the recycled materials were still inferior to the

material containing virgin rubber only. Studies to understand interactions between the

adhesive and GRP, and to optimize of the mixing and curing additives should be further

investigated for this promising approach.
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Table 7-8. Average results for N=7 microdumbbells for each of the 33 conditions mixed

at ARDL. Mod50, modl00, and mod200 are correspond to the ratio of engineering stress

to strain at 50%, 100%, and 200% strain respectively. Toughness was calculated based

on the area under the stress-strain curve.

Sample
No pardcles - MB
No pardcles - FB

Control - MB
Control - FB
Control - MB

RI no precure MB
R2/3 no precure MB

R4 no precure MB
R6 no precure MB

RI 10 min precure MB
R2/3 10 min precure MB

R4 10 min precure MB
R6 10 min precure MB

RI 10 min precure, I day rest MB
R2/3 10 min precure, I day rest MB
R4 10 min precure, I day rest MB
R6 10 min precure, I day rest MB
R I 10 min precure, I day rest FB

R2/3 10 min precure, I day rest FB
R4 10 min precure, I day rest FB
R6 10 min precure, I day rest FB
RI 20 min precure, I day rest MB

R2/3 20 min precum I day rest MB
R4 20 min precure, I day rest MB
R6 20 min precure, I day rest MB

R2/3 20 min precure, I day rest FB
R2/3 no precure, I day rest FB
R5 no precureI day rest MB
R7 no precure, I day rest MB
R8 no precure, I day rest MB

RS 10 min precure, I day rest MB
R7 10 min precure, I day rest MB
R8 10 min precure, I day rest MB

Particle
size
NIA
N/A
small
small

medium
small
small
small
small
small
small
small
small
small
small
small
small
small
small
small
small
small
small
small
small
small
small

medium
medium
medium
medium
medium
medium

Mod 50
(MPa) Std

0.551 0.202
0.406 0.054
0.466 0.222
0.410 0.042
0.165 0.064
0.323 0.216
0.354 0.226
0.308 0.234
0.213 0.084
0.280 0.241
0.060 0.013
0.338 0.183
0.306 0.188
0.112 0.064
0.197 0.050
0.153 0.070
0.096 0.047
0.376 0.259
0.257 0.082
0.198 0.075
0.191 0.101
0.460 0.282
0.102 0.060
0.212 0.074
0.178 0.081
0.148 0.081
0.134 0.079
0.180 0.066
0.076 0.071
0.196 0.075
0.274 0.054
0.140 0.070
0.407 0.226

Mod 100 Mod 200 Strength Toughness Strain

(MPa) Std (MPa) Std (MPa) Std (MPa) Std at break Std
1.104 0.160 2.158 0.231 12.411 1.109 37.910 6.219 7.185 0.586
1.108 0.052 2.259 0.112 15.296 0.697 52.513 7.661 7.973 0.497
1.018 0.134 1.980 0.195 9.029 0.887 21.921 2.833 5.918 0.250

0.952 0.032 1.917 0.064 8.482 0.885 20.132 3.621 5.757 0.430
0.774 0.032 I.563 0.064 6.55I 0.696 14.285 2.243 5.4II 0.347
0.875 0.139 1.702 0.206 8.581 0.331 23.937 1.994 6.620 0.166
0.907 0.187 1.747 0.297 8.831 1.504 24.409 6.533 6.555 0.393
0.863 0.164 1.686 0.265 8.193 0.915 21.423 4.809 6.260 0.608
0.829 0.065 1.668 0.138 8.359 0.630 20.654 1.942 6.186 0.069
0.739 0.345 1.520 0.430 7.318 2.444 20.280 8.666 6.356 0.708
0.244 0.009 0.491 0.018 2.563 0.171 6.818 0.549 6.452 0.235
0.894 0.122 1.755 0.197 8.206 0.992 21.014 4.560 6.125 0.525
0.852 0.154 1.635 0.253 8.178 1.316 22.477 5.085 6.528 0.479
0.704 0.057 1.413 0.118 7.100 0.880 17.000 3.303 6.051 0.611
0.762 0.036 1.516 0.076 7.990 0.681 20.014 2.343 6.313 0.265
0.801 0.037 1.621 0.074 8.189 0.684 20.062 2.643 6.150 0.314
0.692 0.043 1.411 0.077 8.219 0.355 21.273 1.479 6.636 0.245
0.917 0.172 1.769 0.278 8.317 0.936 20.277 2.916 6.013 0.247
0.802 0.037 1.582 0.065 7.375 1.150 17.762 3.110 5.908 0.412
0.844 0.047 1.698 0.103 7.882 1.275 18.499 4.137 5.833 0.536
0.777 0.056 1.553 0.111 8.144 0.460 20.437 1.990 6.332 0.378
1.030 0.261 1.987 0.457 9.626 1.437 26.003 4.253 6.437 0.147
0.638 0.206 1.343 0.281 7.781 1.426 20.969 6.939 6.671 0.644
0.777 0.055 1.538 0.102 7.242 0.322 17.167 0.949 5.904 0.107
0.765 0.063 I.528 0.126 8.095 0.726 20.824 3.011 6.403 0.454
0.769 0.039 1.552 0.072 8.264 0.519 20.933 2.544 6.375 0.292
0.759 0.057 1.534 0.111 8.317 0.492 21.511 2.201 6.478 0.274
0.767 0.054 1.548 0.099 6.427 0.850 14.214 2.555 5.435 0.344
0.453 0.303 0.914 0.613 3.888 2.809 8.539 6.536 5.317 0.520
0.777 0.034 1.553 0.069 6.368 0.841 14.344 2.440 5.469 0.328
0.778 0.036 1.541 0.075 6.006 0.606 12.800 1.959 5.210 0.344
0.751 0.056 1.518 0.115 6.404 0.567 14.351 1.935 5.549 0.323
0.942 0.175 1.824 0.287 7.042 0.930 16.278 3.077 5.455 0.425
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Figure 7-13. Tensile strength and elongation-at-break of rubber plaques with and without

recycled GRP. (a) All data points from Table 7-8 plotted and color coded to indicate the

virgin material only control, GRP with no coating, GRP coated with single component

adhesive, and GRP coated with the multicomponent adhesive. (b) A comparison of the

single and multicomponent adhesive for coating small GRP with 10 min pre-cure.

Particles were reblended into MB. (c) Data points for GRP coated with 10 phr adhesive

with different pre-curing conditions, and reblended with MB. (d) A comparison of small

GRP coated with different amounts of single component adhesive. GRP were pre-cured

for 10 min, reblended a day after coating, with either MB or FB as the fresh rubber

compound.
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Chapter 8: Conclusions
8.1 Summary

As a widely available component in biomass, proteins can play a role in addressing

the need for more sustainable polymeric materials. Dry proteins can form extensive inter-

and intra-molecular associations, and the resulting stiffness can and has historically been

exploited in plastics-3 . However, higher prices, challenges with processability, and

undesirable mechanical behavior have lowered competitiveness of protein-based plastics

compared to materials derived from fossil fuel. Strategies for preparing protein-based

materials have largely centered around plasticizer blending, and these materials are

commonly restricted to low value applications such as packaging materials and fillers in

elastomers 4-11. To enable the use of proteins in engineering plastics applications, this

thesis presents strategies that expand the protein copolymerization and processing

methods.

In the first section of this thesis, a straightforward method for synthesizing protein-

based thermoset elastomers is demonstrated using whey protein isolate as a model

mixture of proteins. Networks made up of protein hard blocks covalently bonded to

flexible acrylate polymer chain soft blocks exhibited superior mechanical properties when

compared to either protein or polymer alone, and are comparable to some biomass-based

polyurethanes. Materials were prepared through the copolymerization of methacrylate

groups on proteins and (meth)acrylate conomomers, where chemical crosslink density

was modulated through protein methacrylation levels. Morphological characterizations of

the copolymers suggest the formation of microphase separated domains through protein

aggregation, the extent of which is influenced by methacrylation level or chemical
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crosslink density. Mechanical properties of the elastomers are highly influenced by

protein content and protein methacrylation level, but are not adversely affected by protein

inhomogeneity.

The second section builds upon the developed protein methacrylation and

copolymerization approach by presenting a practical and scalable melt polymerization

method, using surfactants as both plasticizers for proteins and compatiblizers. The

plasticization capability of surfactants allows the copolymers to be thermoformed and melt

polymerized, which is critically enabling for industrial processes such as injection and

blow molding. Thermoset copolymers were prepared in the absence of solvent using a

model mixture of whey protein, surfactant benzalkonium chloride, and vinyl monomer n-

butyl acrylate. The three component mixtures can be thermoformed and cured in the

absence of solvent, and issues stemming from post-processing solvent evaporation

required previously were eliminated. In addition, the use of appropriate surfactants

enables mixing of proteins with monomers of wide-ranging polarity and expands the

accessible range of material properties for protein-based copolymers. To assess the

impact of incorporation of a hydrophobic component into copolymers, materials melt

copolymerized with hydrophobic n-butyl acrylate and poly(ethylene glycol) methyl ether

acrylate were compared. Moisture absorption of the two types of materials are similar

when materials were dessicated, but increases with a larger magnitude for the hydrophilic

copolymer at higher humidity levels. However, despite a reduction in water uptake in

materials with the hydrophobic copolymer, challenges remain with eliminating excessive

material softening in high humidity conditions. Efforts to increase material mechanical

strength and to reduce humidity sensitivity are explored.
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Using whey protein as a model mixture of proteins, synthesis of the first thermoplastic

protein-copolymer elastomers is demonstrated in the third section. The protein functions

as the reinforcing hard block, while poly(hydroxylethyl acrylate) (PHEA) was selected as

the rubbery block. Diblock copolymers with well-defined polymer architecture were

prepared through grafting-from polymerization with protein macroRAFT agents, which

were prepared by site-specifically attaching trithiocarbonate RAFT agents to the protein

N-termini using pyridoxal-5'-phosphate (PLP) mediated transamination and oxime

formation. The resulting copolymer was compression molded into sheets, which can be

recycled or reprocessed thermally.

In the fourth section of the thesis, material properties of cyanophycin are presented.

Cyanophycin is a polypeptide synthesized non-ribosomally in cyanobacteria as temporary

nitrogen reserves, and the recombinant form can be synthesized in E coli in high yields,

making it attractive as a potential source of biopolymer. In the dry state, cyanophycin,

like many other proteins, is amorphous, stiff, and brittle. Cyanophycin is zwitterionic, and

the water-soluble form of the protein is thermoresponsive in dilute solution, exhibiting both

upper and lower critical solution transition behaviors that are functions of ionic strength.

Given its glassy nature and good thermostability, cyanophycin may be attractive as a

sustainably sourced and biodegradable material that could be used to synthesize

zwitterionomeric copolymers or as reinforcing fillers.

The last section of the thesis presents work done on recycling used tire rubber. Due

to the large fraction of hydrocarbon polymer chains in tire rubber, discarded waste are

typically incinerated to recover some of their value in the form of energy. The burning of

tires for fuel raises questions about air pollution, where the emissions of concern include
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particulates, metals, and unburned organics, particularly in boilers and incinerators that

operate at lower temperatures. Recycling of rubber is difficult, especially when compared

to thermoplastics. In sulfur-cured rubber, sulfidic bonds link chains together in a three-

dimensional network that prevents the material from undergoing melting when heated.

Current technology does not permit large percentage of used tires to be reformulated into

new ones without significant performance losses 12 .The aim of this work was to develop

a process that enables production of a higher quality reclaim rubber more suited for

materials manufacturing. Cryogenically ground rubber particles (GRPs) prepared from

once crosslinked material were treated, and then reblended with virgin rubber or binder

and re-cured. First, a bulk devulcanization approach was presented, where nucleophiles

were blended with GRPs to selectively cleave sulfur crosslinking bonds, with the goal of

limiting main chain scission to improve mechanical properties. A solvent-free melt mixing

process was developed, and rubber plaques containing -60% recycled material were

prepared. Next, a method that modifies the surface of rubber particles to improve the

bond strength at the interfaces of virgin and once-cured rubber is presented. This work

was motivated by the hypothesis that the poor performance of recycled rubber stems from

incompatibility between fresh rubber matrix and once cured material. By applying an

adhesive layer on GRPs prior to reblending into virgin rubber, material mechanical

performance was improved. The coating approach utilizes commercially relevant rubber

manufacturing processes, and various strategies were investigated to reduce the amount

of adhesive needed for mechanical property improvement and to reduce number of

processing steps.
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In summary, this thesis developed strategies for formulating polymers containing

agriculture or waste proteins for engineering plastic applications. Various challenges

were addressed, including the brittleness of dry protein, difficulties in thermo-forming

proteinaceous materials, and the high moisture absorption. In the preparation of

elastomers, the presence of both the stiff protein and flexible polymer domains are crucial

for good mechanical properties, as individually, these materials are either too brittle or too

soft. Complexation of proteins to surfactants enable copolymers to be fabricated via melt

processing methods with both hydrophilic and hydrophobic comonomers. In addition,

thermoplastic copolymers were fabricated using site-specific protein modification. The

later chapters of this thesis explored material properties of a recombinant protein and also

presented solvent-free rubber recycling methods that allowed ground rubber particles to

be reformulated into new rubber sheets.

8.2 Outlook

There are many opportunities to extend the developed approaches for preparing

partially renewable protein-based materials. Ultimately, fully bio-based plastics can be

produced by expanding the current chemistries to incorporate vinyl monomers or rubbery

polymer segments derived from biomass13 16 . In addition, more challenging protein

sources can be investigated as raw materials. The whey protein isolate selected for most

studies in this thesis was a commercially available protein with high protein purity and

water solubility, which had advantages of easy protein modification and processing. In

addition, whey protein had excellent pH and moderate thermal stability17. These

properties however, are not generalizable across all proteins with different compositions,

purities, or even methods of purification. For example, whey protein concentrate, a
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mixture with lower protein purity compared to whey protein isolate, and whey protein heat

denatured from spray drying have lower solubility in most, if not all, solvents 8 . Additional

process considerations may be required to address these challenges.

Strategies to improve material mechanical properties and reduce humidity sensitivity

can be further investigated. Strong and tough elastomers with properties comparable to

soft polyurethanes have been demonstrated by conjugating of hard protein blocks to

rubbery polymers. However, even with the use of hydrophobic copolymers, materials

were observed to have properties that are strongly dependent on humidity. Water is a

good plasticizer for proteins, and the softening of reinforcing domains with moisture

absorption is likely the main factor behind material weakening in humid conditions. More

hydrophobic proteins or additives that reduce overall water uptake can be explored.

In the rubber recycling work, data-driven approaches and effective characterization

methods can be highly advantageous for accelerated optimization and predictions of

material properties. Both the bulk devulcanization and surface modification methods

have vast formulation and processing parameter spaces that are well-suited for machine

learning tools. The development of new characterization methods could lead to better

understanding of structural changes in rubber. Due to the highly inhomogeneous

character of rubber compounds, and the presence of carbon black that interferes with

both conventional chemical characterization and microscopy methods, current tools to

evaluate effectiveness of rubber treatment are limited. Model studies on small molecules

can be performed to understand chemical changes, but may not provide a complete

picture on the recycling process. Factors such as carbon black dispersion play important

roles in mechanical performance, but changes as a result of the recycling process are not
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well understood and impossible to characterize by studies on small molecules or model

systems without fillers. Characterization methods can also improve efficiency of the

research by providing insights on rubber modification processes, thereby reducing the

number of costly and expansive trials. In addition, developing an understanding for the

effects of rubber aging and the presence of multiple types of rubbers in tires would be

important for the commercialization of recycling technologies.

Lastly, technoeconomic and life cycle analysis should be performed on both the

protein-based materials and recycled rubber. The protein-based elastomers can have

strong economic potential within the integrated biorefinery, as shown in techno-economic

analysis done in collaboration with Bochenski et al. 19. Additional aspects to consider may

include the impacts of using resources to produce proteins for plastics instead of food or

animal feeds. Life cycle analyses can also be performed to evaluate the environmental

impacts of producing protein-based elastomers and recycled rubber. This will take into

account energy and raw materials needed for the process, transportation and any

purification associated with protein sources. Life cycle analyses will allow the developed

materials to be compared to fully fossil fuel derived plastics and rubbers manufactured

from virgin material.
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Appendix A: Supporting information for Chapter
3
Reproduced with permission from Chan W Y., et al. ACS Sustainable Chem. Eng., 2017, 5
(10), pp 8568-8578. Copyright 2017 American Chemical Society

A.1 Supplementary figures, schemes, and tables cited in the main text
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Figure A-1. Representative stress-strain curves of whey5MA-PHPA copolymers with and

without methacrylic acid. Methacrylated proteins were first dialyzed to remove

methacrylic acid byproduct before polymerization. Methacrylic acid was re-added to the

'+ Methacrylic Acid' sample to illustrate effects of the byproduct.
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Table A-1. Summary of mechanical properties of whey5MA-PHPA copolymers with and

without methacrylic acid.

280

- Methacrylic acid + Methacrylic acid

Modulus (MPa) 33 2 33± 3

Ultimate Tensile Strength (MPa) 7.4 1.4 10.2 ±1.2

Elongation-at-Break(%) 360 60 340 ±20

Toughness (MJ/m 3) 16 5 19± 3



Table A-2. Mechanical properties of crosslinked PHPA, copolymers of whey and PHPA

or PEGMA

Whey5MA

Whey (U n mod ified)

I 1

8 6 4 2 0
Chemical Shift (ppm)

Figure A-2. 1H NMR spectra of whey and whey6MA in D20. The peaks at 5.4 and 5.6

ppm confirm incorporation of methacrylamide groups in the modified protein.
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Tensile Elongation-at- Toughness
Specimen Modulus (MPa) Strength (MPa) break (%) (MJ/m 3 )

20 % Whey2.5MA-
PHPA 89 6 9.1 ±1.1 390 ±60 22 5
20% Whey2.5MA-
PEGMA 6.0 0.5 3.3 ±0.3 114 ±5 2.0 0.2
PHPA crosslinked

ith PEGDA (polymer
only control) 0.58 0.07 0.96 ± 0.16 640 ±60 2.5 0.4
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Figure A-3. Gel fraction of whey-PHPA blend and copolymers at various methacrylation

levels. Extraction of solubilized chains was performed in water.
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Figure A-4. DMA temperature scan of the whey-PHPA blend and copolymers equilibrated

under different conditions. Dried samples were incubated with Drierite desiccant for at
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least 48 hours. Differences were observed between dried specimens and specimens

conditioned at 25 ° and 50 % relative humidity at low temperatures.
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Figure A-5. WAXS patterns for the whey-PHPA copolymer and PHPA homopolymer.
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Figure A-6. Representative stress-strain plots of whey-PHPA blend and copolymers with

varying protein methacrylation levels.
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Figure A-7. Representative stress-strain plots of whey3MA-PHPA copolymers with

varying protein loading.
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Appendix B: Supporting information for Chapter
4
Reproduced with permission from Chan W Y., et al. ACS Sustainable Chem. Eng., 2019, 7
(10), pp 9103-9111. Copyright 2019 American Chemical Society

B.1 Supplementary figures, schemes, and tables cited in the main text
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Scheme B-1. (a) Reaction of proteins with methacrylic anhydride to install polymerizable

methacrylamide groups onto proteins. (b) Copolymerization of methacrylated protein with
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an acrylate comonomer results in formation of crosslinked copolymer, in the case where

proteins have two or more polymerizable groups. (c) Polymerization of acrylate monomer

in the presence of an unmodified protein results in a protein-polymer blend.

Table B-1. Mechanical properties of materials melt polymerized at 1000 psi and 250

psi. Both sets of materials are comprised of protein, surfactant, and n-butyl acrylate at a

ratio of 1:1:2.

Molding Pressure (psi) Modulus Tensile Elongation- Toughness
(MPa) Strength at-Break(%) (MJ/m 2 )

(MPa)

1000 8.2 ± 0.9 1.4 ± 0.4 110 50 1.2 ±0.5
250 8.1 ±1.5 1.4 ± 0.2 94 19 0.93 ± 0.19

~1)

100
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40

20

0
0 100 200 300 400

Temperature (°C)
500 600

Figure B-1. TGA curves for a protein-surfactant-polyacrylate (WPI-BAC-n-BA)

copolymer conditioned at various relative humidity levels. Inset shows mass losses below

200 °C. Losses below 150 °C were attributed to absorbed moisture.
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Figure B-2. (a) SAXS curves for a crosslinked whey protein isolate- benzalkonium

chloride- poly(n-butyl acrylate) conditioned at various relative humidity prior to

measurement. Protein: surfactant: comonomer ratio is 1:1:2, and the proteins are

modified to have roughly 6 methacrylamide groups per protein. (b) Comparison between

a blend and copolymers of various crosslinking densities. The blend was prepared with

unmodified proteins, while the low and high crosslinking density copolymers were

prepared with proteins modified to have roughly 1.2 and 6 methacrylamide groups

respectively.
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Table B-2. Comparison of WAXS peak positions for benzalkonium chloride, whey

protein-benzalkonium chloride complex, whey protein-benzalkonium chloride- poly(n-

butyl acrylate) blend and copolymer.

Material Peak Center d-Spacing Full Width Half Max
(nml) (nm) (nm)

Surfactant only 2.29 2.74 0.61
Protein-surfactant complex 1.98 3.18 0.99
Protein-surfactant- 2.15 2.92 0.72
polyacrylate blend
Protein-surfactant- 2.21 2.85 0.91
polyacrylate copolymer (6
methacrylamide groups per
protein)
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(a) (b)

(d)

Figure B-3. Microscope images under a cross polarizer of the whey protein-

benzalkonium chloride complex at a mass ratio of 1:1 at (a) 0% and 50% strain. Images

of the whey protein-benzalkonium chloride-polyacrylate at a mass ratio of 1:1:2 at (a) 0%

and (b) 50% strain. Scale bar: 200 pm.
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Figure B-4. SAXS curve for a whey protein-benzalkonium chloride complex. Protein:

surfactant ratio is 1:1.

Table B-3. Comparison of mechanical properties. The crosslinked copolymer was

prepared using whey protein with an average of 6 methacrylamide functionalities and a

protein: surfactant: n-butyl acrylate ratio of 1:1:2. Complexes were prepared at a protein:

surfactant ratio of 1:1.

Modulus Tensile Elongation- Toughness
(MPa) Strength at-Break(%) (MJ/m 2)

(MPa)
Crosslinked protein- 6.0 ±0.4 2.3 ±0.2 166 ± 17 2.1 ± 0.4
surfactant-poly(n-butyl
acrylate)
Protein-surfactant complex 50 ± 14 2.5 ±0.5 35 ± 5 0.6 ± 0.3
Crosslinked poly(n-butyl 0.460± 0.30 ±0.07 140 ± 30 0.27 ± 0.07
acrylate) 0.015
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Table B-4. Swelling ratio of blend and copolymers prepared with protein with various

levels of methacrylation. All materials are comprised of protein, surfactant, and n-butyl

acrylate at a ratio of 1:1:2, and were swollen in DMSO.

Average methacrylate
groups per protein Swelling ratio
0 ND*
1.2 3.21 0.1
3 3.09 0.03
6 2.52 0.11

*Swelling ratio not reported for the blend as the swollen material lost structural integrity

and may have partially dissolved.
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Appendix C: Supporting information for Chapter
5
C1. Details on mass spec. deconvolution for characterization of protein

macroRAFT agent

Characterization of a-lactalbumin was performed by deconvoluting the integrated mass

spectrum from 4.73 min to 4.83 min. Molecular weight, relative abundance, and protein

identity assignment are shown in Table C1.

Table C-1. Molecular weight of protein species eluting between 4.73 and 4.83 min.

Reaction products with relative abundance of 20% or lower were not included in the

results.

Molecular Identity Relative
Weight (Da) Abundance
14158 Unmodified a-lactalbumin 100
14177 Unmodified a-lactalbumin+ water adduct 50
14423 a-lactalbumin with PLP + water adduct, no RAFT agent 21

attached

Characterization of P-lactoglobulin was performed by deconvoluting the integrated mass

spectrum from 4.83 min to 6 min. Molecular weight, relative abundance, and protein

identity assignment are shown in Table C-2.
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Table C-2. Molecular weight of protein species eluting between 4.83 and 6 min. Reaction

products with relative abundance of 40% or lower were not included in the results.

Molecular Identity Relative
Weight (Da) Abundance
18816 P-lactoglobulin with 1 attached RAFT agent 100
18711 p-lactoglobulin with 1 attached RAFT agent 83
18360 Unmodified p-lactoglobulin 65
18730 p-lactoglobulin with 1 attached RAFT agent + water 56

adduct
18432 p-lactoglobulin involved in side reaction 49
18275 Unmodified p-lactoglobulin 46
18625 p-lactoglobulin with PLP + water adduct, no RAFT agent 44

attached
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C2. Supplementary figures, schemes, and tables cited in the main text
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Figure C-1. H NMR spectra of RAFT agent EMP.
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Figure C-2. 1H NMR spectra of RAFT agent EMP-tetraethylene glycol.
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Figure C-3. IH NMR spectra of aminooxy-functionalized RAFT agent (a) before and (b)

after boc-deprotection.
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Figure C-4. SDS-PAGE showing PLP keto-whey protein conjugated with fluorescent

aminooxy-5(6)-FAM. The fluorescence images were first taken using a Gel Doc XR+

Imager, before the gels were stained with Coomassie Blue for visualizing all protein bands.

Presence of fluorescent bands provide qualitative confirmation that proteins are

functionalized with ketone or aldehyde groups, which are reactive towards the dye.
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Figure C-5. UV absorbance spectrum of free RAFT agent incubated with protein at 60 °C.

Absorbance at 310 nm appears to decrease more rapidly when solution pH is high,

suggesting that the trithiocarbonate group is degrading at a faster rate in basic conditions.

298



Appendix D: Supporting information for Chapter
6
Reproduced with permission from Khlystov N.A.*, Chan W Y. *, et al. Polymer, 2017, 109, pp
238-245. Copyright 2016 Elsevier Ltd.

*These authors contributed equally.

D.1 Strains, plasmids, relevant genotypes, and gene sequences used in this study

Table D-1. Strains, plasmids, and relevant genotypes in this study.

Name Relevant genotype Source
E. coli strains
DH10B F- mcrA A(mrr-hsdRMS-mcrBC) $80/acZAM15 Invitrogen

AlacX74 recAI endA1 araD139A(ara,
leu)7697 ga/U ga/K k rpsL nupG

BL21(DE3) F- omp T hsdSB (rB-mB) gal dcm (DE3) New England
Biolabs

Plasmids
pMMB206 CmR, lacl, tac *see below for

reference
information

pMMB206- pMMB206 harboring cphA63oA1 (truncated This study
cphA308A1 cyanophycin synthetase from Synechocystis sp.

Strain PCC 6308, codon optimized for expression in
E. coli)

CmR = chloramphenicol resistance, lacd = IPTG inducible, tac = under control of tac
promoter

Morales, VM, A. Backman, M. Bagdasarian, 1991. Gene 97(1):39-47.
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Scheme D-1. Vector map and optimized sequence encoding CphA63o8A-l for E. coli

generated using SnapGene@ software (from GSL Biotech; available at snapgene.com)

(9309) EcoRI TspMI - Xmal (3)

( r\BamHI (8)
SalI (14)

lic~yoinoTsfcI (20)

p, Hind (28)
(8933) MauBI

(8476) MiI --- Pui (153

(8273) Apal-BanhI - - XmnI(214)
(8269) PspOMI- ---- Bsal (362)

(7974) HpalI - T1rrnB T terminator'

(7932) Pdl 001-- !~roptr
(7669) BspQI - SapI o r

pr o P.-OBssSaI (826)
BSpEI (1470)
SnaBi (1480)

(7198) FspAI (2100)

(7048) EcoNI -- pMMB2O6

(6908) PfoI* - 9311 bp

kEcoO1091 (2652)

2010 Re9'

BstZ17I (3475)

(4960) SgrAI

atgggtatgaaaatcctgaaaacccagaccctgcgtggtccgaattattggagcattcgtcgtcagaaactgattcagat

gcgtctggatctggaagatgttgcagaaaaaccgagcaatctgattccgggtttttatgaaggtctggttaaaattctgccga

gcctggttgaacatttttgtagccgtgatcatcgtggtggttttctggaacgtgttcaagagggcacctatatgggtcatattgttg

aacatattgccctggaactgcaagaactggcaggtatgccggttggttttggtcgtacccgtgaaaccagcacaccgggta

tctataatgttgtgtttgagtatgtgtatgaagaagcaggtcgttacgcaggtcgtgttgcagttcgtctgtgtaatagcattatta

ccaccggtgcatatggtctggatgaactggcacaggatctgagcgatctgaaagatctgcgtgcaaatagcgcactgggt

ccgagcaccgaaaccattatcaaagaagccgaagcacgtcagattccgtggatgctgctgagcgcacgtgcaatggttc
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agctgggttatggtgcaaatcagcagcgtattcaggcaaccctgagcaataaaaccggtattctgggtgttgaactggcct

gtgataaagaaggtacaaaaaccaccctggcagaagccggtattccggttccgcgtggcaccgttatctattatgcagatg

agctggcagatgcaattgccgatgttggtggttatccgattgttctgaaaccgctggatggtaatcatggtcgtggtattaccat

tgatattaacagccagcaagaggcagaagaagcatacgatctggcaagcgcagcaagcaaaacccgtagcgttattgt

ggaacgttattacaaaggtaatgatcaccgtgttctggtgattaatggtaaactggttgcagttagcgaacgtattccggcac

atgttaccggcaatggtagcagcaccattgaagaactgatccaagaaaccaatgaacatccggatcgtggtgatggtcat

gataatgttctgacccgtattagtattgatcgtaccagcctgggtgtgctgaaacgtcagggttttgaaatggataccgttctga

aaaaaggtgaagttgcctacctgcgtgccaccgcaaatctgagcacaggtggtattgcaattgatcgcaccgatgaaattc

atccgcagaatatttggattgcagaacgtgttgcaaaaatcattggcctggatattgcaggtattgatgttgttacaccggata

ttaccaaaccgctgaccgaagttgatggtgtgattgttgaagttaatgcagcaccgggttttcgtatgcatgttgcaccgagc

cagggtctgcctcgtaatgttgccgcaccggttattgatatgctgtttccggataatcatccgagccgtattccgattctggcag

ttaccggtacaaatggtaaaacaaccaccacccgtctgctggcacatatttatcgtcagaccggtaaagttgttggttatacc

agcaccgatggtatttatctgggcgattatatggttgagaaaggcgataataccggtccggttagtgccggtgttattctgcgt

gatccgaccgttgaagttgcggttctggaatgtgcacgtggtggcattctgcgtagcggtctggcatttgaaagctgtgatgtg

ggtgttgtgctgaatgttgcggaagatcatctgggcctgggtgatattgataccattgagcagatggcaaaagtgaaaggtg

ttattgcagaaagcgttaatgccgatggttatgcagttctgaatgcggatgatccgctggttgcacagatggcgaaaaatgtt

aaaggcaaaatcgcctattttagcatgagcaaagataacccgatcatcattgatcatctgcgtcgcaatggtatggcagca

gtttatgaaaatggttacctgagcatttttgaaggtgaatggaccctgcgcattgaaaaagcagaaaatattccggtgacca

tgaaagcaatggctccgtttatgattgcaaatgcactggcagcaagcctggcagcatttgttcatggtattgatattgaactga

ttcgtcagggtgtgcgtagctttaatccgggtgccaatcagacaccgggtcgtatgaacctgtttgatatgaaagattttagcg

tgctgatcgactatgcacataatccggcaggttatctggccgttggtagctttgtgaaaaattggaaaggtgatcgtctgggc

gtgattggtggtccgggtgatcgccgtgatgaagatctgatgctgctgggtaaaattgcaagccagatttttgatcacatcatc

atcaaagaggatgacgataatcgcggtcgtgatcgtggtacagttgcagatctgattgccaaaggtattgttgccgaaaatc
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cgaatgcaagctatgatgatatcctggatgaaaccgaagcaattgaaacaggcctgaaaaaagttgataaaggtggtct

ggttgtgatttttcctgaaagcgtgaccggtagcattgaaatgatcgaaaaatatcatctgagcagctaa

D.2 Supplementary figures, schemes, and tables cited in the main text
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Figure D-1. Optical transmission of 10 mg/mL cyanophycin in water at multiple heating

and cooling cycles. Cycle to cycle differences diminish by the third heating ramp.
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Figure D-2. (a) Change in optical transmission of 5 mg/mL insoluble and soluble

cyanophycin in water. (b) 5 mg/mL insoluble cyanophycin heated up to 80 0C in water

does not exhibit LCST type transition
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Figure D-3. (a) SAXS of 10 mg/mL cyanophycin in water at various temperatures. (b)

Slight shifts in the low-q region of the SAXS curves observed as the solution is heated

and the protein transitions from insoluble to soluble to insoluble.
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Appendix E: Extending the Surfactant-Enabled
Melt Polymerization Approach

El. Introduction

A practical and scalable melt polymerization approach to prepare protein copolymers was

demonstrated using surfactants that function as both plasticizers for proteins and

compatiblizers (Chapter 4). Developing an understanding for the role of surfactants and

factors influencing their capability to act as compatibilizer is desirable for further

formulation studies. This may be particularly crucial for producing useful thermosets with

mechanical properties that are competitive with that of fully synthetic plastics. Screening

studies showed that the protein-surfactant complexation and polymerization approach is

generalizable across many combinations of proteins, ionic surfactants, and vinyl

monomers of varying polarities. However, challenges remain with increasing the

mechanical strength of materials and with managing the humidity effects on mechanical

properties.

E2. Materials

The surfactants QS-44, Triton XN-45S, Triton QS-15, Triton XQS-20, Ecosurf SA-9, Triton

BG-10, and Tergitol NP-20 were gifts from Dow Chemical. Benzalkonium chloride,

cetylpyrudinium chloride and Triton X-100 were obtained from MP Biomedicals, Spectrum

Chemical Mfg Corp, and Alfa Aesar respectively. Poly(ethylene glycol) nonylphenyl

sulfopropyl ether and sodium docusate (AOT) were purchased from Sigma-Aldrich.
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Polymerizable cationionic quaternary ammonium and imidazolium surfactants were

prepared using the Menshutkin reaction. A benzalkonium chloride (BAC)-like surfactant

(Scheme E-1a) was synthesized using a procedure modified from the work of Aoyagi et

all. 10.4 g of dimethyldexadecylamine was added to 5 g of chloromethylstyrene dropwise

at 0 °C while stirring. The reaction was allowed to warm up to room temperature, and

was stirred overnight. The mixture turned from being a liquid to a viscous solid

suspension and then finally fully solidifies. The solid was removed from the flask and

recrystallized in -200 mL acetone.

A vinylimidazolum based surfactant (Scheme E-1b) was also prepared, using a procedure

adapted from the work of Marcilla et a 2 . 1-vinyl-3-dodecaneimidazolium bromide was

synthesized by adding 50 g of bromododecane dropwise to 18.9 g of vinylimidazole in a

round bottom flask while stirring in an ice bath. The mixture was heated up to 40 °C and

allowed to react overnight. The resulting yellowish solid was washed with cold ethyl

acetate. Solids were removed by vacuum filtration. Multiple passes with frequent

changes of filter paper was necessary due to the high viscosity of the suspension. 1H

NMR (CDC13, 6/ppm) 11.06 (s, 1H, N-CH-N), 7.67 (s, 1H, N-CH=CH-N), 7.49 (dd, 1H,

CH2=CH-N), 7.39 (s, 1H, N-CH=CH-N), 5.93 (dd, 1H, HCH=CH-N), 5.41 (dd, 1H,

HCH=CH-N), 4.38 (t, 2H, N-CH 2-CH2), 1.94 (m, 2H, N-CH2-CH 2-CH2), 1.28 (m, 18H, N-

CH2-CH2-CH 2), 0.86 (t, 3H, CH2-CH 3 ).
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(a) (b)

Br-

NCH2(CH2)14CH3 N

H3C CH3  CI-

Scheme E-1. Polymerizable surfactants synthesized. (a) Polymerizable BAC-like

surfactant. (b) 1-vinyl-3-imidazolium dodecaneimidazolium bromide.

Supercharged and charge-reduced whey proteins were prepared using succinylation,

acetylation, and esterification reactions. To succinylate whey protein, 10 g protein was

suspended in 100 mL 90% ethanol, 10% water solution. 300 pL sodium hydroxide

solution (30%) and 1.125 g succinic anhydride were added to the protein solution while

stirring. Similarly, to acetylate whey protein, 10 g protein was suspended in 100 mL 90%

ethanol, 10% water solution. 300 pL sodium hydroxide solution (30%) and 1.125 mL

acetic anhydride were added to the protein solution while stirring. Whey protein was

esterified following a procedure adapted from Sitohy et a13 . 10 g whey protein was

suspended in 100 mL ethanol. 1 mL water and 16.25 mL concentrated hydrochloric acid

(~37%) were added to the stirred suspension. All three types of reactions were performed

overnight, and proteins were recovered by vacuum filtration and washed with at least 100

mL ethanol per batch. To prepare charged-reduced whey protein, the protein was first

acetylated, washed and dried, and additionally esterified.

E3. Results and Discussion

Reducing free plasticizer content in materials

Model thermosets prepared from whey protein, benzalkonium chloride, and poly(butyl

acrylate) (Chapter 4) were soft elastomers with ultimate tensile strength and elongation-
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at-break in the ranges of 1-2.5 MPa and 80-180%, which are comparable to highly

plasticized nitrile rubbers. However, the low mechanical strength may limit the material's

range of applications, and is likely due to the surfactant, which was left in the material

after polymerization and preferentially plasticized the protein-rich domains.

To reduce the amount of free plasticizer left in the material, the use of surfactants with

polymerizable vinyl groups were investigated. Polymerizable surfactants have previously

been used in emulsion polymerization where the incorporation of surfactant into polymer

particles via covalent linkages help limit undesirable surfactant desorption or migration.

To investigate their effectiveness, two polymerizable surfactants were prepared: a

benzalkonium chloride (BAC)-like surfactant, and a vinylimidazolium based surfactant

(Scheme E-1). The BAC-like polymerizable surfactant was used in comparison with

commercial benzalkonium chloride. Both were observed to function similarly as

compatibilizers that enable mixing between whey protein and the hydrophobic n-butyl

acrylate, and were also able to lower the softening point of proteins such that the mixtures

can be melt-polymerized. However, at the same protein-surfactant-monomer

compositions, the polymerizable BAC produced materials that were too brittle to be tested

at many relative humidity conditions. This may be due to the higher melting point of

polymerizable BAC. Commercial BAC is comprised of a mixture of molecules with

different alkyl tail lengths, while the polymerizable BAC synthesized in house had a tail

length of 12 carbons and was able to crystallize. To reduce brittleness, the composition

of the mixture was changed slightly such that the total hard segment content (protein +

polymeriable BAC) was held constant at 25 wt%. At 50% relative humidity, polymerizable

BAC-based materials were observed to have a slightly higher tensile strength, but greatly
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reduced elongation-at-break (Figure E-1a). Mechanical properties do not change as

much as that of non-polymerizable BAC based materials as a function of humidity;

however, polymerizable BAC-based materials are generally more brittle. Excessive

embrittlement caused by substituting the non-polymerizable surfactant for a

polymerizable one suggests that this may not be an appropriate formulation strategy,

although for a more direct comparison, a monodisperse non-polymerizable BAC should

be synthesized, and more structural studies could be performed to determine effects of

each surfactant on the protein rich and polyacrylate rich phases. The increased tensile

strength and brittleness as a result of polymerizable surfactants were also observed for

another protein-surfactant pair, zein - vinylimidazolium dodecyl bromide (Figure E-1b).

(a) (b) 12
12T111+

Polymerizable BAC -[ Polymerizable
a.. (75% n-BA)* . cationic surfactant

10 -U BAC (50% n-BA) Non-polymerizable
BAC (75% n-BA) anionic surfactant

0) 0)
c 8 - - 8 -

W~ 6 ~' 6
C C

4- - ) 4 -
E E

E E
2 -- 2

04 0k
0 100 200 300 0 100 200 300

Elongation-at-Break(%) Elongation-at-Break(%)

Samples equilibrated at 50% RH and 23 °C

Samples dessicated at room temperature

*Polymerizable BAC (50% n-BA) was too brittle to be tested

Figure E-1. Ultimate tensile strength and elongation-at-break comparison for copolymers

prepared from methacrylated proteins with polymerizable and non-polymerizable

surfactants. Red boxes: samples dessicated. Blue boxes: samples equilibrated at 50%

309



relative humidity. (a) Whey protein-based materials were copolymerized with either 50%

acrylate or 75% n-butyl acrylate. Protein to surfactant mass ratio kept constant at 1:1 for

all samples. (b) Zein-based materials were prepared with 25% protein, 25% surfactant,

and 50% n-butyl acrylate. Polymerizable surfactant used was 1-vinyl-3-imidazolium

dodecaneimidazolium bromide, while the non-polymerizable surfactant was Triton XN-

45S.

Free plasticizer content may also be reduced by preparing materials with less surfactants.

Some surfactants appear to require lower loading while still able to compatibilize protein

with n-butyl acrylate, as shown in Table E-1. Further optimization can be performed using

these surfactants.

Table E-1. Ability of surfactant and protein complexes to be dispersed with vinyl

monomers. The monomer used in this study was n-butyl acrylate, and was kept constant

at 50 wt% for all combinations. Mixtures that separated into two distinct phases even

when heated up to 110 °C are denoted with an 'N'.

Protein: Surfactant Mass Ratio
Surfactant Type 1:1 2:1 3:1
Benzalkonium N
chloride Cationic, quarternary ammonium _ Y_ N
Vinylimidazole
dodecane chloride Cationic, imidazolium
Cetylpyridinium
chloride Cationic, pyridinium
PEG nonylphenyl
sulfopropyl ether Anionic, sulfopropyl ether
AOT Anionic, sulfosuccinate Y Y Y
QS44 Anionic, phosphate ester N Y Y
XN45S Anionic, sulfonated ester Y Y N
QS15 Anionic, sulfate Y N N
XQS20 Anionic, phosphate N N N
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Use of hydrophobic protein to mitigate humidity sensitivity

While material water uptake can be reduced by copolymerizing protein-surfactant

complexes with hydrophobic monomers, copolymers were still observed to exhibit

undesirable softening in humid conditions (Chapter 4). This may be due to the inherent

hydrophilicity of the protein, or the added hydrophilicity of the surfactant negating the

advantages of a hydrophobic monomer. Formulation screening efforts were therefore

aimed to further reduce material humidity sensitivity through the use of more hydrophobic

proteins such as zein, and to lower the surfactant loading necessary for thermal

processing.

Zein is a mixture of prolamin nitrogen storage proteins found in corn, and is insoluble in

water. Attracted by zein's hydrophobicity, screening studies were performed with zein-

surfactant-butyl acrylate compositions of 25%-25%-50%, and the three component-

mixtures that were found to be dispersible are listed in Table E-2. Mixtures were deemed

dispersible if the monomer does not form a macrophase separated liquid layer after

vigorous manual stirring at high temperatures. Copolymers were prepared with selected

surfactants and the findings are also included in Table E-2. Contrary to expectations of

lower moisture sensitivity for zein-based materials, they were observed to be highly

influenced by relative humidity (RH). Some materials that were too brittle to test when

dessicated became too soft to test at 50% RH. A closer look at literature data on protein

glass transition suggests that at the same relative humidity, zein has lower water

absorption but also lower glass transition temperature when compared to whey protein

isolate5-6. The experimental results suggest that zein may not be the ideal hydrophobic
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protein for studying reduced moisture sensitivity, as the lower glass transition temperature

renders the materials too soft even with low moisture absorption.

Table E-2. Dispersibility of the three component mixtures comprised of zein, surfactant,

and n-butyl acrylate with mass fractions of 25%, 25%, and 50%. Mixtures that separate

into two distinct phases even when heated up to 110 °C are classified as not dispersible.

Mechanical properties of polymerized mixtures were included for selected materials.

Surfactant Type Dispersible? Mechanical Properties

Benzalkonium Cationic,quarternary Too brittle to be tested when
loniu atonicua Y dry, too soft to be loaded into

chloride ammonium grips at 50% RH
Too brittle to be tested when

Vinylimidazole Cationic dry
dodecane imidazolium Y At 50% RH,
chloride Tensile strength ~ 11.5 MPa

Elongation-at-break ~ 60%
Cetylpyridinium t. . Too brittle to be tested when
chloride aionic,pyriinium dry, soft and brittle at 50% RH

Too brittle to be tested when

Anionic, sulfonated dry
XN45S este r Y At 50% RH,

Tensile strength ~ 0.73 MPa
Elongation-at-break ~ 60%

AOT Anionic,
sulfosuccinate

QS44 Anionic, phosphate Y
ester

XQS20 Anionic, phosphate Y

Ecosurf Nonionic, fatty acid N
based
Nonionic,

Triton X-100 octiylphenol N
ethoxylate
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Factors influencing protein compatibilization and mechanical properties

To explore the possibility of using less surfactant for compatibilizing proteins and

hydrophobic monomers, blending studies have been performed to compare the effects of

protein charge, surfactant charge, and protein purity on the effectiveness of surfactants

as compatibilizers. Dispersibility of whey protein, p-lactoglobulin, and gelatin type A in

mixtures of 25% protein - 25% surfactant - 50% n-butyl acrylate is shown in Table E-3.

Generally, ionic surfactants were observed to be good compatibilizers, while

compatibilization effectiveness of non-ionic surfactants were lower. A slightly larger

number of dispersible mixtures were obtained for complexes of anionic surfactant with

gelatin when compared to whey protein. Gelatin A is reported to have isoelectric points

between 7 and 9 (Sigma product sheet), while whey protein has an averaged isoelectric

point around 5.2. At neutral conditions, these two proteins would have opposite net

charges. However, apart from differences in protein net charge, they are also structurally

distinct. While whey protein is made up of mixtures of globular proteins, gelatin is made

up of polypeptides produced from breaking the triple helical collagen. In addition,

number of dispersible mixtures for p-lactoglobulin is slightly larger than that for whey

protein, suggesting that the presence of multiple protein species in whey protein could

influence dispersibility.

313



Table E-3. Dispersibility of the three component mixture comprised of protein, surfactant,

and n-butyl acrylate with mass fractions of 25%, 25%, and 50%. Mixtures that separate

into two distinct phases even when heated up to 110 °C are denoted with an 'N'.

Whey P-
Surfactant Type Protein lactoglobulinGelatin

Cationic,
Benzalkonium chloride quarternary Y N

ammonium

Vinyldodecylimidazolium Cationic, Y Y Y
bromide imidazolium

Cetylpyridinium chloride Cationi ,

PEG nonylphenyl Anionic, Y Y Y
sulfopropyl ether sulfopropyl ether

AOT Anionic,
sulfosuccinate

QS44 Anionic, phosphate N Y
QS44 ___ ester

XN45S Anionic, sulfonated
ester

XQS20 Anionic, phosphate N Y Y

Ecosurf Nonionic, fatty acid N N Not tested
based

BG-10 Nonionic, alkyl Y
polyglucoside
Nonionic,

Triton X-100 octiylphenol N N Not tested
1 ethoxylate I I

To decouple the effects of protein identity with net charge on dispersibility and mechanical

properties, multiple forms of supercharged and charge-reduced whey protein were

prepared (Scheme E-2). Succinylation and acetylation were performed using amine-

anhydride reactions, installing negatively charged carboxylic acid and uncharged amide
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groups respectively onto amines on lysine residues. Both reactions allow proteins to be

supercharged with net negative charges. Esterification on the other hand, enables

positively charged whey protein to be prepared by installing ethyl esters onto carboxylic

groups on aspartic and glutamic acid residues. Whey protein with greatly reduced net

charge was also prepared by first acetylating and then esterifying the protein, which

produced a protein with low water solubility. Molecular weights of the modified proteins

were obtained from liquid chromatography-mass spectrometry with spectral

deconvolution, and can be used to gauge the extent of protein modification (Figure E-2).

Wide distributions of protein modification levels were observed as these protein reactions

are non-specific. Large amounts of amino acid residues contain the targeted amine and

carboxylic acid functional groups. Deconvoluted mass spectra show that the numbers of

modification on the most abundant P-lactoglobulin species were 13 (succinylation), 16

(acetylation), and 21 (esterification). Blending studies on these modified whey proteins

may shed light on the effects of electrostatic interactions between proteins and ionic

surfactants and their impact on final material mechanical properties.
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hydroxide
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Sodium
hydroxide

(c)
0

OH
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5% Water

Hydrochloric
acid

0

Scheme E-2.

whey protein.

Schematic of succinylation (a), acetylation (b), and esterification (c) of

(a) (b) (c)
~&r':

*Molecular weight of unmodified p-lactoglobulin

Figure E-2. Deconvoluted mass spectra of succinylated (a), acetylated (b), and esterified

(c) whey protein. Mass spectral deconvolution performed with limits for low molecular

weight, high molecular weight, and maximum charge set at 18,000 Da, 20,000 Da, and

20 respectively.
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E4. Conclusion and Outlook

The development of a protein-surfactant complexation approach that allows protein-

based resins to be processed, polymerized, and cured in the absence of solvents is

shown to be generalizable to various proteins, surfactants, and monomers. Ionic

surfactants in general are better as compatibilizers. Modified whey proteins with a range

of net charges were prepared to study the effects of electrostatic interactions between

proteins and surfactants. The approach to lower the free plasticizer content in the

crosslinked thermoset by using polymerizable surfactants resulted in materials that were

too brittle. However, free plasticizer content can potentially be lowered by selecting

surfactant candidates that required less surfactant loading for dispersing the protein and

hydrophobic monomer.
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