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Plant Proteins as Multifunctional Additives in Polymer Composites 

Barbara L. DeButts 

ABSTRACT 

 Wheat gluten, wheat gliadin, and corn zein agricultural proteins were evaluated as 

multifunctional additives that: (1) provided reinforcement, (2) improved thermal stability, and 

(3) lowered the cost of polymer composites.  Wheat proteins were utilized in two polymer 

matrices: poly(vinyl alcohol) (PVA) and synthetic cis-1,4-polyisoprene rubber (IR). The proteins 

were hydrolyzed and dispersed in the polymer matrix, where they cooperatively self-assembled 

into nanostructures called amyloids. Amyloids have the potential for high rigidity and stability 

due to high β-sheet content.  In Chapter II, trypsin hydrolyzed wheat gluten (THWG) proteins 

were incubated in aqueous PVA solutions, then the composite solutions were air dried and 

compression molded into films. Anisotropic protein aggregates formed through a typical 

mechanism of β-sheet self-assembly, where a greater molding time and pressure and/or a lower 

PVA molecular weight allowed for more protein aggregation. The larger protein structures 

provided less reinforcement. In Chapters III and IV, THWG and trypsin hydrolyzed gliadin 

(THGd), a component protein in wheat gluten, were compounded in synthetic polyisoprene 

rubber to form nanocomposites. The reinforcement correlated to the protein β-sheet content and 

varied with protein concentration, protein batch preparation, processing temperature, and 

compounding time. The isotropic β-sheet containing structures were very thermally stable, even 

under harsh rubber compounding conditions. By optimizing the processing parameters uniform 

protein dispersion and optimal IR reinforcement were achieved, although the protein and IR 

phases had poor compatibility. In Chapter V, the THGd-IR composites were cured using a 

typical cure package and molding process. Protein aggregation into nanostructured β-sheets was 

observed during the curing process. Rubber reinforcement increased as a function of protein 

concentration and curing time. In Chapter VI, a hydrophobic protein (zein) was substituted for 

the hydrophilic protein (gliadin) used previously to improve protein-IR compatibility. The zein 

protein was better at reinforcing IR, while gliadin improved mechanical stability. Both zein and 

gliadin improved the thermal stability of IR. The results from Chapters II-VI showed an 

interesting concept: in situ filler formation in polymer matrices where the choice of protein, 

polymer, and processing conditions influenced the final morphology and composite properties. 
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Plant Proteins as Multifunctional Additives in Polymer Composites 

Barbara L. DeButts 

GENERAL AUDIENCE ABSTRACT 

 We use plastics every day for a wide range of applications, from food packaging to 

automobile tires. Many of these plastics are composite materials, called “polymer composites,” 

meaning they are made of two or more chemically distinct materials where one material is a 

polymer. For reference, a polymer is a long chain molecule made of many (“poly-”) units (“-

mer”). Polymer composites often contain additives which modify the properties of the polymer. 

For example, many soft polymers, such as tire rubber, need to be made stiffer and so a 

“reinforcing additive” is used to improve the stiffness of the rubber. Many composite materials 

are made stiffer so less material can be used. This process is called “lightweighting.” The 

automotive industry and food packaging industry use this process to reduce weight and fuel 

costs. In this research, plant proteins are tested as reinforcing additives in polymer composites. 

Plant proteins, such as wheat gluten, are abundant, non-toxic, sustainable, and can self-assemble 

into extremely small, stiff structures. For these reasons, plant proteins offer an environmentally 

friendly alternative to typical reinforcing additives. This dissertation shows that plant proteins 

can reinforce two polymers with very different properties. The first polymer is poly(vinyl 

alcohol) (PVA), which is biodegradable, hydrophilic (i.e., “water loving”), and is commonly 

used in flexible food packaging. The second polymer is synthetic cis-1,4-polyisoprene rubber 

(IR), which is non-biodegradable, hydrophobic (i.e., “water fearing”), and is commonly used in 

automotive tires. In Chapters II-V, the wheat gluten protein is hydrolyzed, i.e., chemically 

“chopped” into short chain peptides, to encourage the self-assembly of the plant protein into 

small, stiff structures. The self-assembled protein structures survive typical industrial processing 

techniques, such harsh rubber compounding conditions which involve high heat, pressure, and 

shear forces (i.e., the material is pushed in opposing directions). In Chapter VI, full corn and 

wheat proteins are incorporated into IR using standard industrial mixing and curing processes. 

The corn and wheat proteins reinforce the synthetic rubber and inhibit the degradation of the 

chemical structure of cured rubber under high heat. At certain protein concentrations, the 

proteins improve the elasticity and lessen the permanent deformation in the polymer composite. 

Together, Chapters II-VI show that proteins from diverse plant sources can be used to improve 

the performance of polymers with dissimilar properties. 
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CHAPTER I. INTRODUCTION AND LITERATURE REVIEW 

 

1.1. Nanofillers and nanocomposite processing. 

 Polymer nanocomposites are of great interest to researchers and industry because of the 

promise of exceptional mechanical and barrier properties at low concentrations. Fillers with 

nanometer-scale dimensions generally have large surface areas and high width-to-thickness ratios, 

which lead to augmented filler-matrix interactions 1. Thus, a low concentration of nanofiller has 

the potential to affect a large volume fraction of the matrix 2. The problem with nanocomposites 

is that the high surface area creates surface forces between the particles, causing agglomeration.  

Even weak van der Waals forces become impactful because they are summed many times.  This 

makes nanofillers very difficult to disperse into polymers using typical processing equipment.3-4   

 Typical polymer processing techniques have proven insufficient to overcome nanoparticle 

agglomeration. Characteristic nanocomposite preparation methods include solution or melt 

mixing, and in-situ polymerization.5 Solution mixing requires toxic organic solvents, while melt 

mixing uses high heat and shear conditions and long residence times to disperse fillers.6 Processing 

aids can improve dispersion but bear significant cost. In-situ polymerization, where monomers are 

mixed with nanofillers and then polymerized is limited to select polymers and requires an initiator 

or catalyst.7 Thus, the most effective dispersion techniques, such as layer-by-layer assembly or in 

situ polymerization, are applicable only in special cases and are too time-intensive to adapt to large 

scale production.8-11 Despite the huge advantages of nanocomposites reported for the past 20 years, 

a large volume practical application has not been realized. 

1.2. Biocomposites. 

 Biological fillers for polymer composites offer many benefits, including cost reduction, 

environmental sustainability and recyclability, lower density, and the possibility of diverting 

material from the agricultural waste stream.12 Not all biological fillers are equally sustainable and 

some, such as cotton, have high land and pesticide usage which decrease sustainability.13 

Furthermore, some biological fillers have been shown to have inferior properties, require low-

processing temperatures, exhibit poor filler-polymer adhesion, or have a shortened composite life 

cycle compared to synthetic fillers.13-14 For a biological filler to be industrially viable it must 

maintain or exceed the properties of the synthetic filler, be relatively low cost, and be processable 

with industry standard methods. Biological fillers typically begin to degrade between 150 and 220 
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°C, which restricts the type of processing conditions as well as the type of polymer matrices that 

can be used to those with low thermal transitions.14-15 

1.3. Plant proteins as biological nanofillers for polymer composites. 

 To surmount the detriments of typical nanocomposite processing methods, a new, low-

energy preparation method is proposed using a biological filler: plant proteins. In situ nanofiller 

formation exploits a biological process to form a nanophase within a polymer matrix. Proteins 

naturally self-assemble into crystalline β-sheet structures, which impart stiffness and mechanical 

stability to materials such as spider silk and amyloid fibers.16 The aggregation behavior can be 

controlled to encourage the formation of preferred structures, resulting in designed functional 

nanomaterials with high moduli on the order of GPa.17 Continued self-assembly of protein 

molecules into anisotropic structures results in the formation of amyloid protofibrils. Amyloids 

are commonly associated with pathological disorders such as neurodegenerative and prion 

diseases.18-19  However, in certain living systems, amyloids protect and proliferate life.  Non-

disease related, or “functional,” amyloids in barnacle cement and fungi improve adhesion and 

biofilm formation, respectively.20-21  The β-sheet phase endows these materials with rigidity and 

toughness because of nanoscale modification.  Theoretical predictions of protein self-assembly 

through non-covalent, non-ionic interactions, i.e. hydrogen bonding only, yield structures with 

elastic moduli of 10 to 20 GPa.  Experimental results approach these values and show amyloid 

formation to be a highly evolved process, even when replicated in vitro.17, 22-24  Thus, incorporating 

self-assembled amyloids into engineered materials like films, adhesives, and composites is of 

substantial interest in sustainable technology.25 

1.3.1. In-vitro amyloid self-assembly. 

 In situ nanofiller formation utilizes a protein’s natural tendency to self-assemble under 

denaturing conditions.19, 26 In aqueous solution, protein molecules can aggregate or hierarchically 

self-assemble into supramolecular structures consisting of perpendicularly stacked rigid β-sheet 

nanostructures.27-28 A very common and easy aggregation motif is when a protein molecule or 

“chain” unfolds, straightens, and hydrogen bonds to a nearby straightened chain to form a β-

sheet.27, 29-30 In a self-assembled β-sheet, hydrogen bonding happens between the main chain 

carbonyl (-C=O) on one protein and the main chain secondary amine (-NH) on another chain.  The 

characteristic distance between 2 protein chains in a self-assembled β-sheet is ~0.47 nm.26, 29-31 A 

pair of stacked β-sheets is the elementary “particle” from which larger structures form. 
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Hydrophobic interactions can further drive the packing of β-sheet structures into larger oligomeric 

or fibrillar structures, i.e. amyloid β-peptides (Aβ).32-33 The conversion of low-density random coil 

(RC) structures to α-helical intermediates, then into high density β-sheet structures, is thought to 

be the universal aggregation pathway for many proteins.34-36 

 Protein unfolding and refolding is a dynamic process which is heavily impacted by external 

conditions.  A change in protein secondary structure has been shown to result from 1) pressure, 2) 

an increase in conformational entropy with heat application, 3) pH changes, 4) the introduction of 

denaturants, such as alcohols, 5) increasing salt concentration and, 6) interfacial denaturing 

conditions.37-39 α-β transitions have also been shown to occur spontaneously at air-water interfaces, 

due to hydrophobic interactions with the gas phase.37 Thus, the morphological features and 

properties of the nanostructure can be easily altered by changes in solution pH, temperature, and 

ionic strength 40.     

1.3.2. A biological model: amyloid-like properties of natural rubber (NR). 

 Natural rubber (NR), which is a product of the coagulation of the latex obtained from the 

Hevea brasiliensis tree, contains a few percent natural proteins and lipid.  NR is used in demanding 

applications like airplane and truck tires because it has superior properties to synthetically-derived 

polyisoprene.  It has long been believed that the combination of protein, lipid, and high molecular 

weight polyisoprene is the origin of NR’s superior properties, but no definitive mechanism has 

been found.41-43  In 2012, Berthelot et al.44 identified rubber elongation factor (REF) proteins in 

NR which self-assemble into amyloids with high β-sheet content. It can be inferred that a highly 

reinforcing amyloid phase formed during rubber compounding would confer a significant property 

advantage to NR over other rubbers that do not contain the protein.45 Protein powders ground to 

particle sizes of tens to hundreds of microns have been used before to reinforce rubber, but they 

were not aggregated or necessarily highly structured proteins.46-48 It is proposed that introducing 

known aggregating proteins into IR, i.e., synthetic rubber, can create a composite that matches the 

properties of NR.  This would be important to the use of synthetic rubber since NR is used in more 

demanding applications.   

1.3.3. Amyloid polymer composites in literature. 

 There are a few reports of amyloid protofibril reinforcement of polymers in the literature.  

One study details the lysozyme protein protofibril reinforcement of cross-linked 

polydimethylsiloxane (PDMS).49  At low filler concentrations (2 wt%), amyloids showed equal 
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reinforcement to carbon nanotubes (CNT). Another study described the lysozyme protofibril 

reinforcement of polylactic acid (PLA) at 1-5 wt% amyloid.50  Modulus and strain-to-break 

increased as a function of amyloid content. In another report, insulin amyloid protofibrils were 

added to aqueous polyvinyl alcohol (PVA) solutions, then the water was evaporated.51  The 

resulting 0.6 wt% amyloid-PVA nanocomposites were 15% stiffer than PVA. In each case, 

amyloid protofibrils were pre-formed in solution, then isolated and mixed into the polymer to form 

the nanocomposite. 

1.4. Wheat gluten (WG) protein and WG hydrolysis. 

 As discussed above, exposing protein molecules to denaturing surfaces or denaturing 

conditions, such as applied stress or changes in solution pH, ionic strength, and temperature, can 

encourage β-sheet self-assembly.52 Hydrolyzing full proteins to short chain peptides is another 

way to foster β-sheet formation.40, 53 Many different proteins can be hydrolyzed or denatured to 

form β-sheet-containing amyloids.18-19, 21, 52-56 Gluten, the protein component of wheat, can be 

hydrolyzed into peptides which, through extensive hydrogen bonding, form β-sheet nanostructures 

with superior properties.40, 57 Unlike the full WG protein, the short glutamine-rich peptides 

produced from trypsin hydrolysis of WG can self-assemble at mild denaturing conditions into β-

sheets.58-59  Previous studies have shown that self-assembly could occur at near physiological 

conditions of 37 °C and pH 8, which were good conditions to perform the enzymatic hydrolysis in 

a repeatable manner.60 At pH 8, WG is hydrolyzed by trypsin enzyme into smaller, more uniform 

peptides primarily ≤ 10 kDa molecular weight, with some residual 29 kDa and 37 kDa fragments.58, 

61 The peptide bonds in the component proteins of WG, i.e., gliadin (Gd) and low and high 

molecular weight glutenin (GtL and GtH), are preferentially cleaved by trypsin enzyme at arginine 

(R) and/or lysine (K) amino acids (Gd, UniProt P04721, 0.49 mol fraction; GtL, UniProt P10386, 

0.45 mol fraction; GtH, UniProt P08488, 0.06 mol fraction).60  Since aggregation into β-sheets 

occurs in solution, the reduction in peptide molecular weight is important to help solubilize the 

protein.62  

 In addition to the amyloid forming potential of WG, WG is also low cost, has good film 

forming ability and oxygen barrier properties, and has been explored as a biodegradable packaging 

material.63  WG can be compression molded, which encourages hydrophobic interactions and can 

induce aggregation and crosslinking, thereby increasing tensile strength while lowering elongation 

to break.64-66 A fully self-assembled WG composite film was produced by incubating THWG at 
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37 °C to form short amyloid fibers which, when dried, reinforced the remaining unassembled 

THWG polymer matrix.34 

1.5. Packaging applications: Vinyl alcohol polymer matrices. 

 Poly(vinyl alcohol) (PVA) is a widely produced, water soluble and biodegradable polymer 

with good gas barrier properties, which has been reinforced with biological fillers to create 

sustainable, environmentally friendly composite films.67-70  Poly(vinyl alcohol) films and 

composites can be used in multi-layer packaging applications. In a multi-layer film, a vinyl alcohol 

polymer layer is typically used as a core layer between polyolefin layers.71  The function of the 

vinyl alcohol core is to act as a gas barrier, while the polyolefin layers serve to support the brittle 

vinyl alcohol layer and act as water barriers.72  Introducing nanofillers can further improve the gas 

barrier properties of PVA by creating a tortuous diffusion pathway.73  To reduce the brittleness of 

WG and/or PVA films, a plasticizer, such as glycerol, is commonly added.49, 74  WG has been 

blended with PVA to form compression molded films.50-51  However, these blends have used full 

WG proteins mixed with PVA to form a WG/polymer powder. 

 PVA is most commonly used in the packaging and fiber industries 69. As the packaging 

industry strives to decrease material volume by making thinner films, the material must be 

engineered to maintain properties and performance. Moreover, increasing environmental concerns 

over end-of-life disposal necessitates low-cost, bio-based fillers. Rigid nanofillers, such as self-

assembled β-sheets, have the potential to increase mechanical properties and impede solute 

permeability while still maintaining cost-competitiveness. Indeed, increased mechanical and 

thermal properties have been achieved with other amyloid fiber-filled PVA composites.75 

1.6. Automotive applications: filled rubber systems.  

 The automotive industry is interested in new materials that will reduce weight, thereby 

improving fuel efficiency and reducing CO2 emissions.76-77 Additionally, legislation from the 

European Union and some Asian countries specify end-of-use guidelines that require a high 

percentage (95% target) of automotive parts to be reusable or recyclable.78-79 Natural fibers, such 

as bamboo, cotton, flax, jute, pineapple, and sugarcane bagasse, have been incorporated into 

composites primarily used in the automotive interior.13, 80 Commonly investigated biofillers for 

rubber tires include cellulose nanofibers, bio-silica, and lignin, amongst others.81-84 Some 

biological fillers, such as lignocellulosic fibers can be incorporated into rubber using standard 

processing techniques.85 The use of compatibilizers with hydrophilic natural fibers/fillers is 
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common. In addition to natural rubber, bio-based elastomers have been synthesized and offer the 

possibility of a completely “green” tire where both the filler and polymer matrix have biological 

origins.86  Since end-of-life applications for scrap tires can include granulation and use as infill for 

synthetic turf, the desorption of volatile filler compounds from the rubber matrix is also of 

concern.87  

 Rubber nanocomposites are of interest, especially in the tire industry, because nanofillers 

can increase tear strength while decreasing viscoelastic losses and gas permeability.88-89  Early 

rubber nanocomposite research focused on nanoclay, i.e., layered silicates, to reinforce natural or 

synthetic rubbers such as polyisoprene and styrene-butadiene.90-94  More recently, other nanofillers 

have been studied, including nanocellulose, carbon nanotubes, and graphene oxide.95-106 However, 

the most common rubber reinforcing fillers are petroleum-based carbon black (CB) and silica 

(clay), which can be difficult to disperse in rubber and are non-degradable.107 Additionally, to 

effectively reinforce rubber, CB and silica must be present in high quantities, typically 50-70 parts 

per hundred rubber (phr).108  

1.6.1. Rubber processing.  

 Synthetic polyisoprene rubber (IR) is a polymer matrix that is a melt, i.e., viscous polymer 

liquid, at room temperature and is typically processed at temperatures ≤ 150 °C.109 Thus, IR 

represents an ideal matrix for use with biological fillers. Conventional manufacturing of rubber 

involves either a two-roll mill or internal mixer to compound fillers into rubber. Curing or 

thermosetting processes include compression molding, injection molding, and extrusion. In cured 

rubber, reinforcement results in improved stiffness and hardness, as well as improved resistance 

to abrasion, tear, cutting, and rupture.110 In the uncured compounds, reinforcing fillers can have a 

significant effect on flow properties. To achieve optimal reinforcement, aggregate size and size 

distribution, surface area, and dispersion must be optimized.111 Processing-induced flow is an 

important mode of dispersing and deagglomerating filler particles in filled-polymer systems. Three 

types of flow-induced dispersion have been studied: 1) agglomerate rupture, which occurs when 

the applied hydrodynamic stress is greater than the agglomerate cohesive strength, 2) erosion of 

small filler fragments from the agglomerate surface, and 3) collision-induced fragmentation.112 

Modeling of these dispersion mechanisms shows a linear shear rate dependency.113 Thus, shear 

rate is another important processing parameter to consider. 

1.6.2. Basics of rubber curing. 
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 Sulfur vulcanization, i.e., curing, of rubber is a reaction between sulfur and rubber typically 

in the presence of a catalyst, which leads to the formation of a permanently crosslinked network.114 

It is a complex process in which a many-component system undergoes a series of reactions. A 

basic rubber curing recipe consists of four components: a rubber matrix, an activator system, an 

accelerator, and a crosslinking agent.115-117 Typical industrial rubber compounds also contain 

additives such as reinforcing fillers, processing aids, retardants, compatibilizers, antidegradants, 

and antioxidants.111 The concentration and chemical properties of the additives affect the cure 

kinetics and the final properties of the rubber vulcanizate.118 The cure kinetics are further 

influenced by many other parameters, such as the cure temperature and characterization method.119  

 Rubber vulcanization proceeds through three distinct stages: induction, curing, and post-

cure behavior. The induction period, also called the scorch time, is the pre-cure elapsed time during 

which the compound can be processed.120 From a mechanistic perspective, accelerated sulfur 

vulcanization proceeds through the following steps: (1) an activator, usually zinc oxide (ZnO), 

forms an intermediate complex with an accelerator during the induction stage, (2) the accelerator-

zinc complex reacts with sulfur to form an active sulfurating agent, (3) the active sulfurating agent 

reacts with rubber at the allylic hydrogen to form a crosslink precursor, (4) the crosslink precursor 

is converted to polysulfidic crosslinks, which is followed by (5) network maturation.121-124 

1.6.3. Activation by zinc oxide (ZnO). 

 The activator system for sulfur-cured rubber is typically zinc oxide (ZnO, micron-sized, at 

a concentration of 5 parts per hundred rubber (phr)) combined with stearic acid (STE). The 

activator system is used in combination with a sulfenamide accelerator and sulfur crosslinking 

agent. The benefits of ZnO as an activator include improved vulcanization kinetics, processability, 

and physical properties, such as abrasion resistance.125-127 ZnO may play a secondary role during 

network maturation by catalyzing a reduction in sulfur rank, i.e., converting polysulfidic crosslinks 

into di- or monosulfidic crosslinks, which increases crosslink density.128 The use of ZnO as an 

activator is problematic because it is high density and possesses significant ecotoxicity.129  ZnO 

has been proven poisonous to aquatic species. The Environmental Protection Agency (EPA) and 

European Union (EU) have called for a reduction in ZnO usage in commercial products due to its 

detrimental effects on aquatic organisms.129-130  

 Much of the research concerning ZnO-reduction in rubber has focused on reducing the 

amount of ZnO by reducing the quantity and/or particle size.128 In particular, ZnO nanoparticles 
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(NPs) used in concentrations of 0.5-1 phr have been shown to successfully activate sulfur 

vulcanization, while providing additional rubber reinforcement.130-131 However, ZnO NPs present 

the same environmental hazards as micron-sized ZnO.132-134 Zinc oxide NPs enter waterways 

through rubber production and leachate from landfills. Once there, they can dissolve, forming toxic 

metal ions. In aquatic species, this results in an increase in the number of reactive oxidative species, 

as well as an increase in the oxidative stress response and/or chemosensitivity.134 ZnO NPs have 

been shown to be cytotoxic to human epithelial cells at concentrations ≥ 100 mg/L. At drinking 

water concentrations  ≥10 mg/L, they increase the oxidative stress response, which could 

potentially harm humans over time.135 Few attempts have been made to completely replace ZnO 

with a more environmentally friendly activator 136. 

 Attempts have been made to reduce or eliminate zinc using multifunctional additives 

(MFAs), which are amines complexed with fatty acids. MFAs have the general structure of 

[R’NH2(CH2)3NH3]
2+2[C17H33COO]-.125 MFAs have been used as additives in a variety of 

synthetic and natural rubbers, resulting in improved processability, good cure characteristics and 

mechanical properties, but with a suppressed induction time. Ismail and Chia found that a MFA 

with diamine and carboxylic acid functionality was able to activate and accelerate sulfur curing of 

epoxidized natural rubber (ENR) in combination with 2 phr ZnO.137 Enhanced tear strength and 

tensile properties were observed in the ENR vulcanizates, but the induction time was suppressed. 

In graphene oxide-natural rubber composites, hydroxyl and carboxylic acid functionalities were 

found to react with sulfur and form crosslinks, thereby accelerating the crosslinking reaction.138 In 

another study, a complete substitution of ZnO was achieved using a secondary accelerator to 

activate curing. The amine complex had the structural formula of NH2 --A[NH--(CH2)x NH]n A--

NH2, where A represents an alkylene group and x = 2 or 3.136 To facilitate the curing of synthetic 

rubber in this zinc-free system, an excess of sulfur (0.2 to 8 phr) and primary accelerator (0.1 to 

2.5 phr) was required. In comparison, typical concentrations of sulfur and accelerator were 1-2.5 

phr and 0.2-1.5 phr, respectively. 

1.6.4. Biological fillers as multifunctional additives (MFAs). 

 Some natural reinforcing fillers have been found to have a beneficial effect on rubber 

curing kinetics. Da Costa et al.139-140 found that a white rice husk ash reinforcing filler functioned 

in a catalytic capacity, accelerating the crosslinking reaction and lowering activation energy (Ea). 

Barrera and Cornish141-142 studied the effect of waste-derived fillers as co-fillers for carbon black 
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and found that eggshell particles increased the rate of cure, which resulted in higher crosslink 

density and improved mechanical properties. Wheat gluten protein, a by-product of food 

production as consumers prefer “gluten-free” foods, has been successfully used as a reinforcing 

filler for various polymer matrices but not as part of the rubber curing package.51 

1.6.5. Practical considerations. 

 In 2016, worldwide zinc production was in excess of 13 Mt.144 Comparatively, in 2016, the 

worldwide crop production of wheat was 750 Mt, which was surpassed only by maize and rice.145-

146 The protein content (10-13%) of wheat, i.e., wheat gluten, is high compared to maize and rice 

(2-8% protein), so a significant amount of protein can be obtained from wheat production even if 

less is grown.147 The gliadin fraction of wheat gluten is used in this study. Gliadin is approximately 

40% of the total wheat grain protein.148 Thus, the total gliadin from wheat protein available 

globally in 2016 was 30-34 Mt, which exceeded the production of 13 Mt of ZnO and makes gliadin 

a viable substitute for typical rubber fillers. A comparative cost analysis using the global 

commodity markets for zinc and wheat raw materials reveals that there is a significant advantage 

to using a wheat-filler as a replacement for typical rubber fillers. As of March 2018, the World 

Bank listed the cost of wheat grain as $190.6 per metric ton, while the price of Zn ore was 

$3,533/t.149 Moreover, the price of Zn ore has steadily risen over the previous three years, totaling 

a $1,000/t increase since 2015, while the price of wheat has remained roughly the same. Thus, 

there are environmental and economic advantages to utilizing protein in cured rubber. 

1.7. Research objectives. 

1.7.1. Objective 1. Cooperatively self-assemble trypsin hydrolyzed wheat gluten (THWG) proteins 

into amyloid structures in an aqueous poly(vinyl alcohol) (PVA) solution to demonstrate in situ 

nanofiller formation.  Thermally process the resulting THWG films by compression molding and 

characterize the thermal, mechanical, structural, and morphological properties of the films. 

1.7.2. Objective 2. Compound hydrolyzed proteins previously shown to aggregate in aqueous 

solution in synthetic cis-1,4-polyisoprene rubber (IR) to form a reinforcing phase. Quantify the 

protein β-sheet content in THWG-IR or trypsin hydrolyzed gliadin (THGd)-IR compounds. 

Analyze the impact of the protein type, concentration, and aggregation state, and the compounding 

conditions on the mechanical, thermal, structural and morphological properties of the composite 

compounds.  
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1.7.3. Objective 3. Determine an optimized set of processing parameters for trypsin hydrolyzed 

gliadin from wheat protein (THGd) and synthetic isoprene rubber (IR) composite compounds. 

Investigate the dependence of the rheological properties and protein dispersion on compounding 

temperature, time, and speed. Examine the effect of drying the THGd hydrolysate at a slower rate 

or to a greater solids content on the composite properties. 

1.7.4. Objective 4. Utilize trypsin hydrolyzed gliadin (THGd) from wheat protein as a 

reinforcement in zinc oxide (ZnO)-free cured THGd-IR composites. The objective is to self-

assemble THGd during the curing process using a standard industrial cure recipe and processing 

method. Compare the change in curing kinetics, crosslink densities, mechanical properties, and 

structure as a function of THGd concentration, coupling agent concentration, and curing time. 

Determine the potential for a completely zinc-free rubber curing system. 

1.7.5. Objective 5.  Investigate alternate agricultural proteins as multifunctional additives, i.e., 

reinforcing fillers and anti-reversion agents, in a ZnO-free, cured, synthetic cis-1,4-polyisoprene 

rubber (IR) system. The proteins of interest are corn zein and wheat gliadin because of the 

difference in the hydrophobicity of each protein. Evaluate the effect of protein on the curing 

kinetics, mechanical properties, and composite morphology and compare to a system containing a 

zinc oxide (ZnO) activator or a carbon black (CB) reinforcing filler.  
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ABSTRACT: Dispersion of fillers in polymers is problematic, particularly
nanofillers that prefer to agglomerate. Here, in-situ filler formation is
demonstrated where a protein aggregate forms in a biodegradable polymer
matrix via a low-energy solution incubation method. Wheat gluten protein
molecules are dispersed in aqueous poly(vinyl alcohol) (PVA), and then
cooperatively self-assemble into anisotropic structures. The tensile modulus of the
composite films is up to 241% higher than the PVA controls, and the composite
glass transition temperature (Tg) is increased by up to 12.1 ± 1.6 °C. Thermal
processing for long times under increasing pressure can encourage protein
aggregation into well-defined structures. However, the PVA phase is degraded by
severe thermal processing, as evidenced by thermogravimetric analysis (TGA), Fourier transform infrared spectroscopy (FTIR),
and modulus reduction. β-Sheet formation in the protein phase is observed with FTIR, indicating that the protein structures are
amyloids.

KEYWORDS: Composite, Biobased, Mechanical properties, Molecular structure, Thermal properties

■ INTRODUCTION

It is very straightforward to self-assemble protein molecules
into various structures in aqueous solution.1,2 One self-
assembly route is to form an amyloid, where the protein
molecules unfold and hydrogen bond to form β-sheets with a
protein interchain distance of about 0.48 nm.1,3,4 β-Sheet
formation in aqueous solution is thermodynamically driven by
the packing of hydrophobic groups on amino acid side
chains.5−8 Many different proteins can be hydrolyzed or
denatured to form β-sheet-containing amyloids.7−13

Amyloid protofibrils are formed when protein molecules
continue to self-assemble into anisotropic structures.14

Amyloids are commonly associated with pathological disorders
such as neurodegenerative and prion diseases.12,13 However, in
certain living systems, amyloids protect and proliferate life.14,15

Nondisease related, or “functional,” amyloids in barnacle
cement and fungi improve adhesion and biofilm formation,
respectively.15,16 The β-sheet phase endows these materials
with rigidity and toughness because of nanoscale modification.
Theoretical predictions of protein self-assembly through
noncovalent, nonionic interactions, i.e., hydrogen bonding
only, yield structures with elastic moduli of 10−20 GPa.14

Experimental results approach these values and show amyloid
formation to be a highly evolved process, even when replicated

in vitro.14,17−19 Thus, incorporating self-assembled amyloids
into engineered materials such as films, adhesives, and
composites is of substantial interest in sustainable technol-
ogy.14,20

Enzyme-mediated hydrolysis of wheat gluten (WG) has
been shown to promote amyloid formation. Unlike the full
WG protein, the short glutamine-rich peptides produced from
trypsin hydrolysis of WG can self-assemble at mild denaturing
conditions into β-sheets.21,22 Previous studies have shown that
self-assembly could occur at near-physiological conditions of
37 °C and pH 8, which were good conditions to perform the
enzymatic hydrolysis in a repeatable manner.23 At pH 8, WG
was hydrolyzed by trypsin enzyme into smaller, more uniform
peptides of primarily ≤10 kDa molecular weight, with some
residual 29 and 37 kDa fragments.21,24 The peptide bonds in
the component proteins of WG, i.e., gliadin (Gd) and low and
high molecular weight glutenin (GtL and GtH), are
preferentially cleaved by trypsin enzyme at arginine (R) and/
or lysine (K) amino acids (Gd, UniProt P04721, 0.49 mole
fraction; GtL, UniProt P10386, 0.45 mole fraction; GtH,
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UniProt P08488, 0.06 mole fraction).23 Since aggregation into
β-sheets occurs in solution, the reduction in peptide molecular
weight is important to help solubilize the protein.25

WG is low cost, has good film forming ability and oxygen
barrier properties, and has been explored as a biodegradable
packaging material.26 WG can be compression molded, which
encourages hydrophobic interactions and can induce aggrega-
tion and cross-linking, thereby increasing tensile strength while
lowering elongation to break.27−29 A fully self-assembled WG
composite film was produced by incubating THWG at 37 °C
to form short amyloid fibers which, when dried, reinforced the
remaining unassembled THWG polymer matrix.30 Poly(vinyl
alcohol) (PVA) is a water-soluble and biodegradable polymer
with good gas barrier properties, which has been reinforced
with biological fillers to create sustainable, environmentally
friendly composite films.31−34 Poly(vinyl alcohol) films and
composites can be used in multilayer packaging applications. In
a multilayer film, a vinyl alcohol polymer layer is typically used
as a core layer between polyolefin layers.35 The function of the
vinyl alcohol core is to act as a gas barrier, while the polyolefin
layers serve to support the brittle vinyl alcohol layer and act as
water barriers.36 Introducing nanofillers can further improve
the gas barrier properties of PVA by creating a tortuous
diffusion pathway.37 To reduce the brittleness of WG and/or
PVA films, a plasticizer, such as glycerol, is commonly
added.38,39 WG has been blended with PVA to form
compression-molded films.40,41 However, these blends have
used full WG proteins mixed with PVA to form a WG/polymer
powder.
There are a few reports of amyloid protofibril reinforcement

of polymers in the literature. One study details the lysozyme
protein protofibril reinforcement of cross-linked polydimethyl-
siloxane (PDMS).39 At low filler concentrations (2 wt %),
amyloids showed equal reinforcement to carbon nanotubes
(CNT). Another study described the lysozyme protofibril
reinforcement of poly(lactic acid) (PLA) at 1−5 wt %
amyloid.40 Modulus and strain to break increased as a function
of amyloid content. In another report, insulin amyloid
protofibrils were added to aqueous poly(vinyl alcohol)
(PVA) solutions, and then the water was evaporated.41 The
resulting 0.6 wt % amyloid−PVA nanocomposites were 15%
stiffer than PVA. In each case, amyloid protofibrils were
preformed in solution, and then isolated and mixed into the
polymer to form the nanocomposite.
Here, in-situ filler formation was demonstrated where the

protein nanofiller formed in an aqueous PVA solution.
Hydrolyzed wheat gluten proteins were dispersed in aqueous
PVA, and then cooperatively self-assembled into amyloid
structures. The resulting films were thermally processed by
compression molding and the thermal, mechanical, structural,
and morphological properties of the films were characterized.

■ EXPERIMENTAL SECTION
Materials. Wheat gluten (WG) was purchased from MP

Biomedicals, LLC, (Solon, OH). Low weight-average molecular
weight (Mw ∼ 31 kDa) and high weight-average molecular weight
(Mw ∼ 67 kDa) poly(vinyl alcohol) (PVA, 86.7−88.7 mol %
hydrolysis), and trypsin enzyme (type I from bovine pancreas), were
purchased from Sigma-Aldrich (St. Louis, MO).
Protein Hydrolysis and Composite Formation. WG (20 g)

was dispersed in distilled water (800 mL) while rapidly stirring at 250
rpm at 37 °C. The stirring speed was reduced to 50 rpm and trypsin
enzyme (0.3 g) was added at a 1:67 w/w enzyme to substrate ratio.
The dispersion was maintained at 37 °C and pH 8 with NaOH (1 or

4 M) and HCl (1 M) for 72 h to hydrolyze the protein. THWG
dispersions were poured into aqueous solutions of PVA (20 g in 800
mL) at a 1:2 wt/wt protein to polymer ratio (33 wt % THWG). The
THWG/PVA aqueous dispersions were incubated for 33 days at 37
°C and pH 8, and then poured into polytetrafluoroethylene (PTFE)-
coated aluminum containers and incubated in the oven for 5 days at
40 °C. The 33-day incubation period was chosen to compare to
previous results that characterized the aggregation of the same
hydrolyzed proteins in purely aqueous solution.42 On day 38, the
containers were removed to dry at 22 °C and 16% relative humidity
under a Supreme Air LV fume hood (Kewaunee Scientific Corp.
Siemens Building Technologies, Inc., Buffalo Grove, IL) until solid
films measuring 100 × 60 × 1 mm were obtained.

Dried 33 wt % THWG composites were compression molded to
improve film uniformity for mechanical testing and to study the
composite behavior during processing. The films were compression
molded at 120 °C on an Auto Series hydraulic laboratory press
(Carver, Wabash, IN) for (1) 10 min at 1.85 MPa pressure (“M10”
conditions) or (2) “M10” plus 5 min at 2.59 MPa, and then an
additional 5 min at 3.34 MPa pressure (“M20” conditions). Higher
pressure was required to achieve uniform tensile specimens.

Tensile Testing. Tensile testing was performed on a TA.HD.plus
Texture Analyzer (Texture Technologies Corp., Scarsdale, NY) with
self-tightening crosshatched grips and a 100-kg load cell. Straight
specimens (10 × 100 × 1 mm) were uniaxially deformed at a rate of
12.5 mm/min with a grip separation of 60 mm, as specified in ASTM
D882. Average Young’s modulus (E), ultimate tensile strength (UTS),
and elongation to break (EB) values with standard error were
determined from a sample size of five. Linear regression analysis of the
linear portion of the stress−strain plots in Excel was used to calculate
E.

Fourier Transform Infrared (FTIR) Spectroscopy. Protein−
PVA films were vacuum-dried for 3 days at room temperature (RT).
Attenuated total reflectance (ATR) FTIR spectra of the composites
were recorded on a Thermo Nicolet 6700 FTIR spectrometer with a
Smart Orbit ATR diamond crystal (Thermo Fisher Scientific Inc.,
Madison, WI) with 128 scans at a 4 cm−1 resolution from 4000 to 525
cm−1. Spectra were baseline corrected and analyzed using OMNIC
v8.1 software.

Scanning Electron Microscopy with Energy Dispersive X-
ray Spectroscopy (SEM−EDX). Tensile fracture surfaces were
sputter coated with 5 nm of iridium and imaged using a FEI Quanta
600 FEG environmental SEM equipped with a Bruker EDX silicon
drifted detector (Thermo Fisher Scientific, Waltham, MA). Micro-
graphs were obtained with a 12.4 mm working distance and 10 kV
accelerating voltage. Nitrogen was exclusive to the protein phase, and
high contrast areas in the nitrogen elemental maps were used to
identify the morphology of the protein aggregates. Due to beam
limitations, protein aggregates smaller than 1 μm2 could not be
resolved. A smooth map filter was applied to the elemental maps by
Bruker Quantex 400 Esprit 1.9 collection software.

Differential Scanning Calorimetry (DSC). A heat−cool−heat
cycle between −10 and 210 °C at 10 °C/min was performed in
triplicate on compression-molded samples (∼9 mg, Q200 DSC, TA
Instruments, New Castle, DE) in a nitrogen atmosphere. The thermal
transitions were determined from the second heating cycle using
Universal Analysis software (TA Instruments). The percent
crystallinity of the PVA phase (Xc) was calculated from

X
H

m Hc
f

PVA f
=

Δ
Δ ° (1)

where ΔHf is the experimental heat of fusion, mPVA is the mass
fraction of PVA in the composite, and ΔHf° = 150 J/g is the
theoretical heat of fusion of 100% crystalline PVA.43,44

Thermogravimetric Analysis (TGA). Samples (10−12 mg) were
heated at 10 °C/min from RT to 600 °C in a nitrogen atmosphere on
a TA Instruments SDT-Q600 simultaneous TGA/DSC (New Castle,
DE). A graph of weight loss versus temperature and the first derivative
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of weight loss with respect to temperature (dW/dT) versus
temperature was generated by Universal Analysis software.

■ RESULTS AND DISCUSSION

Thermal and Mechanical Properties. The tensile and
thermal properties of the controls and composites as a function
of compression molding conditions and PVA molecular weight
are given in Table 1. The glass transition temperature (Tg),
melting temperature (Tm), and percent crystallinity (Xc) were
calculated from the second heating cycle and reflect the
material properties rather than the processing history (Figures
S1 and S2). At 33 wt % THWG protein filler, the composites
demonstrated Young’s modulus (E) increases of 89−241% and
Tg increases of 2.8 ± 1.6 to 12.1 ± 1.6 °C over the controls
(Table 1). The increase in modulus was at the expense of
elongation to break (EB), i.e., flexibility, which decreased from
14.2 ± 2.9 to 82.6 ± 21.0% depending on the processing
parameters, which is typical behavior for reinforced polymer
composites. These results were similar to those obtained in
studies for PVA mixed with other biological fillers, such as fish
myofibrillar protein,45,46 algae,47 and chitosan.48 The films
reported here attained similar E increases to PVA reinforced
with 10−20 wt % nanofibrillated cellulose (2.5−3-fold
increased in E), despite the fact that the theoretical modulus
of a cellulose crystal (130−250 GPa) is much higher than that
of a β-sheet (E = 22−36 GPa).49−51 The addition of protein
increased the Tg of PVA, which signified decreased PVA
molecular mobility possibly from THWG−PVA hydrogen
bonding interactions because PVA has been shown to
hydrogen bond to other biobased materials and wheat
gluten.52−54 The Tg’s of the films reported here were similar
to those obtained by Maria et al.55 for solution-cast films of
gelatin:PVA blends of variable PVA molecular weight. The
protein had little effect on the crystallinity of PVA, and the Tm
and Xc of the composites were close to or within standard error
of the controls. As shown by the derivative of the weight loss in
TGA, the onset of primary PVA degradation shifted to a lower
temperature in the composites (Figure 1). Since PVA degrades
shortly after melting, any decrease in degradation temperature
reduces the processability of PVA.56

The 67 kDa PVA films were subjected to moderate
compression molding time and pressure, i.e., M10, and severe
compression molding time and pressure, i.e., M20, conditions,
as specified in the Experimental Section. In the PVA(67 kDa)-
M10 and -M20 controls, increased molding time and pressure
had no effect on the thermal transitions of the material; i.e., the
difference of means for Tg, Tm, and Xc were within standard
error (Table 1). However, the mechanical properties of the
high molecular weight PVA controls were altered. Ultimate
tensile strength (UTS) increased by 3.1 ± 1.2 MPa and

elongation to break (EB) increased by 27.9 ± 23.1%, while
modulus decreased by 33.1 ± 11.5 MPa (∼24%) (Table 1).
The decreased modulus, combined with increased UTS and
EB, indicated that compression molding improved PVA
flexibility.57 Greater weight loss was observed in the PVA(67
kDa) controls as molding time and pressure increased (Table
2), indicating that the thermal stability of PVA was

compromised by extensive compression molding and PVA
degradation occurred.56 Typically, PVA degradation below Tm
∼ 200 °C occurs via water elimination from the hydroxyl side
groups, while degradation above Tm occurs via chain scission.58

The largest modulus increase of 338.2 ± 36.2 MPa (+241%
over the PVA control) was observed in the composite molded
for less time and pressure, i.e., THWG:PVA(67 kDa)-M10.
This composite exhibited the highest Tg of 75.7 ± 0.8 °C and
greatest increase in Tg over the control (+12.1 ± 1.6 °C), but

Table 1. Tensile and Thermal Properties for PVA Controls and THWG:PVA Composite Compression Molded Filmsa

name E (MPa) UTS (MPa) EB (%) Tg (°C) Tm (°C) Xc (%)

PVA (Mw 67 kDa)-M10 140.0 ± 2.5 7.9 ± 0.5 64.6 ± 7.6 63.6 ± 1.4 215.0 ± 1.7 21.8 ± 4.1
THWG:PVA (Mw 67 kDa)-M10 478.2 ± 28.0 8.7 ± 1.2 10.8 ± 2.2 75.7 ± 0.8 217.3 ± 0.4 26.1 ± 0.8
PVA (Mw 67 kDa)-M20 106.9 ± 8.6 11.0 ± 0.8 92.5 ± 16.2 65.2 ± 0.9 213.7 ± 0.3 25.0 ± 3.3
THWG:PVA (Mw 67 kDa)-M20 297.1 ± 33.9 7.4 ± 0.2 9.9 ± 1.2 68.0 ± 1.3 216.4 ± 0.5 28.2 ± 4.4
PVA (Mw 31 kDa)-M20 216.9 ± 9.4 9.0 ± 0.3 21.7 ± 2.1 63.9 ± 0.7 215.5 ± 0.4 24.9 ± 4.2
THWG:PVA (Mw 31 kDa)-M20 411.0 ± 23.6 8.5 ± 0.4 7.5 ± 0.7 69.7 ± 0.6 214.6 ± 0.4 33.7 ± 6.6

aThermal properties were calculated from the second heating cycle after rapid cooling. Young’s modulus (E), ultimate tensile strength (UTS),
elongation to break (EB), midpoint glass transition temperature (Tg), peak melting temperature (Tm), and percent crystallinity (Xc) values are
given as the mean ± standard error.

Figure 1. Graph of the first derivative of weight loss with respect to
temperature (dW/dT) vs temperature. TGA data depicts the major
degradation events for the PVA controls (dashed lines) and
THWG:PVA composites (solid lines).

Table 2. TGA Weight Loss Data for PVA Controls and
THWG:PVA Composites for Two Isolated Temperature
Ranges

weight loss (%)

sample 20−200 °C 200−320 °C

PVA(67 kDa)-M10 control 10.8 45.6
THWG:PVA(67 kDa)-M10 9.9 48.4
PVA(67 kDa)-M20 control 14.6 49.8
THWG:PVA(67 kDa)-M20 15.2 48.3
PVA(31 kDa)-M20 control 16.9 45.7
THWG:PVA(31 kDa)-M20 10.7 51.4
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similar Tm and Xc to the control. As molding progressed from
M10 to M20 conditions, the THWG:PVA(67 kDa) composite
modulus decreased by 181.1 ± 56.8 MPa (−38%), while UTS
and EB were unaffected. Similarly, there was a significant
decrease in Tg of 7.7 ± 1.5 °C with composite compression
molding, while Tm and Xc for THWG:PVA(67 kDa)-M10 and
-M20 were unaffected. The decrease in Tg with compression
molding was only observed for the 67 kDa PVA composites,
and implied a decrease in protein−PVA, i.e. hydrogen bonding,
interactions, with molding. Generally, high temperatures (>70
°C), high pressures (>200 MPa), and/or long times (>10 min)
can induce conformational changes in gliadins and rearrange-
ment of intrachain disulfide bonds into interchain disulfide
bonds, i.e., induce cross-linking.59 Temperature and pressure
affect noncovalent bonds differently; hydrogen bonds are
thermally labile, but need more pressure to break than weaker
hydrophobic interactions, which increase with temperature and
are easily broken under pressure.60 At the relatively low
pressures (1.85−3.34 MPa) and high temperature (120 °C)
used, it was likely that rearrangements in hydrogen bonding
occurred, while the hydrophobic interactions governing
protein aggregation, i.e., protein−protein interactions, were
increased with compression molding. Dicharry et al.40

hypothesized that strong interactions of a phase with itself
came at the expense of interactions between phases, which
caused a decrease in the mechanical properties of the blend.
Thus, as THWG−THWG interactions increased, protein−
PVA interactions decreased, which reduced the modulus. The
modulus decrease in the composites was greater (−38%) than
in the controls (−24%), which supported protein−PVA
interactions as the origin of reinforcement. The weight loss
between 20 and 200 °C was similar for the 67 kDa PVA
controls and composites, which indicated that degradation
primarily occurred in the PVA phase and increased with
processing, i.e., from M10 (∼10% weight loss) to M20 (∼15%
weight loss) molding conditions (Table 2). Although protein
degradation into low-molecular-weight fragments has been
shown to result from thermomolding for long times (15−25
min) at temperatures of 170 °C,61 this was greater than the
processing temperature of 120 °C used here.

PVA molecular weight influenced composite properties. At
constant M20 molding conditions, it was found that the 31
kDa PVA control outperformed the 67 kDa PVA control in
terms of modulus, but exhibited lower UTS and EB (Table 1).
Limpan et al.46 reported a similar result for solution-cast PVA
films with a high degree of hydrolysis (DH, 98.5−99.2%). The
authors tested films of comparable molecular weights to the
PVA films studied here, i.e., 22−27 and 75−80 kDa, and found
that the lower molecular weight PVA film had a higher
modulus, but lower UTS and EB. Similarly, Dicharry et al.40

tested compression-molded thiolated PVA (TPVA)−WG
blends using PVA of Mw 2, 9.5, 50, and 205 kDa. At the
highest TPVA loading of 40 wt %, which was most comparable
to the blend ratio studied here, the authors found that the
midmolecular weight PVA (Mw 50 kDa) had the highest
modulus. The THWG:PVA(31 kDa)-M20 composite ex-
hibited a greater Tg increase (+5.8 ± 0.9 °C) over the control
than the 67 kDa PVA composite (+2.8 ± 1.6 °C, Table 1). An
increase in protein−PVA hydrogen bonding could have
contributed to the Tg increase. The 31 kDa composite also
had greater PVA thermal stability. From 20 to 200 °C,
THWG: PVA(31 kDa)-M20 had less weight loss than the
control (Table 2). This was the only composite to significantly
improve PVA thermal stability over the control for any
temperature range. Similarly, Cano et al.62 found that the
thermal stability of PVA was improved for some starch−PVA
biocomposite blends. However, between 200 and 320 °C it
had the highest weight loss of any sample, with a maximum
rate of weight loss occurring at ∼255 °C.

Composite Morphology. The morphology of the fracture
surface after uniaxial deformation was examined as a function
of thermal processing (Figure 2). The protein phase appeared
as bright colored areas in the SEM−EDX nitrogen maps,
where regions of amorphous, unassembled protein and regions
of structured protein are visible (Figure 2b,c,e,f). Good
adhesion between the protein and PVA phases was observed,
although there was some evidence of THWG-rich and PVA-
rich domains forming on the micrometer scale. Within the
THWG-rich domains, short, anisotropic aggregates were mixed
with larger, well-defined “spikes” in the THWG:PVA(67 kDa)-

Figure 2. (a) SEM of PVA(67 kDa)-M10 control. (b) SEM−EDX and (c) SEM of THWG:PVA(67 kDa)-M10 composite showing protein
dispersion in blue and protein aggregate morphology (inset, c1). (d) SEM of PVA(67 kDa)-M20 control. (e) SEM−EDX and (f) SEM of
THWG:PVA(67 kDa)-M20 composite showing protein dispersion in blue and development of protein aggregate morphology with additional
compression molding (inset, f1). All SEM−EDX images show nitrogen distribution.
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M10 composite. The spikes were wide, flat, and pointed on the
end, measuring hundreds of nanometers wide at most (Figure
2c.1). As molding time and pressure increased, larger, well-
defined spikes appeared that were 270−405 nm wide (Figure
2f.2). The THWG:PVA(67 kDa)-M20 composite displayed
many well-defined spikes, suggesting that thermal processing
under pressure allowed for more protein aggregation. It has
been shown that processing proteins with heat, pressure, and
dehydration can encourage aggregation by destabilizing the
protein molecules and exposing hydrophobic surfaces.40,52,63

The spikes observed in Figure 2f.2 were approximately the
same width as the spikes observed in Meyer et al.,64 while the
spikes in Figure 4b.1,b.2 were thinner with a width of ca. 120
nm.65

Although protein assembly into well-defined anisotropic
structures increased with processing, the composite modulus
decreased. It was possible that the protein aggregation
phenomenon, i.e., an increase in THWG−THWG interactions,
caused a decrease in THWG−PVA interactions and,
consequently, reduced the modulus.40 Or, that the smaller
nanostructures observed in the THWG:PVA(67 kDa)-M10
composite were better at reinforcement. SEM−EDX of the
same fracture surface shown in Figure 2 depicts a large protein
agglomerate in THWG:PVA(67 kDa)-M20 that lacked the
anisotropic protein structures observed elsewhere in the
fracture surface (Figure 3). These large protein agglomerates
may not contribute to the modulus in the same way as smaller,
more well-defined anisotropic structures.

For the THWG:PVA(31 kDa)-M20 composite, dense
agglomerates of radially oriented spikes were observed (Figure
4). The agglomerates formed THWG-rich domains measuring
tens of micrometers, which were larger than the THWG
domains in THWG:PVA(67 kDa)-M20 (Figure 4b compared
to Figure 2f). The agglomerates were broken in the fracture
plane indicating adhesion between the protein and the 31 kDa
PVA and visual evidence of protein−PVA bonding interactions
(Figure 4b). Some of the agglomerates had pulled away from
the PVA matrix, but others had not. These protein
agglomerates resembled amyloid protein “pompons” observed
in early stage aggregation in vivo.63 It is not clear why
individual spikes, and then pompons, form in early stage
protein aggregation in vivo, nor why the in vitro aqueous PVA
environments studied here also exhibited spikes and pompons
rather than the long, anisotropic fibrils usually observed for in
vitro protein aggregation in aqueous solution. It could be that
the in vitro aqueous PVA environment mimicked an in vivo
environment. In any case, there was a clear trend: (1) a 67 kDa
PVA environment resulted in short, anisotropic aggregates that

developed into spikes and agglomerates of spikes with
increased thermal processing (M10 vs M20, Figure 2) and,
(2) when processed under M20 conditions, a 67 kDa PVA
environment resulted in wide, partially agglomerated spikes
(Figure 2f), while a 31 kDa PVA environment resulted in
thinner spikes that aggregated into dense pompons (Figure
4b). The agglomeration of spikes into dense pompons in
THWG:PVA(31 kDa)-M20 may have enhanced thermal
stability between 20 and 200 °C. Aggregated proteins have
been shown to be thermally stable.40,66 It appeared that the
increase in PVA molecular weight to 67 kDa prevented spike
agglomeration into pompoms within the time frame of the
experiment.
Given the size of the observable protein structures, the SEM

images supported the hypothesis that a THWG protein phase
could self-assemble in a PVA polymer matrix. While the exact
mechanism of amyloid formation is a subject of much debate,
the generally accepted theory is that amyloid formation is a
cooperative and hierarchical process which follows an entropy-
driven nucleation and growth mechanism.67 Thus, parameters
which alter the protein concentration and self-assembly
kinetics are important factors for controlling the final aggregate
morphology.68,69 In this work, both PVA molecular weight and
compression molding at elevated temperatures influenced the
protein aggregate self-assembly. An increase in PVA molecular
weight appeared to decrease the self-assembly kinetics, perhaps
by reducing protein mobility through a highly entangled
polymer phase. This resulted in individual, anisotropic
nanostructures with good adhesion to the PVA phase and a
high composite modulus. Continued compression molding at
elevated temperatures favored protein aggregation into large
agglomerates, which decreased modulus. These results
presented a simple way to limit aggregation of protein
nanostructures into agglomerates, i.e., by decreasing thermal
processing and increasing polymer molecular weight, thus
maximizing protein reinforcement.

Figure 3. (a) SEM−EDX identifying the protein phase in blue for
THWG:PVA(67 kDa)-M20 composite. (b) SEM showing the
fracture behavior of a large protein agglomerate.

Figure 4. (a) SEM−EDX showing protein dispersion in blue for
THWG:PVA(31 kDa)-M20. The PVA(31 kDa)-M20 control (not
shown) is comparable to Figure 3d. (b) SEM of THWG:PVA(31
kDa)-M20 with protein aggregate “pompon” morphology (inset, b1
and b2).
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Molecular Structure. The FTIR spectra of the PVA
controls conditioned at 23% relative humidity (RH), i.e., were
normalized to the absorbance of the PVA methylene scissoring
mode, δ(CH2).

70−73 In the processed PVA controls δ(CH2)
occurred at 1403 cm−1, and in the as-received PVA(67 kDa) it
occurred at 1429 cm−1. The as-received PVA was included to
show the PVA structural changes with processing (Figure 5).

The major absorbances and assignments for the PVA FTIR
spectrum are given in Figure 5.71,72 Thermomechanical
processing is known to degrade PVA, particularly in the
absence of a plasticizer, and degradation can be identified in
FTIR.74 Degradation of the PVA phase was observed in two
regions: (1) as a decreased absorbance and shifting in the
ν(OH) region (3600−3000 cm−1) and (2) as a new
absorbance at 1543 cm−1. The ν(OH) absorbance decreased
with processing, indicating a loss of PVA hydroxyl groups as
the origin of degradation (Figure 5b).71 The central
absorbance in the hydrogen bonding region shifted from
3270 cm−1 in PVA(67 kDa)-M10 to 3278 cm−1 in PVA(67
kDa)-M20, indicating a loss of PVA−PVA hydrogen bonding
with processing.71,73,75,76 All the changes in the hydrogen

bonding region were characteristic of water loss. A new
absorbance at 1543 cm−1 was observed in the thermally
processed PVA samples and assigned to the aldehyde and
ketone degradation products of PVA.58,75,76 The ν(CO)
absorbance at ca. 1700 cm−1 was assigned to residual acetate
groups.72,77 This absorbance was greatly reduced and shifted to
a lower wavenumber in the thermally processed PVA samples,
indicating continued hydrolysis of the as-received PVA, which
was 88% hydrolyzed.78,79 Compared to PVA(67 kDa)-M20,
intermolecular hydrogen bonding was stronger in the PVA(31
kDa)-M20 control, observable as a shift of the ν(OH) central
absorbance to a lower wavenumber (3274 cm−1) and as an
increased absorbance area. This implied that stronger PVA−
PVA hydrogen bonding was the origin of the modulus increase
in the lower molecular weight PVA control.
To isolate the protein amide I region (1700−1600 cm−1,

ν(CO)) from the water contribution (1637 cm−1, ν(OH)),
the samples were dried in vacuo for 3 days (Figure 6) and the
FTIR spectra were normalized to the methylene rocking mode,
γr(CH2), from 916 to 924 cm−1, which was a region where the
protein did not show significant absorbance.72 Due to the
similarity of the functional groups in PVA and THWG, the
spectra were normalized based upon weight percent, where the
controls had a maximum normalized absorbance of 67 wt %,
THWG at 33 wt %, and the composites at 100 wt %. Fully
aggregated THWG, self-assembled in aqueous solution, is
given for reference. A water peak was observed in PVA(31
kDa)-M20 after vacuum drying. The absorbance at 1620 cm−1

was characteristic of high-density β-sheet formation in THWG
(Figure 6a).42 As evidenced by the normalized 1620 cm−1

absorbance in the amide I region, THWG can hydrogen bond
to form β-sheets in water and in aqueous PVA solutions. The
relative β-sheet content in the composites, quantitatively
described by the normalized absorbance at 1620 cm−1,42,78

reflected the changes observed in SEM. The amide I region
increased in absorbance and shifted to lower wavenumbers
from THWG:PVA(67 kDa)-M10 to -M20, suggesting stronger
β-sheet formation and hydrogen bonding in the aggregated
protein phase with processing. The smallest amide I
absorbance was observed in the low molecular weight
composite, THWG:PVA(31 kDa)-M20, which was the
composite with the smallest percent increase in modulus
over the control. The trends were repeated in the hydrogen
bonding region which, for the composites and THWG,
included ν(NH) contributions at ∼3300 cm−1 as well as
ν(OH) (Figure 6b).80 Thus, the changes in the thermal and
mechanical properties of the composites seemed to reflect
changes in the PVA−protein interactions and the final protein
aggregate size and morphology, as well as β-sheet content.

■ CONCLUSIONS
Trypsin hydrolyzed wheat gluten (THWG) proteins were self-
assembled in aqueous PVA solutions, and then the composite
solutions were air-dried and compression molded into films. At
33 wt % THWG, the composites demonstrated elastic modulus
increases of 89−241% over the controls. The addition of
protein increased the PVA Tg. However, the onset of primary
PVA degradation shifted to a lower temperature in the
composites, suggesting protein compromised PVA thermal
stability. As molding time and pressure increased from M10 to
M20 conditions, the films exhibited earlier degradation. At
constant molding conditions, the low molecular weight PVA
composite, i.e., THWG:PVA(31 kDa)-M20, exhibited im-

Figure 5. FTIR spectra for as-received PVA and the thermally
processed PVA controls, comparing (a) stretching (ν) and bending
(δ) modes for functional groups in the fingerprint region and (b) the
hydrogen bonding region. Spectra normalized to the methylene
bending mode, δ(CH2), at 1429 cm−1 (as-received) or 1403 cm−1

(processed controls).
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proved thermal stability from 20 to 200 °C compared to the
control. Compression molding of the high molecular weight
PVA composites, i.e., THWG:PVA(67 kDa), resulted in
nanostructured anisotropic protein aggregates, which further
aggregated into larger structures as molding time and pressure
increased. The 31 kDa PVA composite resulted in nanoscale
spikes which had densely aggregated into radially oriented
micrometer-sized “pompon” structures. A greater processing
time and pressure and/or a lower PVA molecular weight
allowed for more protein aggregation. The larger protein
structures provided less reinforcement, so these composites
had a reduced modulus. Protein aggregates formed through a
typical mechanism of β-sheet formation. The results showed an
interesting concept: in-situ filler formation in polymer matrixes
where the choice of polymer and processing conditions
influenced the final morphology and composite properties.
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ABSTRACT: Hydrolyzed proteins previously shown to aggregate in aqueous solution were compounded into synthetic polyisoprene

rubber (IR). Modulus increases of up to 232% resulted from protein reinforcement of IR. Increased hydrogen bonding on amine

groups and the presence of b-sheets in the protein phase were observed via Fourier transform infrared (FTIR) spectroscopy. The total

b-sheet amount relative to the IR content strongly correlated to the modulus and varied with the protein concentration, protein

aggregation state, and compounding conditions. Isotropic protein aggregates on the order of hundreds of nanometers were observed

by scanning electron microscopy with energy dispersive x-ray spectroscopy (SEM-EDX). The aggregates were evenly dispersed

throughout the rubber matrix after compounding. The composite glass transition temperature (Tg) was unchanged from the control,

which indicated that the protein and rubber existed as two discrete phases. Remarkably, protein b-sheet structures were observed in

FTIR even after rubber compounding under harsh conditions. VC 2017 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2018, 135, 46026.
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INTRODUCTION

Nanofillers offer unique increases in mechanical and barrier

properties at very low concentration.1 The problem with nano-

composites is that the high surface area creates surface forces

between the particles, causing agglomeration. Even weak van

der Waals forces become impactful because they are summed

many times. This makes nanofillers very difficult to disperse

into polymers using typical polymer processing equipment.2,3 A

variety of methods have been used to promote nanofiller disper-

sion but are generally not adaptable to large scale production.4–7

Thus, despite the huge advantages of nanocomposites reported

for the past 20 years, a large volume practical application has

not been realized.

Rubber nanocomposites are of interest, especially in the tire

industry, because nanofillers can increase tear strength while

decreasing viscoelastic losses and gas permeability.8,9 Early rub-

ber nanocomposite research focused on nanoclay, i.e., layered

silicates, to reinforce natural or synthetic rubbers such as poly-

isoprene and styrene-butadiene.10–14 More recently, other nano-

fillers have been studied, including nanocellulose, carbon

nanotubes, and graphene oxide.15–26 Natural rubber (NR),

which is a product of the coagulation of the latex obtained

from the Hevea brasiliensis tree, contains a few percent natural

proteins and lipid. NR is used in demanding applications like

airplane and truck tires because it has superior properties to

synthetically-derived polyisoprene. It has long been believed the

combination of protein, lipid, and high molecular weight poly-

isoprene is the origin of NR’s superior properties, but no defini-

tive mechanism has been found.27–29 Recently, NR’s rubber

elongation factor (REF) protein has been shown to self-

assemble into a high b-sheet content material called an

“amyloid.”30 Amyloids are an emerging nanomaterial with

properties similar to silk but form via self-assembly rather than

extrusion.31 It can be hypothesized that a highly reinforcing

amyloid phase formed during rubber compounding would con-

fer a significant property advantage to NR over other rubbers

that do not contain the protein.32

Protein molecules can be aggregated or self-assembled into

nanostructures in aqueous solution.33,34 A very common and

easy aggregation motif is when a protein molecule or “chain”

unravels, straightens, and hydrogen bonds to a nearby straight-

ened protein molecule to form a b-sheet. b-sheets are the crys-

talline regions of silk and other high performance natural

proteins that provide them with extraordinary properties.35 In a

self-assembled b-sheet, hydrogen bonding happens between the

main chain carbonyl (AC@O) on one protein and the main

VC 2017 Wiley Periodicals, Inc.
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chain secondary amine (ANH) on another chain. The charac-

teristic distance between two protein chains in a self-assembled

b-sheet is �0.47 nm.36–39 Hydrolyzing full proteins to short

chain peptides is one way to straighten chains and foster b-

sheet formation.40,41 Denaturing conditions, such as applied

stress or changes in solution pH, ionic strength, and tempera-

ture, also encourage b-sheet self-assembly.42–45 Exposing protein

molecules to various denaturing surfaces allows b-sheet forma-

tion.46,47 In aqueous solution, protein b-sheet formation is ther-

modynamically driven by hydrophobic groups on amino acid

side chains packing together to hide from water.48–51

Given that the protein in NR is known to contribute to its

superior properties and that it can form an amyloid, it was

hypothesized that introducing known aggregating proteins into

IR could create a composite that matched the properties of NR.

This would be important to the use of synthetic rubber since

NR is used in more demanding applications. Protein powders

ground to particle sizes of tens to hundreds of microns have

been used before to reinforce rubber, but they were not aggre-

gated or necessarily highly structured proteins.52–54 Here, the

hypothesis was that hydrolyzed proteins could aggregate into

rigid b-sheet nanostructures to reinforce the rubber. Specifically,

that largely unstructured coiled proteins like wheat gluten and

its component protein, gliadin, could be coaxed into aggrega-

tion. In this paper, hydrolyzed proteins were compounded into

synthetic polyisoprene rubber and the effects of protein struc-

ture and compounding conditions on composite properties

were investigated. The b-sheet containing protein acted as a

reinforcing nanofiller to realize in situ formed amyloid-rubber

composites.

EXPERIMENTAL

Materials

Wheat gluten (WG) was purchased from MP Biomedicals, LLC,

(Solon, OH). Gliadin from wheat (Gd), trypsin enzyme (Type I

from bovine pancreas), b-mercaptoethanol (BME), and slab

synthetic polyisoprene rubber (IR, 97% cis-1,4-polyisoprene)

were purchased from Sigma-Aldrich (St. Louis, MO). CV60

grade natural rubber was graciously provided by Ford Motor

Company (Dearborn, MI).

Methods

Protein Preparation. Method 1: Trypsin hydrolyzed wheat

gluten (THWG) and trypsin hydrolyzed gliadin (THGd). WG

(20 g) or Gd (20 g) was slowly added to distilled water

(800 mL) rapidly stirring at 37 8C. Trypsin (0.3 g) was added,

then the dispersion was gently stirred at 60 rpm and 37 8C for

72 h to completely hydrolyze the protein without aggregating

the peptides.41,45 Over the 72 h, NaOH (1 M or 4 M) was

added to achieve pH 8. At 72 h, the THWG or THGd hydroly-

sate was poured into polytetrafluoroethylene (PTFE)-coated alu-

minum foil and dried to �85% solids content under a fume

hood at room temperature (RT).

Method 2: Solution aggregated THGd (THGd-SA). Gd was

hydrolyzed for 72 h with trypsin as described in method 1. To

encourage protein self-assembly into b-sheets, the hydrolysate

dispersion was incubated at 37 8C for an additional 72 h.

During the incubation period, the dispersion was not stirred

and the pH was allowed to fluctuate. At 144 h, the solution-

incubated hydrolysate was poured into PTFE-coated aluminum

foil and dried to �85% solids content under a fume hood at

room temperature (RT).

Method 3: THGd reduced with b-mercaptoethanol (THGd-

BME). After 24 h of hydrolysis by method 1, BME (41.2 mg, 2

eqiv. per mole S-S) was added to the THGd dispersion to

reduce the sulfur–sulfur bonds.48 The reaction continued for an

additional 48 h to reach the 72 h total hydrolysis time. The

moles of SAS bonds in the protein were calculated using the

Gd sequence from UniProt (P04721). At 72 h, the hydrolysate

was poured into PTFE-coated aluminum foil and dried to

�85% solids content under a fume hood at room temperature

(RT).

Compounding. All hydrolyzed protein was compounded into

IR in 30 g batches on a Prep-Center with an internal mixing

head (Brabender, Hackensack, NJ) using typical rubber com-

pounding conditions of 150 8C and 30–60 rpm. The concentra-

tion of THWG or THGd hydrolysate was systematically varied

from 5% to 30% w/w. The hydrolysate was approximately 85%

solids with the remainder being residual water. This was deter-

mined by running thermogravimetric analysis (TGA) on the

hydrolysate after drying under the hood and then after remov-

ing all water by vacuum drying for 7 days. IR was mixed for

30 s prior to adding the protein hydrolysate. Composite com-

pounding times ranged from 1–15 min after addition of the

protein. The water in the hydrolysate evaporated upon intro-

duction to the internal mixing head. A 30 g batch of as-received

NR was compounded at 60 rpm for 15 min.

Rheology. Unvulcanized rubber composites were pressed for

approximately 30 s with 1000 lb force using a Carver bench top

manual press. Flattened samples were equilibrated for 2 min

under ambient conditions, followed by a stress sweep from 100–

1000 Pa at 1 Hz, equilibrated for an additional 2 min, then a

frequency sweep from 0.1 to 100 Hz at 150 Pa was conducted

with 25 mm parallel plates (AR2000, TA Instruments, New Cas-

tle, DE). A fixed gap of 3.2 6 0.2 mm was maintained. The stor-

age modulus (G0) and the loss modulus (G00) were measured in

the dynamic rheology experiment. The G0 and loss tangent (tan

d5 G00/ G0) were reported. Replicate runs of NR and IR con-

trols and 17% THWG and THGd composites were conducted

and no change in flow behavior was observed.

Fourier Transform Infrared (FTIR) Spectroscopy. Spectra were

acquired from 4000–525 cm21 with 128-scans at a resolution of

4 cm21 on a Nicolet 6700 equipped with a Smart Orbit attenu-

ated total reflectance (ATR) diamond crystal (Thermo Fisher

Scientific Inc., Madison, WI). Spectra were collected in triplicate

for each compound and a standard error was calculated from

the absorbance average at a specific wavenumber. Spectra were

analyzed using OMNIC v. 8.1.0.10 software.

Scanning Electron Microscopy with Energy Dispersive X-ray

Spectroscopy (SEM-EDX). Samples were freeze fractured in liq-

uid nitrogen then sputter-coated with 5 nm iridium at a 458

angle. Scanning electron micrographs were imaged using a FEI
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Quanta 600 FEG environmental SEM equipped with a Bruker

EDX Silicon Drifted Detector (Thermo Fischer Scientific, Wal-

tham, MA). Backscattered electron (BSE) images were obtained

with a 12.4 mm working distance and 10 kV accelerating volt-

age. During imaging, the electron beam induced rubber relaxa-

tion which cracked and puckered the iridium coating. While

some surface features were obscured by the cracking phenome-

non, the elemental distribution was unaffected. Therefore, ele-

mental maps were used to identify protein aggregation within

the sample. Oxygen was exclusive to the protein phase and any

Z-contrast arising from oxygen identified the protein phase. A

corresponding decrease in the carbon signal intensity confirmed

a protein phase domain. Protein aggregates smaller than 1 lm2

could not be resolved by the EDX detector. Measurements of

the size of protein aggregates were made using ImageJ software.

Thermal Characterization. Differential scanning calorimetry

(DSC, Q1000, TA Instruments, Waltham, MA) was performed

on unvulcanized compounds. Samples (16–17 mg, TZero alumi-

num pans) were subjected to a cool-heat-cool-heat cycle from

290 to 90 8C at 10 8C/min. The first heating cycle was reported.

Thermogravimetric analysis (TGA) of the samples (16–17 mg,

alumina sample cups) was performed on a SDT-Q600 Simulta-

neous TGA/DSC (TA Instruments, New Castle, D-E) at 10 8C/

min from 25 to 600 8C in a nitrogen atmosphere.

RESULTS AND DISCUSSION

Composite Thermal Properties

The glass transition temperature (Tg) of the IR phase remained

constant at 261 8C in both the controls and composites, and

was also unaffected by the compounding time and speed and

the protein concentration (Figure 1). At higher protein loadings,

there was evidence of a second step transition induced by the

protein phase, most likely a protein Tg. This was most apparent

for the 30% THGd composite, but smaller transitions appeared

in the 17% THGd composites, particularly in the 17% THGd-

SA compounds. This transition was broader than the IR Tg and

the transition midpoint occurred between 27 and 20 8C and

varied between composites. Protein Tgs are complex and are

affected by degree of aggregation, as well as molecular weight,

protein-polymer interactions, and the presence of plasticizers.55

The magnitude and temperature at which the thermal transi-

tions occurred remained the same for both heating cycles of a

given sample, and only the first heat was represented graphically

in Figure 1. The TGA data in Figure 2 showed two discrete deg-

radation events: one for the protein centered at 270 8C (Figure

2, inset) and one for the IR centered at 380 8C. The IR degrada-

tion did not shift to lower temperature with the addition of

rubber. Both the DSC and TGA data suggested that the protein

and rubber existed as two separate phases.

Protein Concentration: Effect on Properties

The storage modulus, G0, of the composite compounds was

increased at hydrolyzed protein concentrations of 10 wt % or

greater [Figure 3(a)]. As THWG or THGd concentration

increased, modulus increased. At 30 wt % THGd, G0 exceeded

that of NR compounded at the same conditions. It was hypoth-

esized that the rigid b-sheet nanostructures were responsible for

the reinforcement of the IR matrix. The relative protein b-sheet

content in each compound was quantified by FTIR spectros-

copy. To describe the protein b-sheet content in the composite

with respect to a fixed concentration of IR, the absorbance peak

at 1620 cm21 was compared to the absorbance peak at

1375 cm21 (Figure 4). b-sheets appeared in the 1605–

Figure 1. DSC thermograms for controls and composites compounded at

150 8C. The thermograms were stacked in the order given in Table I,

where the top samples (black lines) were compounded at 60 rpm for 15

min and the bottom samples (green lines) were compounded at 30 rpm

for 5 min. [Color figure can be viewed at wileyonlinelibrary.com]

Figure 2. TGA weight loss (dashed lines) and the first derivative of the

weight loss with respect to temperature, dW/dT (solid lines), for controls

and composites compounded at 150 8C. Inset: Major protein degradation

event from 235–320 8C. [Color figure can be viewed at wileyonlinelibrary.

com]
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1635 cm21 region of the Amide I absorbance peak, with the

1620 cm21 absorbance peak indicative of high density (HD) b-

sheets in amyloids.56 The 1620 cm21 absorbance peak was

resolved from the rubber absorbance peak at �1660 cm21

(C@C), so it did not convolute the interpretation. A strong sig-

nal at 1375 cm21 was attributed to ds(CH3) found in synthetic

polyisoprene rubber.57 Therefore, the ratio of 1620 cm21/

1375 cm21 described the amount of aggregated b-sheets in the

protein phase relative to IR in the composite. While it was not

possible to measure the total amount of protein converted to b-

sheet relative to the original amount, it was possible to show

the amount of b-sheets in the protein portion of the composites

relative to the IR portion. The total b-sheet content increased

with protein concentration, suggesting that b-sheets contributed

Figure 3. (a) Log-log plot of storage modulus, G0, versus angular fre-

quency for control and composites compounded at 150 8C, 60 rpm, and

15 min. (b) Loss tangent, tan d, versus angular frequency. [Color figure

can be viewed at wileyonlinelibrary.com]

Figure 4. FTIR spectra of IR control, fully aggregated THGd, and compo-

sites compounded at 150 8C at various conditions. The 1665 cm21 (C@C)

and 1375 cm21 ds(CH3) absorbance peaks originated in IR while b-sheets

at the 1620 cm21 m(C@O) absorbance peak originated in aggregated pro-

tein. The spectra were normalized to constant IR content at the

1375 cm21 ds(CH3) absorbance peak. [Color figure can be viewed at

wileyonlinelibrary.com]

Figure 5. Correlation between storage modulus, G0, at 1 Hz (56.28 rad/s)

and high density b-sheet content relative to IR. All compounds were pre-

pared at 150 8C Compounding conditions and numerical data used to

produce the graph are contained in Table I. [Color figure can be viewed

at wileyonlinelibrary.com]
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to IR reinforcement. In fact, there was a strong correlation

between G’ and the amount of b-sheet protein secondary struc-

ture in the composite and this was independent of protein com-

position, protein preparation, and the composite processing

method (Figure 5 and Table I). Cellulose whiskers and nano-

crystals are other natural biopolymer nanostructures that have

been used to reinforce natural rubber. Those composites also

showed no change in Tg upon introduction of the filler to the

NR. Modulus increased 100%–900% at 7.5–10 wt % whisker

content.17 Swelling of unvulcanized and lightly vulcanized NR

decreased by over 100% when chitin whiskers were added at 20

wt %, which would be indicative of a modulus increase. Cellu-

lose nanocrystals increased the storage modulus of unvulcanized

NR by up to 195 MPa depending on the nanocrystal prepara-

tion conditions and loading.26 The modulus increases observed

here were more modest probably because of the presence of

unassembled protein.41,45

To confirm that protein aggregates were present in the compos-

ite, EDX was first used to resolve the protein phase from the

rubber phase. In areas with high oxygen content, i.e., protein,

the SEM images showed a surface morphology dominated by

smooth, bright globular structures. This morphology was con-

sistent with high oxygen content across all composites imaged.

The globules were generally surrounded by striations, or pucker-

ing, in the surface, consistent with a relaxing rubber phase (Fig-

ure 6). The striations were most apparent in the composites

compounded at 60 rpm, where shear forces would theoretically

induce greater chain scission and a more severe relaxation phe-

nomenon. A distribution of globule sizes was apparent in many

of the composites, with the smallest visible globules on the

order of 100–300 nm in diameter.

Protein Composition: Effect on Properties

To investigate the protein structures responsible for this rein-

forcing effect, two different fillers were used: THWG and

THGd. At 17% loading, THGd increased the composite G0

more than THWG in the high frequency region [Figure 3(a)].

The increased modulus in the high frequency region occurred

in the THGd composite, which had slightly lower b-sheet con-

tent (Table I). Therefore, there may be other factors that con-

tribute to the modulus, particularly at high frequency where the

complex modulus [G*5(G02 1 G002)1/2] behavior approaches the

rubbery plateau.58 Wheat gluten was composed of three full

proteins: gliadin (Gd, UniProt P04721, 0.49 mole fraction,

30,403 g/mol), high molecular weight glutenin (GtH, UniProt

P08488, 0.06 mole fraction, 70,867 g/mol), and low molecular

weight glutenin (GtL, UniProt P10386, 0.45 mole fraction,

34,928 g/mol). We have previously shown that GtL and GtH get

hydrolyzed to different lengths compared to Gd with some

hydrolysis resistant fractions remaining in the hydrolysate.59–61

Table I. Storage Modulus (G0) and b-Sheet Content

Compound, compounding speed,
compounding time G0 @ 1 Hz (Pa)

b-Sheet to rubber ratio from
FTIR (1620 cm21/1375 cm21 6

standard error)

IR control, 60 rpm, 15 min 99,475.2 0.096 6 0.011

5% THWG, 60 rpm, 15 min 92,813.2 0.285 6 0.004

10% THWG, 60 rpm, 15 min 114,115 0.344 6 0.020

17% THWG, 60 rpm, 15 min 146,848 0.543 6 0.019

17% THGd, 60 rpm, 15 min 150,984 0.431 6 0.029

30% THGd, 60 rpm, 15 min 231,746 0.636 6 0.021

17% THGd1BME, 60 rpm, 15 min 120,440 0.440 6 0.009

IR control, 30 rpm, 5 min 201,896 0.097 6 0.011

17% THGd, 30 rpm, 5 min 251,138 0.843 6 0.026

17% THGd - SA, 30 rpm, 5 min 334,190 1.462 6 0.027

The values are given by the FTIR absorbance peak intensity ratio of 1625 cm21/1375 cm21, for protein-rubber composites prepared under different
parameters.
All samples were compounded at 150 8C.
Table I was used to construct Figure 5.

Figure 6. SEM micrograph of 30% THGd composite compounded at

60 rpm, 150 8C, 5 min. The arrows identify the protein phase, with some

of the smallest visible aggregates circled.
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In other words, THWG contained more high molecular weight

fraction proteins. Although the THWG composite had more

protein molecules assembled into b-sheets, there were enough

unassembled high molecular weight proteins contributing to the

modulus response as the transition to the rubbery plateau was

much earlier for the THWG composite than for the THGd

composite. The frequency transition to the rubbery plateau, x*,

can be considered a measure of the overall relaxation time, s
�1/x*, of the polymer molecules and scales with the weight

average molecular weight, Mw, as s�M3:4
w .62 Therefore, the 17%

THWG compound had a longer overall relaxation time than the

17% THGd compound most likely from the higher molecular

weight fraction components from wheat gluten.

The loss tangent, tan d, defined as the loss modulus over the

storage modulus, characterized the elastic storage capacity of

the composite. From Figure 3(b), the general trend was that as

protein concentration increased, the composite tan d decreased.

This was indicative of more elastic storage and less viscous dis-

sipation of the applied strain energy. However, at the same

loading, the 17% THWG compound had a lower loss tangent

than the 17% THGd compound and it approached the loss tan-

gent of the 30% THGd compound. Wheat gluten is known to

be a highly elastic protein with the elasticity originating in the

highest molecular weight fractions.63,64 The longer overall relax-

ation time and lower loss tangent data implied that residual

high molecular weight protein contributed to these properties.

The 17% THWG and 30% THGd compounds approached the

loss tangent values for NR especially at high frequency. NR is

valued for its high elasticity and low viscous dissipation and the

presence of protein is known to contribute to these properties.27

Effect of SAS Bonds in THGd

Sulfur–sulfur bonds between cysteine amino acids in THGd

were reduced by BME according to Method 3 and compounds

were mixed at 150 8C, 60 rpm, and 15 min. The composite with

reduced SAS bonds (THGd-BME) exhibited a lower complex

modulus than the THGd composite, suggesting that SAS bonds

were important to protein reinforcement of rubber. SAS bonds

did not affect THGd b-sheet formation since THGd-BME and

THGd had comparable b-sheet content at the same compound-

ing conditions (Table I). In this case, SAS bonds may be

between unassembled protein chains or between regions con-

taining b-sheet structures. Disulphide bonds have been shown

to stabilize large protein aggregates through intermolecular

crosslinking.65,66 Unlike the unassembled higher molecular

weight protein molecules that seemed to plasticize THWG, the

SAS bonds must have formed larger networks of protein mole-

cules and b-sheets that acted to reinforce the composite struc-

ture such that removing them decreased the reinforcement.

Solution-Aggregation of THGd: Effect on Composite

Properties

Protein aggregation into b-sheet nanostructures is a facile and

straightforward process.67 The successful compounding of

hydrolyzed THWG and THGd into IR with resulting reinforce-

ment showed that this simple biological process could be

adapted to a polymer processing application. In another prepa-

ration method, THGd was pre-aggregated in solution into b-

sheet nanostructures (denoted as THGd-SA) prior to com-

pounding. THGd-SA, prepared according to Method 2, achieved

the highest composite modulus, as well as the largest b-sheet

content (Figure 7 and Table I). However, the increased b-sheet

content did not translate to a lower viscous dissipation. Clearly,

there were other factors that should be controlled for less

Figure 7. G0 (open symbols), and tan d (solid symbols), for control and

composites compounded at 150 8C, 30 rpm, and 5 min. [Color figure can

be viewed at wileyonlinelibrary.com]

Figure 8. FTIR for control and composites investigating the development

of protein hydrogen bonding on amines using the amine stretching absor-

bance peak, m(NH). [Color figure can be viewed at wileyonlinelibrary.

com]
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viscous dissipation, such as the incorporation of unassembled

high molecular weight protein fractions, as noted above.

Solution aggregation of THGd resulted in stronger Amide I

(1700–1600 cm21) and Amide II (1600–1500 cm21) absorbance

peaks than the composites that were not solution aggregated

(Figure 4). The Amide I region described the state of backbone

carbonyl stretching m(C@O) and the Amide II region described

the d(NAH) and m(CAN) modes of the protein backbone and

amino acid side chain amines.68–71 After 5 min of compounding

at 150 8C and 30 rpm, the FTIR spectrum of 17% THGd-SA

largely resembled the unprocessed, fully-aggregated THGd with

both having very strong b-sheet absorbance peaks. After 15 min

of compounding, the Amide I and II absorbance peaks in 17%

THGd-SA decreased, but were still greater than 17% THGd at

any compounding time. The decrease in the Amide II absor-

bance peak for 17% THGd-SA with compounding time was

coupled with a shift to higher wavenumber, which may have

indicated decreased hydrogen bonding on the protein backbone

(an increase in vibrational energy).72 It was difficult to say con-

clusively since there are contributions from the side chain and

the main chain amines in Amide II, which is why it is not as

sensitive an indicator of protein secondary structure as Amide

I.73 Concurrently, the b-sheet region in the Amide I absorbance

peak around 1620–1635 cm21 lost intensity while intensities

greater than 1650 cm21 gained intensity, suggesting loss of b-

sheets in favor of other structures with compounding time.

In the amine stretching, m(NH), region around 3300 cm21, 17%

THGd-SA increased in wavenumber with compounding time

(Figure 8), suggesting a loss of hydrogen bonding coincident

with the breakup of self-assembled protein structures (Figure

4). Whereas the 17% THGd compound did not show much

change in Amide I and II with compounding time (Figure 4),

m(NH) shifted to lower wavenumber with compounding time

(Figure 8). This suggested that protein secondary structure was

not affected by compounding time, but that the amine side

chains started hydrogen bonding with increased compounding.

Since the most abundant amino acids in THGd were glutamine

(Q) and proline (P) amino acids, at 35.1% and 13.7%, respec-

tively, it was possible that these were the sites of the increased

hydrogen bonding. Unlike THGd-SA, where b-sheets formed in

water through a known, thermodynamically favorable hydro-

phobic mechanism,48 assembly mechanisms in THGd may form

Figure 9. Macroscopic view of (a) 17% THGd and (b) 17% THGd-SA compounds prepared at 150 8C, 30 rpm, and 5 min. Time-dependent morpholog-

ical development of (c) 17% THGd and (d) 17% THGd-SA during compounding at 150 8C, 30 rpm, for 1, 3, and 5 min. SEM images (top row) and

corresponding EDX oxygen maps (bottom row). [Color figure can be viewed at wileyonlinelibrary.com]
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structures differently in the hydrophobic IR environment. As

compounding proceeded, existing b-sheets in THGd-SA began

to break up. In contrast, individual protein chains and existing

b-sheets in THGd randomly aggregated through amino acid

side group hydrogen bonding in the hydrophobic IR

environment.

It was clear that protein aggregation in solution prior to com-

pounding resulted in highly reinforcing nanostructures that per-

sisted during compounding. While solution aggregating the

protein into b-sheets prior to compounding had maximized b-

sheet formation and modulus, it had also adversely affected

processability. THGd-SA was difficult to disperse, which was

typical of nanofillers in general. Upon addition into the com-

pounder, THGd-SA coated the rubber surface, causing the

mixer blades to rotate past one another without shearing the

material. With manual intervention, moderate mixing was

obtained after 5 min. However, continued mixing beyond 5 min

caused the sample to darken in color, indicating degradation.

Compared with THGd at the same compounding time, com-

pounds containing THGd-SA were more heterogeneous in

appearance, indicating poor protein structure dispersion (Figure

9). This was macroscopic evidence of the molecular phenomena

observed in FTIR spectroscopy. Compounding moderately dis-

persed, but broke apart, the large pre-aggregated b-sheet struc-

tures in 17% THGd-SA while encouraging the unaggregated

structures in 17% THGd to interact in a more random way, i.e.,

through amino acid side chain hydrogen bonding rather than

the systematic main chain hydrogen bonding characteristic of

b-sheet formation.

The above findings were corroborated by SEM elemental maps.

SEM images and complementary EDX oxygen maps for 17%

THGd and 17% THGd-SA after 1, 3, and 5 min at 150 8C and

30 rpm showed that the dispersion of the solution-aggregated

protein was delayed compared to the non-solution-aggregated

protein (Figure 9). After 1 min of compounding, both samples

showed the presence of isotropic protein agglomerates greater

than 10 mm in size. Beyond the first minute, the protein disper-

sion in 17% THGd and 17% THGd-SA differed. After 3 min of

compounding 17% THGd, large agglomerates became smaller

isotropic aggregates a few lm in size and, by 5 min, the protein

was evenly dispersed as circular aggregates less than 1 lm in

size. Conversely, in 17% THGd-SA, agglomerates larger than 10

lm persisted until 5 min of compounding. This result con-

firmed that compounding effectively dispersed THGd in IR, but

that aggregated protein required more energy to achieve a

homogeneous state.

Collectively, the molecular structure from FTIR, molecular mor-

phology from SEM-EDX, and visual observations of the macro-

scopic compound showed evidence that well-aggregated protein

b-sheet structures, or amyloids, could remarkably survive very

harsh temperature and shear conditions. The temperatures

encountered were well above those where hydrogen bonding

would be weakened or possibly eliminated.74 Amyloids have

shown high stability to organic solvents and high temperature

and pressure conditions. b-sheets have been shown to be more

thermally stable than other protein secondary structures because

of the shorter bond length between protein chains.75–79 The

amyloids formed here from wheat gluten proteins were no dif-

ferent and were shown to be amenable to rubber compounding

conditions.

CONCLUSIONS

Self-assembling proteins were dispersed and aggregated in syn-

thetic polyisoprene rubber during compounding to form nano-

composites. Composite moduli and protein b-sheet content

increased with increasing protein concentration. Trypsin hydro-

lyzed gliadin (THGd) protein–rubber composites exhibited a

higher modulus in the high frequency region than trypsin

hydrolyzed wheat gluten (THWG) protein–rubber composites.

Reducing the number of sulfur–sulfur bonds in THGd with b-

mercaptoethanol (BME) decreased the storage modulus but did

not alter the b-sheet content, suggesting that S-S bonds played

a role in holding protein molecules and/or b-sheets together.

The modulus and b-sheet content was increased with solution-

aggregation of THGd prior to compounding, but the solution

aggregated protein caused compounding difficulty. Scanning

electron microscopy with energy dispersive x-ray spectroscopy

(SEM-EDX) results confirmed that THGd could be optimally

dispersed within 5 min of compounding but large protein

agglomerates remained in the solution aggregated protein

(THGD-SA)-rubber composites at the same conditions. The

primary rubber glass transition temperature (Tg) and degrada-

tion temperature were unchanged by the addition of protein

indicating the protein and rubber existed as discrete phases and

were weakly interacting at most.
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ABSTRACT 

 An optimized set of processing parameters were determined for trypsin hydrolyzed gliadin 

protein (THGd, from wheat) and synthetic isoprene rubber (IR) composite compounds. The 

compounding temperature, time, and shear dependency of the THGd:IR compounds were 

investigated with rheology, Fourier transform infrared spectroscopy (FTIR), and scanning electron 

microscopy with energy dispersive x-ray spectroscopy (SEM-EDX). Individual protein aggregates 

measuring ~64x280 nm, with a length-to-width aspect ratio of ~4.3, were agglomerated within the 

IR matrix, as measured in SEM-EDX micrographs. A higher compounding temperature (T=150 

°C) was favorable for good protein aggregate dispersion and deagglomeration, which resulted in 

IR reinforcement, as demonstrated by up to a 65% increase in storage modulus (G’). The tan δ was 

lowered by the addition of the THGd protein to IR, indicating less mechanical energy was lost as 
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heat in the composites. As the compounding speed, i.e., shear rate, was increased from 30 to 60 

rpm at constant temperature (T=150°C), the average agglomerate size and G’ were minimally 

affected, but the loss tangent (tan δ) was increased, indicating an increase in IR degradation with 

shear rate. By drying the THGd hydrolysate at a slower rate or to a greater solids content, the 

composite G’ was increased and tan δ was decreased. In the slow-dried THGd hydrolysate, protein 

aggregates were less resistant to breakup during processing, indicating that the protein preparation 

was an important processing parameter. 

INTRODUCTION 

 Biological fillers for polymer composites offer many benefits, including cost reduction, 

environmental sustainability and recyclability, lower density, and the possibility of diverting 

material from the agricultural waste stream.1 Not all biological fillers are equally sustainable and 

some, such as cotton, have high land and pesticide usage, which decrease sustainability.2 

Furthermore, some biological fillers have been shown to have inferior properties, require low-

processing temperatures, exhibit poor filler-polymer adhesion, or have a shortened composite life 

cycle compared to synthetic fillers.2, 3 For a biological filler to be industrially viable it must 

maintain or exceed the properties of the synthetic filler, be relatively low cost, and be processable 

with industry standard methods. Thus, it is important to understand the biofiller-polymer 

composite properties as a function of processing conditions. 

 Biological fillers typically begin to degrade between 150 and 220 °C, which restricts the 

type of processing conditions as well as the type of polymer matrices that can be used to those 

with low thermal transitions.3, 4 Synthetic polyisoprene rubber (IR) is a polymer matrix that is a 

melt, i.e., viscous polymer liquid, at room temperature and is typically processed at temperatures 

≤ 150 °C.5 Thus, IR represents an ideal matrix for use with biological fillers. Approximately 60-



47 
 

70% of worldwide rubber consumption is relegated to tire applications.6, 7 Commonly investigated 

biofillers for rubber tires include cellulose nanofibers, bio-silica, and lignin, amongst others.8-11 

The use of compatibilizers with hydrophilic natural fibers/fillers is common. In addition to natural 

rubber, bio-based elastomers have been synthesized and offer the possibility of a completely 

“green” tire where both the filler and polymer matrix have biological origins.12 Since end-of-life 

applications for scrap tires can include granulation and use as infill for synthetic turf, the desorption 

of volatile filler compounds from the rubber matrix is also of concern.13  

 The automotive industry is interested in new materials that will reduce weight, thereby 

improving fuel efficiency and reducing CO2 emissions.14, 15 Additionally, legislation from the 

European Union and some Asian countries specify end-of-use guidelines that require a high 

percentage (95% target) of automotive parts to be reusable or recyclable.16, 17 Natural fibers, such 

as bamboo, cotton, flax, jute, pineapple, and sugarcane bagasse, have been incorporated into 

composites primarily used in the automotive interior.2, 18 Lignocellulosic natural fibers can be 

incorporated into rubber using standard processing techniques.19 However, the most common 

rubber reinforcing fillers are carbon black (CB), which is petroleum-based and non-degradable, 

and silica (clay), which can be difficult to disperse in rubber.20 Additionally, to effectively 

reinforce rubber, CB and silica must be present in high quantities, typically 50-70 parts per hundred 

rubber (phr).21  

 Conventional manufacturing of rubber involves either a two-roll mill or internal mixer to 

compound fillers into rubber. Curing or thermosetting processes include compression molding, 

injection molding, and extrusion. In cured rubber, reinforcement results in improved stiffness and 

hardness, as well as improved resistance to abrasion, tear, cutting, and rupture.22 In the uncured 

compounds, reinforcing fillers can have a significant effect on flow properties. To achieve optimal 
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reinforcement, aggregate size and size distribution, surface area, and dispersion must be 

optimized.23 Processing-induced flow is an important mode of dispersing and deagglomerating 

filler particles in filled-polymer systems. Three types of flow-induced dispersion have been 

studied: 1) agglomerate rupture, which occurs when the applied hydrodynamic stress is greater 

than the agglomerate cohesive strength, 2) erosion of small filler fragments from the agglomerate 

surface, and 3) collision-induced fragmentation.24 Modeling of these dispersion mechanisms 

shows a linear shear rate dependency.24, 25 Thus, shear rate is another important processing 

parameter to consider. 

 Wheat proteins can aggregate into larger structures. The aggregation behavior can be 

controlled to encourage the formation of preferred structures, resulting in designed functional 

nanomaterials with high moduli on the order of GPa.26-28 Under denaturing conditions in aqueous 

solution, proteins hierarchically self-assemble into supramolecular structures consisting of 

perpendicularly stacked rigid β-sheet nanostructures. The conversion of low-density random coil 

(RC) structures to α-helical intermediates, then into high density β-sheet structures, is thought to 

be the universal aggregation pathway for many proteins.29-31 A pair of stacked β-sheets is the 

elementary “particle” from which larger structures form. In aqueous solution, hydrophobic 

interactions drive the packing of β-sheet structures into larger oligomeric or fibrillar structures.32, 

33 α to β transitions have also been shown to occur spontaneously at air-water interfaces due to 

hydrophobic interactions with the gas phase.34 Protein unfolding and refolding is a dynamic 

process which is heavily impacted by external conditions.  A change in protein secondary structure 

has been shown to result from 1) pressure, 2) an increase in conformational entropy with heat 

application, 3) pH changes, 4) the introduction of denaturants, such as alcohols, 5) increasing salt 

concentration and, 6) interfacial denaturing conditions.34-36 
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 The self-assembly of trypsin hydrolyzed wheat gluten (THWG) proteins in aqueous 

solution,28, 29, 37-39 in an aqueous polymer environment,40 and in a hydrophobic IR environment41 

has been previously studied. The focus of these studies was to confirm the existence of β-sheet 

aggregated structures from gliadin (Gd, a component protein of wheat gluten) and optimize the 

self-assembly process. Here, the composite processing was optimized to maximize the 

reinforcement potential, while minimizing the viscous losses, of a self-assembled wheat protein 

filler in a rubber composite. This was done largely by optimizing the dispersion of protein in a 

synthetic isoprene rubber (IR) matrix using typical rubber compounding techniques. The 

compounding time, temperature, and speed were varied. The protein batch preparation was also 

varied and the effect of the protein aggregate structure on the composite processing was 

determined.  

EXPERIMENTAL 

MATERIALS 

 Gliadin from wheat (Gd), trypsin enzyme (Type I from bovine pancreas), and slab synthetic 

polyisoprene rubber (IR, 97 % cis-1,4-polyisoprene) were purchased from Sigma-Aldrich (St. 

Louis, MO).  

METHODS 

 Protein preparation: trypsin hydrolyzed gliadin (THGd). — An aqueous dispersion of Gd 

(20 g in 800 mL H2O) was hydrolyzed by trypsin enzyme (0.3 g) according to a previously used 

procedure.41 The dispersion was gently stirred for 72 h at 37 °C and pH 8 to completely 

hydrolyze the protein without aggregating the peptides.28, 38  At 72 h, the THGd hydrolysate was 

poured into polytetrafluoroethylene (PTFE)-coated trays and dried under a fume hood at room 

temperature (RT). Three different protein batches were prepared by varying the drying time and 

% solids in the THGd filler. Protein batches P1 and P3 contained 85% solids and differed in their 
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drying time; P1 was dried for 13 days and P3 was dried for 29 days. The residual water content 

was kept consistent in P1 and P3 by wrapping the protein trays in several layers of plastic wrap. 

The additional drying time for P3 was intended to increase the aggregation of THGd peptides 

into β-sheets and potentially larger structures, similar to a solution aggregation procedure used 

previously.40, 41 Protein batch P4 contained 97% solids and was air dried at an accelerated rate by 

increasing the surface area of the tray. The total drying time for P4 was 5 days. The protein 

drying time (td) and % solids for P1, P3, and P4 batches are summarized in Table I, along with 

the composite compounding conditions. 

 Compounding. — THGd:IR composite compounds (40 g) were prepared using the 

following compounding temperatures and speeds: 1) 105 °C and 30 rpm, 2) 150 oC and 30 rpm, 

and 3) 150 °C and 60 rpm (Brabender Prep-Center with internal mixing head, Hackensack, NJ) 

(Table I).  IR was mixed for 30 s prior to adding THGd.  Composite compounding times ranged 

from 1-5 min after addition of the protein and 2 g of compounded material was removed every 

minute for further characterization.  The temperature range (105-150 °C) was chosen so that 

residual water in the hydrolysate evaporated upon introduction to the internal mixing head. 

 Rheology. — Unvulcanized rubber composites were pressed under 35 kPa of pressure for 

30 min prior to rheological testing.  Rheological properties were characterized on AR2000 and 

DHR3 rheometers (TA Instruments, New Castle, DE) using 25 mm parallel plates with a fixed 

gap of 3 mm.  Flattened samples were equilibrated for 3 min under ambient conditions then a 

stress sweep from 100-1000 Pa at 1 Hz was conducted to find the linear viscoelastic region.  The 

samples were then equilibrated for an additional 3 min and a frequency sweep from 0.1 to 100 

Hz at 150 Pa was conducted in the linear viscoelastic region.  The storage modulus (G’) and loss 

tangent (tan δ= G”/G’) are reported where G” is the loss modulus.  
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 Fourier transform infrared (FTIR) spectroscopy. — Attenuated total reflectance (ATR) 

FTIR spectra were acquired from 4000-525 cm-1 with 128-scans at a resolution of 4 cm-1 

(SmartOrbit Nicolet 6700, Thermo Fisher Scientific Inc., Madison, WI).  Spectra were collected 

in triplicate for each compound and a standard error was calculated from the absorbance average 

at a specific wavenumber. A 2-point baseline correction was manually performed using OMNIC 

v.8.1.0.10 software by setting the absorbances at 3800 and 1850 cm-1 to zero, which were regions 

where neither the THGd nor IR produced an absorbance.42  

 Scanning electron microscopy with energy dispersive X-ray spectroscopy (SEM-EDX). — 

Compounds were fractured using liquid nitrogen, then sputter-coated with 5 nm iridium at a 45 ° 

angle.  Micrographs were obtained with a 12.4 mm working distance and 10 kV accelerating 

voltage (FEI Quanta 600 FEG environmental SEM with a Bruker EDX Silicon Drifted Detector, 

Thermo Fisher Scientific, Waltham, MA).  Rubber relaxation during imaging caused the iridium 

coating to crack and pucker, observable as black lines and striations in the SEM images.  While 

some surface features were obscured by the cracking phenomenon, the elemental distribution 

was unaffected.  Oxygen was exclusive to the protein phase and any Z-contrast arising from 

oxygen identified the protein phase.  A corresponding decrease in the carbon signal intensity 

confirmed a protein phase domain.  Protein aggregates smaller than 1 μm2 could not be resolved 

by the EDX detector but could be distinguished as bright areas in the backscatter electron (BSE) 

micrographs using a BSE detector. Therefore, EDX elemental maps and BSE micrographs were 

used in conjunction to identify protein dispersion and aggregate morphology.  Protein aggregates 

and agglomerates were measured using ImageJ software. Measurements were made in BSE 

micrographs of the fracture surface at four magnifications (100x, 500x, 1000x, 5000x). The 

agglomerate sizes did not follow a normal distribution and so outliers were removed. Outliers 
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were defined as any measurements that fell below Q1-1.5*IQR or above Q3+1.5*IQR, where Q1 

and Q3 were the first and third quartile, respectively, and IQR was the interquartile range. A 

mean agglomerate length (L), width (w), and aspect ratio (AR=L/w), were calculated for the 

remaining measurements and reported with standard error. 

RESULTS AND DISCUSSION 

RHEOLOGICAL PROPERTIES AS A FUNCTION OF PROCESSING CONDITIONS 

 The effect of the processing parameters, such as compounding speed, time, and 

temperature, on the IR controls and THGd:IR composites was evaluated. In the IR control 

compounded at 150 °C and 30 rpm, i.e., IR(150/30), storage modulus (G’) decreased and tan δ 

increased as a function of compounding time (Figure 1). The decrease in G’ with compounding 

time was most pronounced at low angular frequencies (ω < 5 rad/s), and was nearly negligible at 

high values of ω. The loss of stiffness and increase in the loss tangent, i.e., viscous dissipation, 

with compounding time was indicative of rubber degradation or loss of molecular weight through 

a chain scission mechanism.43, 44 Degradation in the IR control was increased with compounding 

speed and temperature, leading to a lower G’ and higher tan δ (Figure 2). In the IR control 

compounded for 5 minutes at high temperature (150 °C) and speed (60 rpm), i.e., IR(150/60), the 

G’ was the lowest and tan δ was the highest of the IR controls (Figure 2). As temperature and 

speed were lowered to 105 °C and 30 rpm, the IR(105/30) control G’ was increased and tan δ 

decreased.  For the composites compounded at an elevated temperature of 150 °C, i.e., THGd-

P1(150/30), THGd-P4(150/30), THGd-P1(150/60), and THGd-P3(150/60), THGd had a 

reinforcing effect on the IR modulus.41  However, compounding of the filled system at a low 

temperature of 105 °C, i.e., THGd-P1(105/30), resulted in a modulus decrease with the addition 

of the protein to the rubber matrix. This has been shown to occur in systems where the filler 
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aggregate size is large.45 Since minimal rubber degradation was observed for low temperature 

compounding of the IR(105/30) control, the modulus decrease in the THGd-P1(105/30) composite 

could have resulted from poor dispersion of the THGd phase through the high molecular weight 

IR matrix. The morphology of the protein agglomerates in THGd-P1(105/30) and other composites 

was analyzed by SEM-EDX and corroborated this hypothesis (see section below: Morphological 

changes as a function of processing conditions.). It is well known that the rheological properties 

of filled rubbers are sensitive to filler volume fraction, structure, shape, dispersion, and surface 

properties.46  

 The effect of the compounding temperature (T) on the rheological properties of the 

THGd:IR composites was evaluated at a constant compounding speed of 30 rpm using the protein 

processing method, P1 (85% solids, td = 13 d) (Figure 3a). At a low compounding temperature of 

105 °C in the composite, G’ was increased and tan δ was decreased as a function of compounding 

time. This was opposite the behavior observed in the IR control (Figure 1). However, the G’ of the 

composite THGd-P1(105/30) at 5 min compounding was still inferior to the neat rubber 

compounded at T = 105 °C (Figure 2a). Conversely, at a high compounding temperature of T = 

150 °C, the rheological behavior of the THGd-P1(150/30) composite followed that of the IR 

control, where G’ generally decreased and tan δ increased as a function of compounding time. 

Thus, a shorter compounding time of 1-2 minutes was favorable to G’ and tan δ at a high 

compounding temperature (T = 150 °C), while a longer compounding time of 3-5 min was 

preferred at a lower compounding temperature (T = 105 °C). These results suggested that an 

interaction effect existed between the compounding time and temperature, i.e., one parameter was 

dependent upon the other. It is also important to note that only high temperature compounding 

resulted in a reinforced IR matrix. At a higher compounding temperature, where greater IR 
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degradation was observed, the addition of the THGd protein filler maintained the composite 

storage modulus, while a loss of properties in the IR matrix occurred. 

The effect of compounding speed on the rheological properties of the THGd:IR composites was 

evaluated at a constant temperature of 150 °C using protein processing method P1 (Figure 3b). 

Similar trends in modulus and tan δ were observed for compounding speeds of 30 and 60 rpm, 

where G’ generally decreased and viscous dissipation increased as a function of compounding 

time. A maximum G’ was observed after 2 minutes of compounding for both composites, i.e., 

THGd-P1(150/30) and THGd-P1(150/60).  Overall, the change in G’ as it related to compounding 

speed was minor compared to other processing-related changes in modulus. However, the change 

in tan δ as it related to compounding speed was significant, where a faster compounding speed 

increased viscous dissipation. Tan δ is an important parameter in tire rubber applications, where a 

low tan δ is necessary to reduce heat build-up in the tire, which lowers fuel economy.47 In all cases, 

the THGd:IR composites had lower viscous dissipation than the IR control compounded at the 

same speed and temperature (Figure 2b), which was a desirable result.48 Tan δ was mainly found 

to increase as a function of compounding temperature, time, and speed. The increase in tan δ was 

consistent with degradation in the rubber matrix because lower molecular weight IR chains 

increased the molecular mobility, allowing for more viscous dissipation.49, 50 Therefore, the 

addition of THGd protein was able to mitigate the unfavorable effects of processing on the IR 

phase, such as loss of storage modulus and increase in tan δ. The modulus was primarily affected 

by compounding temperature, with a lesser impact from compounding time and speed. For all 

compounds, regardless of compounding temperature and speed, the rheological properties 

decreased by 5 minutes of compounding. 
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 The protein preparation, i.e. batch P1, P3, or P4, was also influential on the modulus 

(Figures 2, 3c and 3d). By increasing the %solids, as in the case of P4 (97% solids, td = 5 d), or 

encouraging protein aggregation, as in the case of P3 (85% solids, td = 29 d), an increase in 

modulus and decrease in viscous dissipation was observed. An increase in protein aggregation was 

achieved by allowing THGd-P3 to “self-assemble” in aqueous solution (85% solids) for an 

additional 16 days at room temperature (compared to P1, 85% solids, td=13 d).  

 The ease of compounding was affected by the protein batch preparation. A decrease in the 

residual water content and a higher %solids in the filler (P4, 97% solids, compared to P1, 85% 

solids) improved ease of compounding. THGd-P4 protein was incorporated into the IR phase 

readily and good mixing was achieved upon introduction of THGd into the compounder. The 

increase in residual water in the P1 protein increased the mixing difficulty, and THGd-P1 initially 

coated the rubber surface without any mixing/shearing occurring during the first minute, which is 

why the storage modulus for THGd-P1(150/30) was similar to the IR(150/30) control (Figure 3c). 

The aggregated P3 protein batch (85% solids, td=29 d) was the most difficult to incorporate into 

IR, even with high temperature (T = 150 °C) and shear (60 rpm) conditions. To achieve good 

mixing, the THGd-P3(150/60) composite compound was removed and re-fed into the mixing bowl 

during the first 2 minutes until shearing was observed. Despite the processing difficulties, the final 

properties of THGd-P3(150/60) were favorable, and the composite had a higher G’ and lower tan 

δ than THGd-P1(150/60). To see if the composite properties would continue to decline beyond 5 

minutes of compounding, THGd-P3(150/60) was mixed for an additional minute. A steeper 

decline in G’ and increase in tan δ from 5-6 minutes confirmed that any favorable processing-

induced effects on the composite properties had occurred during the initial 4 minutes of 

compounding. The improved IR reinforcement of dry P4 protein was eliminated by 5 minutes of 
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compounding, where a sharp decline in G’ occurred.  An optimal compounding time of 2 minutes 

produced the best combination of good mixing, high G’ and low tan δ for composites compounded 

at T=150 °C. From these results, it can be concluded that drying THGd at a slower rate to a high 

%solids would produce the greatest reinforcing effect on IR while also improving the ease of 

compounding. 

MORPHOLOGICAL CHANGES AS A FUNCTION OF PROCESSING CONDITIONS 

 The protein dispersion throughout the fracture surface was best assessed in low 

magnification SEM micrographs using the oxygen EDX maps, where contrast in the oxygen EDX 

map, i.e., bright blue spots, were indicative of protein agglomerates. As the protein phase dispersed 

and the agglomerates approached nanoscale dimensions, the EDX detector was unable to map 

individual aggregates. Thus, micrographs obtained using the backscatter electron (BSE) detector 

were used to resolve aggregates and small agglomerates, in which the protein phase appeared 

brighter than the rubber due to the presence of higher atomic number elements (mainly oxygen). 

Additionally, protein domains were often surrounded by surface puckering as the adjacent rubber 

phase relaxed under the electron beam. The morphological differences between the minor (protein) 

phase and major (rubber) phase were used to identify the protein domains in high magnification 

images.  

 The composite morphology was analyzed as a function of compounding time for THGd-

P1(105/30), THGd-P1(150/30), THGd-P1(150/60), and THGd-P3(150/60) (Figures 4-5).  From 

Figure 4, it was apparent that protein dispersion increased as a function of compounding time for 

all composites. In general, the majority of protein dispersion in the composites occurred from 1-2 

minutes of compounding and, by 3-5 minutes, a well-dispersed protein phase was observed. 

During the initial 2-minute compounding period, large agglomerates were progressively broken 
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into smaller agglomerates and dispersed within the rubber matrix. The largest agglomerates were 

observed in the composite compounded at low temperature, i.e., THGd-P1(105/30) (Figure 4a), 

and in the composite compounded with the highly aggregated protein phase, i.e., THGd-

P3(150/60) (Figure 4d). Both still had larger agglomerates than the other composites at 5 minutes 

of compounding. At a compounding temperature of 150 °C, both compounding speeds (30 and 60 

rpm) resulted in good protein dispersion by 5 min of compounding, as observed by the uniform 

distribution of bright spots in the oxygen EDX maps (Figures 4b and 4c, right column). In addition 

to deagglomeration and dispersion, changes in agglomerate aspect ratio were observed with 

compounding time (Figure 5). After 1-2 minutes of compounding THGd-P1(150/60), large 

anisotropic protein agglomerates were observed (Figure 5, 1 and 2 minutes). By 3 minutes of 

compounding, the agglomerates were ellipsoidal and much of the anisotropy in the protein phase 

was gone (Figure 5, 3 minutes). At 5 minutes of compounding, the protein domains were 

approximately isotropic and well-dispersed throughout the surface (Figure 5, 5 minutes).  

 To quantitatively analyze the evolution of protein dispersion with compounding time, 

measurements of the average agglomerate and aggregate sizes for the samples in Figure 4 were 

obtained from SEM micrographs using Image J software (Figure 6). Average agglomerate width, 

length (not shown, same trend as width), and aspect ratio (AR = length/width) were calculated 

(Figure 7). Measurements were made in multiple micrographs of different magnifications collected 

from different areas of the fracture surface. Agglomerates were defined as protein domains on the 

order of 1-100 μm.22 During the initial compounding stage (t =1-2 min), the largest agglomerates 

were observed in THGd-P1(105/30) (Figure 7a), which was compounded at the lowest temperature 

and had the lowest elastic modulus. In the above section, “Rheological properties as a function of 

processing conditions,” it was hypothesized that a decrease in the composite G' relative to the 
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IR(105/30) control arose from poor dispersion of THGd in IR. These SEM-EDX results 

corroborate that hypothesis. By increasing the compounding temperature from 105 °C to 150 °C, 

a 70% reduction in the initial (1 min) and final (5 min) agglomerate width was observed. There 

was no definitive effect of compounding speed on the composite morphology or the protein 

domain size for THGd-P1(150/30) and THGd-P1(150/60) by 5 min of compounding (Figures 4b, 

4c, and 7a). In the sample containing aggregated protein, i.e., THGd-P3(150/60), a 150% increase 

in agglomerate size over THGd-P1(150/60), compounded at the same temperature and speed, was 

observed. The P3 aggregated protein was the most resistant to deagglomeration. From 1 to 5 

minutes of compounding, an 80% reduction in protein agglomerate size was observed in THGd-

P3(150/60), compared to a 90% agglomerate size reduction in the composites with the less 

aggregated protein, P1. Additionally, THGd-P3(150/60) was the only compound where an increase 

in agglomerate width was observed during compounding (from 2 to 3 minutes) (Figure 7a). In 

general, the agglomerate aspect ratio (AR) was found to increase with every 2 minutes of 

compounding (Figure 7b). The cyclical increase/decrease in AR with compounding time, 

combined with the increase in agglomerate width at 3 minutes for THGd-P3(150/60), suggested a 

dynamic network of aggregates, where rearrangements were possible.   

 Individual nanoscale aggregates with an average width of 64±11 nm, length of 276±9 nm, 

and AR of 4.3±0.1 were observed in THGd-P1(105/30) at 4 and 5 minutes of compounding (Figure 

6). The aggregates, or “primary particles,” shown in Figure 6 were agglomerated into larger, 

heterogeneous structures, or “agglomerates”, which were characterized in Figure 7. In a previous 

report41, and in the composites compounded at 150 °C in this report, it was not possible to resolve 

individual aggregates within an agglomerate.  The degraded rubber phase relaxed quickly, 

obscuring the protein surface, cracking the Iridium coating, and causing the image to drift. In 
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THGd-P1(105/30), degradation of the IR matrix was mitigated by the low compounding 

temperature and high magnification micrographs were obtained at different compounding times. 

As shown in the inset of Figure 6, aggregates were oriented in different directions and area density 

varied throughout the fracture surface. The smallest agglomerates contained as few as 2-3 

aggregates, while the largest had hundreds or thousands of aggregates. Although the agglomerates 

were heterogeneous in size and shape, the protein aggregates were very uniform in size, shape, 

and AR. 

PROTEIN STRUCTURE AND CONFORMATION AS A FUNCTION OF PROCESSING CONDITIONS 

 The FTIR spectra were normalized to the γ(C=C-H) absorbance at 840 cm-1, which 

absorbed strongly in the IR phase and was attributed to the wagging deformation of the cis-1,4-

addition in isoprene rubber (Figure 8).51-55  The protein absorbances, i.e., Amide A, I, and II, were 

largely unencumbered by IR absorbances, except for a small absorbance at 1664 cm-1 which was 

attributed to ν(C=C) in the C(CH3)=CH- group of IR.53, 55 The Amide A stretching ν(NH) 

absorbance at 3300-3270 cm-1 arose from hydrogen bonding in the NH group and was independent 

of any conformational changes in the protein backbone.56 Information about the protein secondary 

structure conformation (e.g., α-helix, β-sheet, β-turn, and random coil) was contained in the Amide 

I and II vibrational modes because peptide groups with different through-space and through-bond 

coupling absorb differently.57 The Amide I mode (1700-1600 cm-1) was attributed to carbonyl 

stretching (ν(C=O), 80%) and, to a lesser extent, stretching of the C-N bond (ν(CN), 20%). The 

Amide II mode was more convoluted, with primary contributions from N-H bending (δ(NH), 60%) 

and secondary contributions from C-N stretching (ν(CN), 40%).58 The Amide I mode is more 

reliable because it has much less influence from protein side chains, and so was used for secondary 

structure determination.56  
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 Contributions from peptide aggregation were also contained in the Amide I mode.59 

Intermolecular β-sheet packing absorbs from 1630-1610 cm-1 and this region has been termed the 

“aggregation band”.60, 61 In the neat THGd protein, the strongest Amide I absorbance was at 1625 

cm-1, indicating a fully-aggregated protein (Figure 8).39 The IR control did not absorb in the 

aggregated β-sheet band at 1625 cm-1. Therefore, an average of the 1625 cm-1 absorbance intensity 

(I1625 ± standard error) after normalization to the IR 840 cm-1 γ(C=C-H) absorbance was calculated 

as a function of compounding time and used to assess changes in protein β-sheet aggregation with 

processing (Figure 9). A decrease in THGd aggregation was observed as a function of 

compounding time, which confirmed the SEM/EDX observations that large protein agglomerates 

break-down and that those agglomerates were largely composed of aggregated β-sheets.  β-sheet 

agglomerate breakup was most aggressive during the initial 1-2 minutes of compounding. By 3 

minutes of compounding, I1625 generally plateaued, indicating a threshold beyond which protein 

β-sheets resisted breakup. β-sheets have been shown to be very thermally stable62-66 and rubber 

compounding has been shown to preserve β-sheet structure.41 The I1625 threshold indicated that 

large protein agglomerates were composed of strongly cohesive “primary particles”.67 In this case, 

only primary particles composed of aggregated β-sheets were retained and unchanged during 

compounding and, as SEM/EDX shows, these particles were on the nanometer scale (Figure 4).  

 The processing parameters had a significant effect on the amount of β-sheet aggregation. 

In the THGd-P3(150/60) composite containing pre-aggregated protein (85% solids, td=29 d), I1625 

did not plateau at 3 minutes but, instead, increased at 3 minutes, showing a processing induced 

reaggregation that eventually disappeared at longer compounding times (Figures 9 and 10). The 

reaggregation behavior was also observed as an increase in average agglomerate width in SEM-

EDX (Figure 7a). The reaggregated state negatively impacted the rheological properties of the 
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compound and a decrease in modulus was observed for THGd-P3(150/60) at 3 minutes (Figure 

3d). THGd-P3(150/60) at 1 minute had a lower amount of -sheet aggregation than THGd-

P1(150/60) compounded at the same conditions, but the P3 compound maintained a higher -sheet 

content later in compounding.  Combined with the SEM-EDX data this suggested that THGd-

P3(150/60) did have a fair amount of peptide aggregation from the P3 preparation conditions that 

persisted through compounding.  The P4 protein batch (97% solids, td = 5 d) behaved most 

consistently throughout the compounding period and was more resistant to aggregate breakdown 

than the P1 protein batch (85% solids, td = 13 d) compounded under the same conditions.  This 

suggested that a short drying time was kinetically favorable to forming many smaller protein 

agglomerates that were closer to the primary particle size, while a longer drying time allowed the 

formation of much larger agglomerates of primary -sheet particles that eventually broke down. 

Lower temperature compounding (105 °C) preserved β-sheet aggregates more than compounding 

at 150 °C for the 5-minute processing period, confirming the SEM/EDX results that showed larger 

agglomerates for this compound. The compounding speed had a negligible effect on β-sheet 

aggregation past the first minute, which was also observed in SEM-EDX.    

CONCLUSIONS 

 The mechanical, structural, and morphological properties of trypsin hydrolyzed gliadin-

synthetic isoprene rubber (THGd:IR) compounds were characterized with rheology, Fourier 

transform infrared spectroscopy (FTIR), and scanning electron microscopy with energy dispersive 

x-ray spectroscopy (SEM-EDX). The composite properties were primarily governed by the 

processing temperature, compounding time, and protein batch preparation. The compounding 

speed had a minor effect on the properties. A highly agglomerated protein phase negatively 

impacted the composite rheological properties, as seen by a decrease in elastic modulus. Good 
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dispersion and deagglomeration of THGd in IR was observed for those compounds processed at 

150 °C, resulting in an elastic modulus greater than the IR control. In all compounds, the addition 

of THGd was found to decrease viscous dissipation over the control, observable as a decrease in 

tan δ in the composite compounds. The protein aggregate aspect ratio (AR) cyclically 

increased/decreased as a function of compounding time as agglomerate size decreased, suggesting 

dynamic rearrangements of protein aggregates was occurring during compounding. The protein 

agglomerates were made of nanoscale “primary particles”, which contained aggregated protein β-

sheets, as observed in SEM-EDX and FTIR. The protein reinforcement of IR was improved by 

increasing the %solids in the THGd hydrolysate or by aggregating THGd through an extended 

drying process. The THGd protein with a high %solids (batch P4) was easily incorporated into the 

IR phase during compounding, while the aggregated THGd (batch P3) was difficult to compound. 

Thus, a combination of slow drying THGd to a high %solids would likely produce the greatest 

reinforcing effect on IR while also improving the ease of compounding. This study demonstrated 

that, through the careful selection of processing parameters, uniform protein dispersion and 

optimal IR reinforcement were achievable.  
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Table 1. THGd-IR composite processing parameters. 

Compound Compounding 

temp., (°C) 

Compounding 

speed (rpm) 

THGd drying 

time, td (d) 

Solids content 

in THGd (%) 

THGd-P1(105/30) 105 30 13 85 

THGd-P1(150/30) 150 30 13 85 

THGd-P4(150/30) 150 30 5 97 

THGd-P1(150/60) 150 60 13 85 

THGd-P3(150/60) 150 60 29 85 
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Figure 1. – Storage modulus (G’, solid symbols) and viscous dissipation (tan δ, open symbols) 

as a function of angular frequency (ω) in the IR control compounded at 30 rpm and 150 °C from 

1-5 minutes.  
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Figure 2.– (a) Storage modulus (G’) and (b) tan δ as a function of angular frequency (ω) for IR 

controls (lines only) and THGd composites (lines with markers) compounded for 5 minutes at 

different speeds and/or temperatures.  
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Figure 3. – Storage modulus, G’ (solid lines), and tan δ (dashed lines) at 6.28 rad/s=1 Hz versus 

compounding time for THGd:IR composites compounded at constant: (a) speed (30 rpm) and 

protein batch (P1), (b) temperature (150 °C) and protein batch (P1), (c) temperature (150 °C) and 

speed (30 rpm), and (d) temperature (150°C) and speed (60 rpm). 

 



72 
 

 

Figure 4. – SEM and EDX oxygen maps for: (a) THGd-P1(105/30), (b) THGd-P1(150/30), (c) 

THGd-P1(150/60) and, (d) THGd-P3(150/60), compounded for 1-5 minutes (from left to right).  
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Figure 5. – SEM micrographs of THGd-P1(150/60 rpm) after compounding for 1, 2, 3, 4, and 5 

minutes (from left to right) with arrows identifying typical protein domains. Note the scale bar 

change for 5 minutes of compounding. 
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Figure 6. – High magnification SEM micrograph of THGd-P1(105/30), compounded for 5 

minutes. Black ellipses represent individual aggregates populating a surface area of 1 μm2 within 

a larger THGd agglomerate. 
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Figure 7. – Average agglomerate (a) width, and, (b) aspect ratio (AR=length/width), with 

standard error, as measured in SEM micrographs. 
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Figure 8. – FTIR spectra for neat THGd protein (dashed line) and an IR control compounded for 

150 °C and 30 rpm (solid line). The major protein absorbances include the Amide A, I, and II 

modes (red insets).  Spectra were normalized to the γ(C=C-H) absorbance in IR. 
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Figure 9. – Average normalized intensity at 1625 cm-1 (I1625 ± standard error) as a function of 

compounding time for compounds processed using different parameters. I1625 was calculated 

from the spectra normalized to the γ(C=C) absorbance at 840 cm-1. 
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Figure 10. – FTIR spectra, normalized to the γ(C=C) absorbance at 840 cm-1 in IR, showing the 

Amide I and II modes for THGd-P3(150/60) as a function of compounding time. 
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CHAPTER V. HYDROLYZED WHEAT PROTEIN AS A SELF-ASSEMBLED 

REINFORCING FILLER IN SYNTHETIC ISOPRENE RUBBER VULCANIZATES  

 

DeButts, B. L., Thompson, R.V., & Barone, J. R. (2019). Hydrolyzed wheat protein as a self-

assembled reinforcing filler in synthetic isoprene rubber vulcanizates. Ind. Crops Prod., (in 

review). 

 

Chapter V has been submitted to and is under review by the following peer-reviewed journal: 

Industrial Crops and Products published by Elsevier B.V. The chapter is formatted according to 

the journal guidelines set forth by the publishers.  
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ABSTRACT 

 Trypsin hydrolyzed gliadin (THGd) from wheat protein is utilized as a reinforcing filler in 

synthetic rubber.  THGd self-assembles into a reinforcing filler phase during sulfur vulcanization 

of synthetic cis-1,4-polyisoprene rubber (IR), as observed by an increase in the β-sheet aggregation 

absorbance in Fourier transform infrared spectroscopy (FTIR).  The curing kinetics are studied 

using differential scanning calorimetry (DSC).  Compared to the IR Control, the THGd-filled 

compounds have slower curing kinetics, owing to a shorter scorch time, and more incomplete cure.  

Young’s modulus (E) increases with protein concentration, curing time, and silane coupling agent 

concentration.  Moduli comparable to or greater than the IR Control are achieved at all tested 

protein loadings of 4-16 parts per hundred rubber (phr).  Hysteresis decreases with curing time 

showing the formation of a more elastic network and increases with filler and silane concentration 

showing energy dissipation through filler re-arrangement and rubber molecule-filler particle 

detachment, respectively.  Swelling generally decreases with increasing filler content.  The results 

suggest that quantities of THGd greater than 4 phr reinforce the rubber phase through continued 

aggregation into protein β-sheet nanostructures.   

1. Introduction 

Fillers are added to rubber compounds to reduce cost and/or modify properties.  The most 

common cost reducing, i.e., inert, fillers are kaolin clay and calcium carbonate.  The most common 

property enhancing fillers are carbon black and precipitated silica, which primarily offer 

reinforcement (Thomas and Stephen, 2010).  However, carbon black is derived from petroleum, 

while silica requires extensive processing to effectively disperse in rubber.  Biofillers derived from 

wood, cellulose, chitin, husk, lignin, and agricultural waste have also been incorporated into rubber 

matrices (Bhattacharya et al., 2011; Bhattacharyya et al., 2012; Bras et al., 2010; Da Costa et al., 
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2003a; Gopalan Nair and Dufresne, 2003a, b; Jong, 2005; Masłowski et al., 2017; Zhou et al., 

2015).  Biofillers are relatively inexpensive, low density, biodegradable, and sustainable 

(Rwawiire et al., 2015).  The automotive industry must meet increasingly stringent standards for 

fuel efficiency, CO2 emissions, and end-of-vehicle-life reusability/recyclability (Despeisse et al., 

2015; Kc et al., 2016; Park and Park, 2018; Yang et al., 2017).  Since 70% of worldwide rubber 

production is used for tire applications, rubber biofillers and “green tires” represent an important 

part of the sustainability effort (Soratana et al., 2017; Warren‐Thomas et al., 2015). 

Rubber fillers are typically added during the rubber compounding stage, where the 

processability of the filled rubber compound must be optimized (Erman et al., 2013).  The filler 

properties, such as concentration, surface chemistry, dispersion, and matrix compatibility have 

been shown to affect the cure kinetics and the final properties of the rubber vulcanizate (Chough 

and Chang, 1996).  Some natural reinforcing fillers have been found to have a beneficial effect on 

rubber curing kinetics (Da Costa et al., 2003a; Da Costa et al., 2003b).  For example, a filler derived 

from eggshell particles was effective at improving the mechanical properties and increasing the 

cure rate and crosslink density of natural and guayule rubber (Barrera and Cornish, 2016, 2017).  

Hydrolyzed wheat gluten protein has been successfully used as a reinforcing filler for various 

polymer matrices (Claunch et al., 2015; DeButts et al., 2018a; DeButts et al., 2018b).  It is 

hypothesized that trypsin hydrolyzed gliadin (THGd) from wheat gluten protein could reinforce 

rubber through a known β-sheet self-assembly mechanism (Ridgley et al., 2012, 2013; Ridgley et 

al., 2014) and that the curing process would facilitate self-assembly.  

In 2016, the worldwide crop production of wheat was 750 Mt, which was surpassed only by 

maize and rice (www.fao.org, 2016; Asseng et al., 2017).  The protein content (10-13%) of wheat, 

i.e., wheat gluten, is high compared to maize and rice (2-8% protein), so a significant amount of 
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protein can be obtained from wheat production even if less is grown (Weegels et al., 1992).  The 

gliadin fraction of wheat gluten is approximately 40% of the total wheat grain protein (Daniel and 

Triboi, 2000).  Thus, the total gliadin protein available globally in 2016 was 30-34 Mt, which 

exceeded the 13.2 Mt of carbon black consumed in 2015 (Van Genderen et al., 2016).  A 

comparative cost analysis for wheat and carbon black reveals that there is an advantage to using a 

wheat-based filler. As of March 2018, the World Bank listed the cost of wheat grain as $190.6 per 

metric ton (www.worldbank.org, 2018).  Current bulk pricing of carbon black available online is 

in the range of $800-1200/ton.  Thus, there are environmental and economic advantages to 

replacing the carbon black in cured rubber. 

In this work, THGd protein is used as a filler in a typical rubber compound.  The effects of 

protein concentration, curing time, and protein-rubber compatibility are assessed using differential 

scanning calorimetry (DSC), Fourier transform infrared spectroscopy (FTIR), tensile testing, and 

swelling experiments.  The vulcanization kinetics, mechanical and structural properties, and 

crosslink density of THGd-IR vulcanizates demonstrate that THGd can successfully provide IR 

reinforcement at concentrations > 4 phr THGd.  

2. Experimental 

2.1. Materials 

Gliadin from wheat (Gd), trypsin enzyme (Type I from bovine pancreas), slab synthetic 

polyisoprene rubber (IR, 97 % cis-1,4-polyisoprene), and (3-mercaptopropyl)triethoxysilane (SIL) 

were purchased from Sigma-Aldrich (St. Louis, MO).  Elemental sulfur (S) and N-tert-butyl-

benzothiazole sulfonamide (TBBS) were graciously provided by Hankook Tire.  

2.2. Methods 

2.2.1. Preparation of trypsin hydrolyzed gliadin (THGd) protein-IR composites. 
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 THGd was hydrolyzed according to a procedure used previously,(Ridgley et al., 2013) in 

which Gd (20 g) was dispersed in water (800 mL), trypsin enzyme (0.3 g) was added, and the 

dispersion was maintained at 37 °C and pH 8 using NaOH (1M or 4M) for 72 h.  The hydrolysate 

was characterized and contained mostly low-molecular weight peptides (≤ 10 kDa) (Athamneh 

and Barone, 2009; Tuck et al., 2014).  The hydrolysate was dried to a thin, solid film containing 

97 % solids under a fume hood at room temperature (RT) and manually broken into small flakes 

approximately 2-5 mm in diameter.  The protein hydrolysate, curatives, and IR were compounded 

in 45-50 g batches on a Prep-Center with an internal mixing head (Brabender, Hackensack, NJ) 

according to the formulations in Table I.  Single-stage compounding was performed at 60 rpm for 

7 min as specified in ASTM D3182 and outlined in Table II, with an initial temperature of 50 °C.  

The final dump temperature was 88 ± 5 °C.  Samples were manually mixed for an additional 2 min 

using a rolling pin.   

2.2.2. Preparation of vulcanized sheets. 

 Compounds were compression molded at 145 °C on an Auto Series hydraulic laboratory 

press (Carver, Wabash, IN) at 2.5 MPa pressure for 50 or 80 min. The ASTM D3182 recommended 

cure time (50 min) was extended to 80 min for some of the protein-containing samples.  Steel 

shims (1 mm thickness) were used to achieve a uniform film thickness. 

2.2.3. Differential scanning calorimetry (DSC). 

 Unvulcanized samples (17.0-18.0 mg, TZero pans) were heated at 150, 160, 170, and 180 

°C in triplicate under nitrogen until a post-cure stable baseline was achieved (Q2000 DSC, TA 

Instruments, Waltham, MA).  Calculations were performed using TA Instruments Universal 

Analysis software.  

2.2.4. Tensile testing. 
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 ASTM D412 Die D tensile specimens were uniaxially extended at a rate of 500 mm/min 

on a Texture Analyzer TA.HDPlus (Texture Technologies Corp., Hamilton, MA) equipped with a 

100-kg load cell and self-tightening crosshatched grips.  Young’s moduli (E) were calculated from 

a sample size of 3 by linear regression analysis of the low-strain Hookean region of the stress-

strain plots in Excel. 

2.2.5. Tensile hysteresis. 

 ASTM D412 Die D specimens with a reduced gauge length of 16 mm were uniaxially 

deformed to 250 % and 1000 % elongation for 12 cycles at 500 mm/min.  Tests were performed 

in triplicate.  Hysteresis was calculated (Equation 1), where Aloading and Aunloading were the area 

under the loading and unloading curves, respectively. 

%𝐻𝑦𝑠𝑡𝑒𝑟𝑒𝑠𝑖𝑠 = (
𝐴𝑙𝑜𝑎𝑑𝑖𝑛𝑔 − 𝐴𝑢𝑛𝑙𝑜𝑎𝑑𝑖𝑛𝑔

𝐴𝑙𝑜𝑎𝑑𝑖𝑛𝑔
) ∗ 100 (1) 

  

2.2.6. Swelling tests. 

 The swelling experiment was based on ASTM D6814 (www.astm.org, 2013).  A 30-mm 

diameter sample was cut from each vulcanized sheet and its weight (wi) and dimensions were 

recorded.  The sample was submerged at 23 °C for 72 h in 100 mL toluene, with the solvent 

replaced daily.  Every 24 h, the sample was removed, gently patted with a paper towel to remove 

extra solvent adhering to the surface, and its mass and dimensions were recorded.  Vulcanizate 

swelling of several hundred percent was observed in the first 24 h.  An incremental increase in 

swelling of a few percent every 24 h was observed after the initial 24 h.  Valentin et al. (Valentín 

et al., 2008) studied this behavior and found that equilibrium swelling occurred at 20-30 h, after 

which the diffusive swelling process was replaced by a slow swelling due to network degradation.  

It was also found that photo-oxidative degradation of the sulfur bridges continued until complete 
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dissolution of the network at ~1 month.  For our purposes, equilibrium swelling was achieved at 

t=24 h.  The initial weight and the weight of the swollen sample at 24 h (ws) were used to find the 

volume fraction of rubber in the swollen network (r)  

𝜙𝑟 =

𝑤𝑖

𝜌𝑟
𝑤𝑖

𝜌𝑟
+

𝑤𝑠 − 𝑤𝑖

𝜌𝑡

 (2) 

 

where r is the density of cis-1,4-polyisoprene (0.91 g/cm3) and t is the density of toluene (0.87 

g/cm3).  The equilibrium volume swelling ratio, Qs, was defined as (Rubinstein and Colby, 2003): 

𝑄𝑠 =
1

𝜙𝑟
 (3) 

 

 The amount of swelling was affected by the crosslink density of the material and the 

presence of fillers in the vulcanizate (Bilgili et al., 2001; Choi, 2000; Messori et al., 2009; Valentín 

et al., 2008).  For these samples, the filler was THGd protein which was insoluble in toluene.  

2.2.7. Fourier Transform Infrared (FTIR) Spectroscopy. 

Attenuated total reflectance (ATR) FTIR spectra of the pre-cure compounds and post-cure 

vulcanizates were collected in triplicate (Nicolet 6700 FTIR spectrometer with a Smart Orbit ATR 

diamond crystal, Thermo Fisher Scientific Inc., Madison, WI) at ambient conditions.  Spectra were 

averaged from 128 scans at 4 cm-1 resolution from 4000-400 cm-1, then baseline corrected, 

normalized, and analyzed using OMNIC v8.1 software. 

3. Results and discussion  

3.1. Curing kinetics 
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 A general kinetic model (MacCallum and Tanner, 1970) for the degree of cure as a function 

of time, d/dt, is defined below: 

𝑑𝛼

𝑑𝑡
= 𝐾(𝑇)𝑓(𝛼) 

(4) 

𝐾(𝑇) = 𝐾0e−𝐸𝛼/𝑅𝑇 (5) 

  

The temperature dependent kinetic function, K(T), (Equation 5) follows an Arrhenius relationship, 

where the pre-exponential factor, K0, and activation energy, Eα, required to achieve degree of cure, 

, are material dependent parameters, R is the universal gas constant, and T is absolute 

temperature.  Many different variations of the curing function, f(), have been used to describe 

sulfur curing (Ding and Leonov, 1996; López‐Manchado et al., 2003; Nie et al., 2010; Wan and 

Isayev, 1996).  For this work, the form of the kinetic curing function, f(), is inconsequential 

because f() is temperature-independent.  

 The cure rate, d/dt, is obtained experimentally by DSC, which measures heat flow (Q) 

with time.  The degree of cure, α, is described by Equation 6, where Qt is the heat flow at time, t, 

and Q∞ is the heat flow at the end of the reaction (Choi, 2000; Torre et al., 2013). 

𝛼(𝑡) =
∫ 𝑄𝑡

𝑡

0
𝑑𝑡

∫ 𝑄∞
∞

0
 𝑑𝑡

 
(6) 

Since the data sets are discrete a numerical approximation method is used to find (t).  The 

trapezoid rule is used to approximate an integral, where the width is the time step between data 

points, Δt, and the height is the midpoint of the heat flow difference (Equation 7).  The summation 

bounds are the time at which curing starts (ti) and ends (tf):  
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𝛼(𝑡) ≈
∑ (

|𝑄(𝑡 + Δ𝑡) − 𝑄(𝑡)|
2 ) (Δ𝑡)𝑡

𝑡=𝑡𝑖

∑ (
|𝑄(𝑡 + Δ𝑡) − 𝑄(𝑡)|

2 ) (Δ𝑡)
𝑡𝑓

𝑡=𝑡𝑖

 

 

(7) 

 

Since the data is collected over many time steps (Δt > 10,000), this produces a good approximation.  

The summation bounds are chosen to isolate the curing stage from the pre-cure and post-cure 

behavior.  Using the method proposed by Arrillaga et al. (Arrillaga et al., 2007), a horizontal 

baseline originating from the heat flow plateau after curing is drawn.  The summation bounds are 

located at the intersection of the baseline with the experimental data (Supporting Information, 

Figure S1).  The total area between the cure curve and the baseline, i.e., the denominator of 

Equation 7, is used to normalize the data, with the assumption that each vulcanizate cures 

completely (=1) according to its formulation at all curing temperatures (Ishida and Rodriguez, 

1995).  Additionally, it is assumed that the reaction exotherm represents the formation of crosslinks 

and any competing side reactions are negligible compared to the curing reaction (López‐Manchado 

et al., 2003). 

Figure 1a shows typical reaction exotherms for the IR Control and THGd-IR compounds 

isothermally held at 150 °C.  The compounds exhibit an induction period, which is typical of 

delayed-action accelerators such as TBBS (Ghosh et al., 2003).  The induction period, also called 

the scorch time, is the pre-cure elapsed time during which the compound can be processed (Engels 

et al., 2011).  An increase in heat flow (Q) is observed at 15 min in the IR Control and 5-10 min 

in the THGd-IR compounds, which indicates the onset of curing (Figures 1a and S1).  THGd 

suppresses the induction period observed in the control even at concentrations as low as 4 phr 

THGd (Figure 1a).  A shorter induction time can be problematic in tire processing, where the 

material must fill a mold before curing (Engels et al., 2011).  Other fillers have been shown to 
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decrease the induction period with varying and sometimes conflicting effects on the overall 

kinetics (Wu et al., 2013).  The THGd-IR compounds exhibit single exothermic peaks, which is 

typical of sulfur-cured rubber.  The exotherms for THGd-4 and THGd-8 are skewed, where d/dt 

initially increases quickly, reaches a maximum, then trails off for the remainder of the reaction 

(Figure 1a).  The skewed isotherms indicate faster reaction kinetics during early curing and suggest 

that an initial reaction occurs between the protein and curatives and the formation of an initial 

product aids the primary curing reaction (Michaelsen et al., 1997).  As the protein and/or silane 

coupling agent concentration increases, the induction time increases and heat of reaction (ΔH) 

decreases, indicating slower curing kinetics and less crosslink formation.  These results suggest 

the excess fillers (e.g., THGd protein and silane coupling agent) hinder crosslink formation.  

By integrating the reaction exotherms in Figure 1a with respect to time (Equation 7), the 

degree of cure, (t), is calculated (Figure 1b).  The shape of the cure curves is similar for the 

THGd-IR compounds but differ from the steeper curve observed in the IR Control.  Earlier 

reactivity, which is assumed to be crosslink formation (López‐Manchado et al., 2003), is observed 

in the THGd-containing samples.  At the 50-minute ASTM D3182 recommended curing time, the 

compounds are 60-80% cured.  The incomplete curing is attributed to the elimination of the ZnO 

and stearic acid activator package from the cure recipe.  On average, an additional 30 minutes of 

curing, i.e., 80 minutes total, is required to reach a desired 90% cure in the compounds, where the 

time to 90% cure (t90) increases as protein or silane concentration increases.    

The average apparent activation energy, Eα is calculated for three degrees of cure: =25%, 

55%, and 95%.  To calculate E, the temperature-dependent kinetic function (Equation 5) is 

substituted into the general kinetic curing expression (Equation 4) and integrated to produce an 

equation for a line.  The time to reach a degree of cure, t, is used to calculate E (Ishida and 
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Rodriguez, 1995).  On a plot of ln t versus 1/RT, E is the slope of the line (Equation 8) (Leroy 

et al., 2013).  The model is a good fit for the data, with R2≥0.97 for all E calculations.  

ln 𝑡𝛼 =
𝐸𝛼

𝑅𝑇
− ln [

∫ 𝑑𝛼/𝑓(𝛼)
𝛼𝑗

0

𝐾0
] 

 

(8) 

This method assumes a constant activation energy for the curing reaction and so an average E 

(Eα) is calculated. Due to the assumptions used in calculating Eα, it is used to assess the relative 

trends in reaction kinetics rather than taken as an absolute quantitative value.  The time to reach a 

degree of cure, t, at a constant temperature, is defined for =5% (t05) and =90% (t90).  The 

elapsed curing time (Δt=t90-t05) is calculated and used to find the Cure Rate Index (CRI = 100/Δt).  

The average values ± standard error for t05, t90, Δt, CRI, ΔH, and Eα are given in Table III.  The 

THGd-containing compounds generally exhibit slower curing kinetics, i.e., lower CRI values, and 

higher Eα, than the IR Control.  The kinetics and activation energies are most favorable at 8 phr 

THGd.  As the concentration of THGd increases, H generally decreases, implying that fewer 

crosslinking reactions occur and that lower protein loadings exhibit greater network formation than 

higher protein loadings.  The increase in Eα and decrease in H at ≥12 phr THGd demonstrate that 

the additional protein hinders crosslinking.  

It is hypothesized that the partially hydrophilic THGd protein filler and hydrophobic rubber 

matrix may have poor compatibility.  Poor filler-matrix compatibility can lead to phase separation 

in polymer composites.  Since the dispersion of protein throughout the rubber matrix is important 

to the vulcanizate mechanical properties, a silane coupling agent is added in quantities of 4 and 8 

phr to THGd-8, called THGd-8/SIL-4 and THGd-8/SIL-8, to improve protein-rubber 

compatibility.  Triethoxy-based silane coupling agents have been used in natural fiber polymer 
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nanocomposites and coupling agents with mercapto organofunctionality have been used to 

preferentially target rubber (Xie et al., 2010).  In Table III, t05, t90, and Δt increase as a function of 

silane coupling agent, and ΔH decreases.  This suggests that the coupling agent impedes 

crosslinking and compatibilizing the protein and rubber phases is found to negatively impact the 

reaction kinetics. 

3.2. Mechanical properties 

The Young’s modulus (E) as a function of the total filler loading is given in Figure 2.  E 

increases as a function of protein concentration (Figure 2).  At 8 phr THGd loading, an increase in 

modulus is observed with the addition of silane coupling agent, where E for THGd-8/SIL-4 (0.65 

±0.01 MPa) is 10% higher than THGd-8, and E for THGd-8/SIL-8 (0.71±0.02 MPa) is 20% higher 

than THGd-8.  Given the DSC curing kinetics (Figure 1), THGd-8 is subjected to two different 

curing times: (1) a 50-min cure to match the ASTM D3182 cure time, and, (2) an 80-min cure to 

complete curing (α≅90%).  It is hypothesized that a longer curing time should promote network 

formation in the THGd-activated vulcanizates, thereby improving crosslink density and modulus.  

The modulus for THGd-8 cured for 80 minutes (E=0.60±0.01 MPa; +10% over the IR Control, 

i.e., 0 phr filler) is only slightly greater than THGd-8 cured for 50 minutes (E=0.56±0.01 MPa; no 

change from IR Control).  THGd-12 (E=0.91±0.04 MPa; +65% over the IR Control) and THGd-

16 (E=1.37±0.05 MPa; +150% over the IR Control) exceed the modulus of the IR Control 

(E=0.55±0.01 MPa).  Since these samples exhibit the lowest ΔH, it is concluded that the modulus 

increase is a result of protein reinforcement rather than a greater crosslink density.  

3.3. Hysteresis 

Hysteresis describes the energy dissipated of cured rubber upon repeated 

extension/retraction.  In filled rubbers, hysteresis is generally higher because of: (1) the relatively 
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large amount of stress required to induce deformation and, (2) the energy dissipated during 

destruction and reformation of the filler network (Bergstrom and Boyce, 1999; Wang, 1999).  The 

reinforcing effect of any rubber filler is most effective at small strains where the filler network is 

intact.  In a hysteresis experiment, the matrix stiffening caused by a filler is largely destroyed 

during the first extension and the behavior of repeated extension cycles is very different than the 

first cycle.  After a few extension/retraction cycles, known as the conditioning period, the 

hysteresis reaches a relatively constant value (Lion, 1996).  This behavior is known as the Mullins 

effect (Chagnon et al., 2004; Mullins, 1948).  For the vulcanizates, hysteresis is larger as THGd-

loading is increased, akin to other rubber fillers (Boonstra, 1979) and corroborating the protein 

aggregation and reinforcing effect (Figure 3).  Hysteresis is lower at higher elongation for the 

compounds with protein aggregate-reinforcement.  This suggests that the protein filler network 

stores elastic energy at higher deformation (Loukil et al., 2018).  Hysteresis increases as a function 

of silane content in the THGd-8 vulcanizates because there are more protein filler-rubber 

interactions to break at a given strain.  At low elongation (=250%), the IR Control has the lowest 

hysteresis or highest elastic recovery (Figure 3a).  At high elongation (=1000%), THGd-4 has the 

lowest hysteresis and is the only THGd-filled vulcanizate to decrease hysteresis over the IR 

Control, although THGd-8 and THGd-8/SIL-4 approach the IR Control hysteresis (Figure 3b).  

Hysteresis decreases as a function of increasing curing time in THGd-8 vulcanizates at =250% 

because of the more extensively formed crosslinked network.  A rubber compound that relies more 

on its crosslinked network for stiffness than reinforcing fillers has lower hysteresis.  As the 

elongation increases to 1000%, the cure time has no effect on hysteresis.  This is interpreted as 

destruction of crosslinks at high elongation, which results from limited network extensibility in 

highly crosslinked samples (Mullins, 1948). 
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3.4. Swelling 

In principle, the vulcanizate mechanical properties are dependent on the crosslink density, 

[X], which is related to formulation and degree of cure,  (Krejsa and Koenig, 1993).  A common 

method to measure crosslink density is by an equilibrium swelling experiment, where a vulcanizate 

will swell in a good solvent and an unvulcanized compound will dissolve.  The equilibrium volume 

swelling ratio, Qs, is related to the crosslink density, [X], as described by the Flory-Rehner 

equation (www.astm.org, 2013; Bilgili et al., 2001; Flory, 1953; Nie et al., 2010; Valentín et al., 

2008).  Crosslink density, [X], is directly related to the shear modulus, G=[X]RT, where R is the 

ideal gas constant and T is absolute temperature.  The rubber shear modulus, G, can be found from 

the tensile modulus, E, using E=3G (Shaw and MacKnight, 2005).  Therefore, experimental values 

of E and Qs on the IR Control are used in the Flory-Rehner equation to independently determine 

the Flory-Huggins polymer-solvent interaction parameter, .   is found to be 0.395±0.005, which 

is in close agreement to the 0.391 literature value for toluene-IR (www.astm.org, 2013).  So, this 

method works well for unfilled rubber.      

Swelling is observed for all formulations, which is indicative of crosslinking.  This 

demonstrates that sulfur crosslinking of IR in a ZnO-free system at a standard curing temperature 

of 145 °C has occurred.  The determination of crosslink density from swelling measurements can 

be complicated by the presence of filler, resulting in a higher apparent crosslink density (Boonstra 

and Taylor, 1965; Kraus, 1963; Mori and Koenig, 1998; Porter, 1967).  The filler restricts swelling, 

increasing modulus and artificially increasing crosslink density.  The equilibrium swelling ratio 

(Qs, Equation 3) decreases as THGd content increases up to 12 phr THGd and as silane content 

increases at THGd phr = 8 (Figure 4).  The DSC isothermal curing experiments (Section 3.1) show 

that ΔH decreases, i.e., fewer crosslinks are formed, with increasing THGd content (Table III).  
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The decrease in Qs originates from the filler opposing swelling rather than from higher crosslink 

density.  The silane results are evidence of the filler effect: stronger filler-matrix interactions resist 

swelling even in the lowest crosslinked samples (Table III).  As the curing time is increased from 

50 to 80 min in THGd-8, Qs decreases, which can be interpreted as a greater degree of cure after 

80 min corroborating the DSC isothermal curing experiments (Section 3.1).            

3.5. Structural analysis 

The IR Control spectra are dominated by the various C-H vibrational modes: symmetric 

methylene stretching (νs(CH2) at ~2850 cm-1), asymmetric methylene stretching (νas(CH2) at ~2915 

cm-1), symmetric methylene deformation (s(CH2) at ~1445 cm-1), symmetric methyl stretching 

(νs(CH3)as at ~2960 cm-1), symmetric methyl deformation (s(CH3) at ~1375 cm-1), and wagging 

of the cis-1,4 addition (γ(C=C-H) at ~835 cm-1) (Figure 5) (Agostini et al., 2008; Binder, 1963; 

Craciun et al., 2016; Gunasekaran et al., 2007; Rolere et al., 2015).  The IR Control spectrum is 

normalized to the νs(CH3) deformation at 1375 cm-1.  The major absorbances in the IR Control are 

separate from those in fully-aggregated THGd and it is easy to isolate the protein contributions 

from the rubber phase in the composites (Figure 5).  Fully-aggregated THGd has the following 

dominant absorbances: amine/amide stretching (ν(NH) centered at 3283 cm-1), Amide I (ν(C=O) 

from 1600-1700 cm-1), and Amide II (δ(N-H) and ν(C-N) from 1480-1575 cm-1) (Jackson and 

Mantsch, 1995; Miyazawa et al., 1956; Rolere et al., 2016).  The absorbance maximum of the 

Amide I region occurs at 1625 cm-1, which is indicative of strong β-sheet nanostructure formation 

in the fully-aggregated THGd (Ridgley et al., 2013).  A small contribution at ~1660 cm-1 from 

C=C stretching, ν(C=C), in the IR Control is superimposed on the high wavenumber region of the 

Amide I absorbance but it does not affect the quantitative interpretation of -sheets at the lower 
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1625 cm-1 absorbance (Binder, 1963; Le Xuan and Decker, 1993; Salomon and Van Der Schee, 

1954). 

THGd-IR spectra are normalized to the ν(CH3) 1375 cm-1 absorbance in IR to quantify 

changes in the THGd structure relative to the IR content.  At protein loadings above 4 phr THGd, 

an increase in the ν(N-H) and Amide I absorbance is observed with curing.  This shows that a 

minimum concentration of protein is necessary for hydrogen bonding and -sheet aggregation to 

occur during curing.  The curing process is favorable to the formation of a β-sheet reinforcing 

phase and increased filler-filler interactions, i.e., hydrogen bonding.  Figure 6 shows the spectra 

of uncured and cured THGd-12, which exemplify the change in the Amide I absorbance with 

curing for the filled vulcanizates with more than 4 phr THGd.  An average 1625 cm-1 β-sheet 

absorbance is calculated for the uncured and cured THGd-IR composites (Figure 7).  Spectra are 

collected from different areas of an uncured compound or cured vulcanizate to assess the 

uniformity, i.e., dispersion, of the THGd phase.  The variation in the normalized Amide I 

absorbance in Figure 6 shows the variation in protein aggregation across the sample surface.  For 

the uncured compounds, the repeat spectra are largely superimposable (represented as a small 

standard error in Figure 7).  This indicates that the compounding process results in a well-

distributed protein phase with a similar degree of aggregation.  

The β-sheet content for THGd-4 is unchanged with curing, suggesting that 4 phr protein is 

too low a concentration to foster aggregation.  As protein concentration increases, more -sheets 

and aggregation are observed and the Amide I absorbance in the cured vulcanizates is larger than 

the uncured compounds.  In THGd-8, as curing time increases from 50 to 80 minutes, the protein 

absorbance does not change significantly, suggesting that protein aggregation occurs within 50 

minutes.  The cured vulcanizates have variation between repeat spectra (shown as an enlargement 
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of the standard error in Figure 7), and some areas of the vulcanizates exhibit greater protein 

aggregation than others (again see Figure 6).  β-sheets are known to have high rigidity and stability 

(Keten et al., 2010) and β-sheet containing structures have been shown to have a reinforcing effect 

on polymer matrices (Byrne et al., 2011; DeButts et al., 2018a; Knowles and Buehler, 2011; 

Oppenheim et al., 2010; Rao et al., 2012).  The FTIR results show that protein aggregation into 

rigid -sheet structures occurs above 4 phr THGd and that reinforcement, as measured by an 

increase in E (Figure 2) and a decrease in Qs (Figure 4), is observed.  Long molding times, as well 

as high-temperature and pressure conditions, such as the curing conditions used, have been shown 

to facilitate wheat protein aggregation into β-sheets (DeButts et al., 2018b; Kieffer et al., 2007).  

The decrease in H and increase in Eα for THGd-12 and THGd-16 (Table III), but higher modulus 

(Figure 2), suggest that the additional protein aggregates may impede the diffusion of curatives 

(i.e., TBBS and/or S) through the rubber phase.  The diffusion of curatives through the rubber 

matrix is necessary to form active sulphurating species, which further diffuse to form crosslinks 

(Wu et al., 2013).  THGd-16 has similar protein aggregation to THGd-12, (Figure 7) but a higher 

modulus (Figure 2).  Both are similarly crosslinked (Table III) but THGd-16 has the highest 

swelling (Figure 4).  Modulus is measured in the low applied strain region where the network is 

not highly extended.  Swelling greatly extends the network to high strains.  It is possible that the 

excess unassembled protein cannot reinforce at high strains and contributes to the high hysteresis.      

In the uncured THGd-8/SIL-4 and THGd-8/SIL-8, a reduction in the Amide I absorbance is 

observed with increasing silane concentration, indicating less protein aggregation and more protein 

dispersion, consistent with a compatibilized protein-rubber system (Figure 7).  The poor curing 

kinetics in these samples (Table III) shows that silane interferes with crosslinking by itself and/or 

by dispersing more unaggregated protein to interfere with curing.  The post-cure -sheet content 
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is similar in THGd-8, THGd-8/SIL-4 and THGd-8/SIL-8, showing that curing enhances protein 

aggregation even when the molecules are more dispersed in the silane containing compounds.  The 

curing time and temperature are enough to allow protein molecules to diffuse to one another and 

aggregate even when highly dispersed in the silane containing compounds. 

4. Conclusions  

This study sought to improve the sustainability and ecotoxicity of cured rubber by 

introducing trypsin hydrolyzed gliadin from wheat protein (THGd) as a reinforcing filler. 

Isothermal differential scanning calorimetry (DSC) is used to assess the curing kinetics of the 

trypsin hydrolyzed gliadin-synthetic cis-1,4-polyisoprene rubber (THGd-IR) compounds.  In the 

THGd-IR compounds, a reduced induction time and Cure Rate Index (CRI) is observed, indicating 

slower overall reaction kinetics.  The composite kinetics are most favorable at 8 parts per hundred 

rubber (phr) THGd, which exhibits the lowest average activation energy (Eα) and reaches 90% 

cure the fastest.  The increase in Eα and decrease in heat of reaction (ΔH) at high protein loadings 

of 12 and 16 phr THGd suggest that the additional protein hinders crosslinking.  A (3-

mercaptopropyl)triethoxysilane coupling agent (SIL) is added and negatively impacts the reaction 

kinetics because Eα increases and ΔH decreases as a function of silane content.  

Young’s modulus (E) increases as a function of protein concentration, curing time, and silane 

concentration.  THGd-4 matches the IR Control modulus, while THGd-16 exceeds it by 150%. 

The equilibrium volume swelling ratio (Qs) generally decreases with increasing THGd content 

showing the reinforcing effect from THGd.  Using Fourier transform infrared (FTIR) spectroscopy 

protein aggregation into nanostructured β-sheets is observed in the vulcanizates at THGd loadings 

>4 phr.  The combined results from tensile, swelling, and FTIR experiments suggests that if 
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sufficient protein is present (> 4 phr), THGd can aggregate into a reinforcing filler phase during 

the curing process.  Ultimately, this study demonstrates that an industrially viable reinforcing filler 

is possible using a wheat protein agricultural waste product. 
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FIGURES 

 

Figure 1. (a) 150 °C isotherms for IR Control (dashed line) and THGd-IR (solid lines) compounds 

showing heat flow (Q) as a function of time. A y-axis shift has been applied to the thermograms. 

(b) Degree of cure (α) as a function of time, found by numerically approximating the integral of Q 

with respect to time and normalizing by the area under the exotherm for the compounds shown in 

(1a).  
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Figure 2. Young’s modulus (E) ± standard error as a function of filler loading for THGd-IR 

vulcanizates with silane (THGd-8/SIL) and without silane (THGd). The cure time (TC) is given in 

the legend. 
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Figure 3. Tensile hysteresis ± standard error as a function of filler loading after 6 conditioning 

cycles at (a) 250 % elongation, and, (b) 1000 % elongation for THGd filled vulcanizates with 

silane (THGd-8/SIL) and without silane (THGd). The cure time (TC) is given in the legend.  
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Figure 4. Equilibrium volume swelling ratio, Qs ± standard error as a function of filler loading, 

for THGd-IR vulcanizates with silane (THGd-8/SIL) and without silane (THGd). The cure time 

(TC) is given in the legend.  
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Figure 5. FTIR spectra for neat THGd (dashed line), normalized to the 1625 cm-1 β-sheet 

absorbance in the protein Amide I region, and the IR control (solid line), normalized to the 1375 

cm-1 ν(CH3) absorbance. 

 

Figure 6. FTIR spectra normalized to the IR 1375 cm-1 ν(CH3) absorbance for uncured (dashed 

line) and cured (solid line) THGd-12. 
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Figure 7. Changes in the normalized FTIR Amide I β-sheet aggregation absorbance, ν(C=O) at 

1625 cm-1, with curing for THGd-filled compounds.  The spectra are normalized to the IR 1375 

cm-1 ν(CH3) absorbance so the figure shows the amount of THGd β-sheets relative to IR matrix.  

Absorbance given as mean ± standard error for uncured compounds (blue columns), vulcanizates 

cured for 50 min (open column) or 80 min (light grey columns). 
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Table 1. Compound formulations.  

Compound TBBS (phr) THGd (phr) S (phr) Silane (phr) cTC (min) 

IR Control, 50 min 0.6 ---- 2.5 ---- 50 

aTHGd-8, 50 min 0.6 8 2.5 ---- 50 

aTHGd-4, 80 min 0.6 4 2.5 ---- 80 

aTHGd-8, 80 min 0.6 8 2.5 ---- 80 

aTHGd-12, 80 min 0.6 12 2.5 ---- 80 

aTHGd-16, 80 min 0.6 16 2.5 ---- 80 

a,bTHGd-8/SIL-4,80 min 0.6 8 2.5 4 80 

a,bTHGd-8/SIL-8,80 min 0.6 8 2.5 8 80 

aprotein containing compounds denoted as “THGd-x,” where “x” is the protein concentration, 

given in phr; bcompounds given as “THGd-x/SIL-y,” where “y” is the concentration of (3-

mercaptopropyl)triethoxysilane, given in phr; ccure time. 
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Table 2. Compounding steps for the formulations in Table I.  

THGd:IR  atstep (min) bttot (min) 

1. Add IR. 0.5 0.5 

2. Add TBBS. 0.5 1 

3. Add THGd (optional). 1 2 

4. Add SIL (optional). 4 6 

5. Add S. 6 7 

amixing time per step; btotal mixing time for the compound. 
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Table 3. DSC curing kinetics, given as the mean ± standard error. 

Compound at05 (min) bt90 (min) cΔt (min) dCRI (min-1) eΔH (J/g) f Eα (kJ/mol) 

IR Control 25.9±1.3 77.9±1.8 51.9±2.3 1.92±0.02 14.0±2.1 71.5±8.0 

THGd-4 12.3±2.6 72.5±0.7 60.2±2.7 1.67±0.06 14.5±2.3 82.0±1.7 

THGd-8 10.2±0.4 61.1±0.7 50.9±0.8 1.96±0.01 12.9±1.9 76.6±3.2 

THGd-12 16.4±0.6 75.3±3.6 58.9±3.6 1.71±0.09 3.7±1.1 94.3±7.1 

THGd-16 15.7±0.9 77.4±4.1 61.8±3.6 1.64±0.14 4.3±1.1 97.2±6.0 

THGd-8/SIL-4 16.7±1.1 82.0±3.6 65.3±3.7 1.55±0.11 9.0±0.7 84.3±4.6 

THGd-8/SIL-8 23.4±7.2 95.6±12.4 72.2±13.9 1.40±0.11 3.0±0.7 82.9±4.8 

atime to reach 5% cure; btime to reach 90% cure; celapsed curing time; dCure Rate Index; eheat of 

reaction; faverage activation energy; a-dcollected from DSC curing exotherms at 150 °C; 

e,fcalculated from all isothermal reaction exotherms for a compound.  
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CHAPTER VI. AGRICULTURAL PROTEINS AS MULTIFUNCTIONAL ADDITIVES IN 

ZNO-FREE SYNTHETIC ISOPRENE RUBBER VULCANIZATES 

 

DeButts, B. L., Chauhan, N., & Barone, J. R. (2019). Agricultural proteins as multifunctional 

additives in ZnO-free synthetic isoprene rubber vulcanizates. J. App. Polym. Sci., (in 

review). 
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ABSTRACT 

Corn zein and wheat gliadin protein are compounded into synthetic cis-1,4-polyisoprene rubber 

(IR) and sulfur-cured in a zinc oxide (ZnO)-free system. The curing kinetics and mechanical and 

morphological properties are compared to a ZnO-activated or carbon black (CB)-reinforced cure 

system. The proteins provide reversion resistance and reinforcement to IR at filler loadings as 

low as 1 part per hundred rubber (phr). The zein-IR composites exhibit higher moduli, better 

filler-matrix adhesion, and less filler agglomeration/migration than gliadin-IR because zein is 

more chemically compatible with IR. The gliadin-IR composites have a lower percent set and 
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hysteresis, indicating the formation of an elastic restoring gliadin network. Optimal properties 

are achieved at 2 phr gliadin and 4 phr zein. At gliadin loading >2 phr and zein loading > 4 phr, 

the protein domain size increases and mechanical properties deteriorate. At equal filler loading, 

property improvements over CB-IR are observed for one or both proteins. 

 

INTRODUCTION 

 Rubber vulcanization, i.e. curing, is the act of forming an extended network through a 

covalent crosslinking reaction. It is a complex process in which a many-component system 

undergoes a series of reactions.1-4 Industrial cure recipes typically contain an activator system, 

accelerator, curing agent, reinforcing fillers, processing aid, retardant, compatibilizer, 

antidegradant, antioxidant, and rubber.5 The concentration and chemical properties of the 

additives have been shown to affect the cure kinetics and the final properties of the rubber 

vulcanizate.6  

 In an effort to improve the sustainability of cured rubber articles, many fillers of 

biological origin have been investigated and even incorporated into industrial cure packages.7 Of 

particular interest are those biofillers which serve as multifunctional additives. For example, 

Bhattacharyya et al.8 found that microcrystalline cellulose was an effective partial replacement 

for a silica reinforcing filler and an aromatic oil processing aid in styrene butadiene rubber. 

Prochoń and Ntumba9 added hydrolysates of cattle hair keratin and bird feather wastes to 

carboxylated nitrile rubber (XNBR) and the composite mechanical properties and oil resistance 

were improved, while surface abrasion was reduced. A white rice husk ash filler was investigated 

as a reinforcing filler by Da Costa et al.10-11 and found to function in a catalytic capacity, 

accelerating the crosslinking reaction and lowering activation energy (Ea). Barrera and Cornish12-
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13 studied the effect of waste-derived fillers as co-fillers for carbon black and found that eggshell 

particles increased the rate of cure, which resulted in higher crosslink density and improved 

mechanical properties. When commercial proteins were added to guayule rubber (GR), Lhamo 

and McMahan14 found that the composite green strength, bulk viscosity, and thermo-oxidative 

stability were improved. In the same study, Lhamo and McMahan probed the interaction of 

proteins and GR with various antioxidants and found the cure and mechanical properties changed 

based upon the protein-antioxidant combination, emphasizing the importance of optimizing the 

entire rubber-additive system. 

 In the studies given above and in others,15-18 the biological fillers were investigated in a 

rubber cure package containing zinc oxide (ZnO). ZnO is commonly used as an activator in 

sulfur vulcanization to improve vulcanization kinetics, processability, and physical properties, 

such as abrasion resistance.19-21  However, the use of ZnO is problematic because it is expensive, 

high density, and ecotoxic.5, 22 The Environmental Protection Agency (EPA) and European 

Union (EU) have suggested that the use of ZnO be reduced due to its detrimental effects on 

aquatic organisms.22-26 Many efforts have been made to reduce the quantity and/or particle size 

of ZnO.23, 27-28 Few studies have completely eliminated ZnO from the curing package.19, 29-30 

 One property that must be controlled is reversion. Reversion is a form of thermal aging 

characterized by a loss of crosslink density which negatively impacts the mechanical properties. 

Reversion is a common problem for sulfur-vulcanized isoprene rubbers because the polysulfidic 

crosslinks (C-Sx-C) formed during curing are thermally labile.31 To combat reversion, various 

approaches are used, such as increasing the accelerator to sulfur ratio, curing at a lower 

temperature for an extended time, or compounding with a sulfur donor, although these methods 

have undesirable consequences on the processing and/or properties of the vulcanizate.5, 32 Anti-
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reversion agents such as bisimides are commonly added to the cure package to increase thermal 

stability and maintain mechanical properties. Bisimides are typically used in the presence of zinc 

oxide (ZnO).33  

 In this work, agricultural proteins were investigated as multifunctional fillers in a ZnO-

free, cured, synthetic cis-1,4-polyisoprene rubber (IR) system. The proteins of interest were corn 

zein and wheat gliadin because of the difference in the hydrophobicity of each protein.  Based on 

its amino acid composition (quantified using the ProtParam tool in UniProt), gliadin was a 

hydrophilic protein (UniProt P04721, grand average of hydropathicity, GRAVY = -0.913, 

aliphatic index, AI=74.01), while zein was a hydrophobic protein (UniProt P04700, GRAVY = 

0.383, AI=122.93). The role of the proteins as reinforcing fillers and anti-reversion agents was 

studied. The effect of protein on the curing kinetics, mechanical properties, and composite 

morphology was evaluated and compared to a system containing a zinc oxide (ZnO) activator or 

a carbon black (CB) reinforcing filler. The effect of the protein type (i.e., gliadin or zein) and 

loading was assessed using a cure meter, tensile testing, swelling experiments, and scanning 

electron microscopy (SEM). The vulcanization kinetics, mechanical properties, crosslink 

behavior, and morphology of protein-IR vulcanizates demonstrated that gliadin and zein were 

able to improve the reversion resistance of IR while providing additional reinforcement at 

concentrations as low as 1 phr without any detrimental effect on the curing kinetics. Thus, the 

potential for a completely zinc-free rubber curing system exists. 

EXPERIMENTAL 

 Materials. Gliadin from wheat (UniProt P04721, ~30 kDa) and slab synthetic cis-1,4-

polyisoprene rubber (IR) were purchased from Sigma-Aldrich (St. Louis, MO). Corn zein (UniProt 

P04700, ~22 kDa) was purchased from MP Biomedicals, LLC (Solon, OH). Elemental sulfur (S), 
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carbon black (CB, Vulcan® 7H Cabot), and N-tert-butyl-benzothiazole sulfenamide (TBBS) were 

graciously provided by Hankook Tire. 

 Preparation of protein-IR composites. The neat materials were compounded in 45 g 

batches on a Prep-Center with an internal mixing head (Brabender, Hackensack, NJ) according to 

the formulations in Table 1 and order given in Table 2. All components were measured in parts 

per hundred rubber (phr).  Single stage compounding was performed at 60 rpm for 7 min as 

specified in ASTM D3182, with an initial temperature of 50 °C and a dump temperature of 88±5 

°C.  

 Cure meter testing. Compounds (~3.5 g) were conditioned at room temperature for 1 h, 

then isothermally cured in triplicate at 150 °C until a 5% reduction in the maximum torque (MH) 

was attained or 120 min (Rubber Process Analyzer Flex, TA Instruments, Waltham, MA). The 

amplitude of oscillation was ±0.5 ° and the frequency of oscillation was 1.7 Hz, as per ASTM 

D5289.  

 Preparation of vulcanized sheets. Compounds were compression molded at 150 °C on a 

manual hydraulic press (Model #3925, Carver Inc., Wabash, IN) under 0.9 MPa pressure for the 

t’90 time, as determined from cure meter testing. Steel shims (1 mm thickness) were used to 

achieve a uniform film thickness. 

 Tensile testing. ASTM D412 Die D tensile specimens were uniaxially deformed to 250 % 

and 1000 % elongation (ϵ) for 9 cycles at a rate of 500 mm/min on a Texture Analyzer TA.HDPlus 

(Texture Technologies Corp., Hamilton, MA) equipped with a 100-kg load cell and self-tightening 

crosshatched grips. All tests were performed in triplicate and results reported as an average  

standard error. Young’s moduli (E) were calculated by linear regression analysis of the low-strain 

Hookean region of the stress-strain plots in Excel. The peak stress at maximum elongation, 
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σ(ϵ=1000%), and permanent set, i.e., the remaining strain at zero load, were recorded. The 

hysteresis was calculated from Eq. 1, where Aloading and Aunloading were the areas under the loading 

and unloading curves, respectively. 

%𝐻𝑦𝑠𝑡𝑒𝑟𝑒𝑠𝑖𝑠 = (
𝐴𝑙𝑜𝑎𝑑𝑖𝑛𝑔 − 𝐴𝑢𝑛𝑙𝑜𝑎𝑑𝑖𝑛𝑔

𝐴𝑙𝑜𝑎𝑑𝑖𝑛𝑔
) ∗ 100 (1) 

 

 Scanning electron microscopy with energy dispersive X-ray spectroscopy (SEM-

EDX). A tensile specimen from each composite was freeze fractured in liquid nitrogen, then 

sputter-coated with 5 nm iridium at a 45 ° angle.  Micrographs were obtained with a 12.4 mm 

working distance and 10 kV accelerating voltage (FEI Quanta 600 FEG environmental SEM with 

a Bruker EDX Silicon Drifted Detector, Thermo Fisher Scientific, Waltham, MA).  Oxygen was 

exclusive to the protein phase, so any Z-contrast arising from oxygen identified the protein phase.  

A corresponding decrease in the carbon signal intensity confirmed a protein phase domain. Any 

thermal oxidation of the IR phase during processing was insignificant and was not observed in the 

EDX spectra or oxygen maps. Li and Koenig34-35 studied the oxidation of IR and found that an 

induction time of hours (1.5 h at 140 °C) was required to oxidize a thin surface layer (~100 μm) 

and that this layer blocked further oxidation. Since the samples tested here were thermally 

processed for less than 1 h and the fracture surface, rather than the sample surface, was imaged, 

IR oxidation was not a significant factor in this analysis. Protein aggregates smaller than 1 μm2 

could not be resolved by the EDX detector but could be distinguished as bright areas in the 

backscatter electron (BSE) micrographs using a BSE detector. Therefore, EDX elemental maps 

and BSE micrographs were used in conjunction to identify protein dispersion and morphology in 

the fracture surface.  The surface area (SA), length (l), width (w), and aspect ratio (AR=l/w) of the 
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protein domains were measured at six magnifications (200x; 500x; 1000x; 2000x; 5000x; 10,000x) 

with ImageJ software. The protein domains were very heterogeneous in size and the data sets 

contained many outliers. Since the mean and standard deviation were heavily influenced by 

outliers, the median was used as a measure of the central tendency in the data and the spread was 

given by the Median Absolute Deviation (MAD).36 The justifications for using the median were 

that the sample size was large (>100) and the protein domain sizes did not follow a normal 

distribution as determined by the Shapiro-Wilk W-test for Normality37  

RESULTS AND DISCUSSION 

 Curing kinetics. A rotorless cure meter was used to assess the cure behavior of the 

compounds in Table 1, which are cured at 150 °C. The S-shaped cure curves are shown in Figure 

1. The cure properties, i.e., minimum torque (ML), change in torque (ΔM), scorch time (ts1), 

time to 90% cure (t’90), and Cure Rate Index (CRI), were averaged from three replicate tests, 

and are reported with standard error in Table 3. A graph with the cure parameters identified on 

the S-curve is given in the Supporting Information (Figure S1). The ts1 was defined as the time 

to increase the minimum torque by 1 unit (ML+1). The t’90 was calculated from the minimum 

and maximum torque, where t’90 = minutes to (ML+0.9ΔM). The overall curing kinetics were 

assessed by the Cure Rate Index (CRI = 100/(t’90-ts1)), which was inversely proportional to the 

elapsed curing time.  

 A typical three-stage curing process, consisting of a pre-cure, cure, and post-cure period, 

was observed for all compounds (Figures 1 and S1). The pre-cure cure period was identifiable as 

the bottom tail of the “S,” where the elastic torque at time t (Mt) increased at a slower rate. The 

time at which curing began, i.e., scorch time (ts1), was deliberately retarded by the use of the 

delayed-action accelerator, TBBS.38 It was important to maintain the scorch time of the IR 
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Control in the presence of the protein filler to ensure the compounds could be properly 

processed. The pre-cure period, or scorch time (ts1), was slightly suppressed at low protein 

loadings of 1-2 phr but was otherwise within standard error of the IR Control (Table 3 and 

Figure 1a). Large decreases in ts1 can create problems in processing applications such as 

molding, i.e., if the material begins to cure before filling the mold.39 Typical rubber fillers, such 

as CB and ZnO, have been shown to decrease the pre-cure period with varying and sometimes 

conflicting effects on the overall kinetics.40-41 From Figure 1, it was apparent that CB and ZnO 

had shorter scorch times than zein and gliadin at equivalent filler loading. A 40% decrease in ts1 

from the IR Control was observed for CB-4, with little to no advantage to the overall curing 

kinetics (CRI) (Table 3 and Figure 1b). Similarly, a decrease in ts1 (-20% of the IR Control) was 

observed for ZnO-1, although an increase in CRI (+30% of the IR Control) was also observed 

(Table 3 and Figure 1a).  

 The change in torque ( M) can be considered a measure of the crosslink density and 

minimum torque (ML) a measure of the green strength of the uncured compound, i.e., how much 

the uncured compound can be handled without tearing prior to final cure, which is important 

when multiple processing and molding steps are involved. The green strength (ML) of IR was 

decreased at low protein loadings of 1 phr but was otherwise within standard error of the IR 

Control (Table 3). Thus, small amounts of protein served to plasticize IR, a result that has been 

found by other authors, and can be advantageous for processing the high molecular weight IR 

matrix.14, 42  At comparable protein loadings, ZnO and CB were found to increase green strength 

more than gliadin or zein. An increase in the elastic torque at time, t, (Mt) was observed at 10-20 

min, which indicated the onset of curing (Figure 1). During isothermal curing, crosslinks were 

formed at some rate and the stiffness of the material increased, causing an increase in Mt up to 
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some maximum torque (MH). The central part of the S-curve, where the slope was the steepest, 

was parallel for all compounds, indicating that the Peak Cure Rate (PCR) was similar for the 

filled and unfilled compounds (Figure 1). The decrease in green strength at 1 phr gliadin or zein 

did not adversely affect the crosslink density of the cured vulcanizate.  In all cases, the filled 

compounds either matched or exceeded the crosslink density of the IR Control, i.e., ΔM, 

although the increase was minimal (Table 3). The greatest crosslink density was observed for 

ZnO-1 (+20% over the IR Control), while the protein-filled compounds offered more modest 

increases in ΔM of up to 14% over the IR Control. It was important that the crosslink density be 

neither too low nor too high because the former leads to poor abrasion resistance while the latter 

embrittles the compound and causes processing difficulty.43  

 As the cure period finished and the curing approached the post-cure phase, the cure rate 

decreased as torque increased until Mt=MH and the compound reached 100% cure (Figures 1 

and S1). The time at which curing was complete (t’100) was variable based upon whether the 

compound was filled and which filler was used. From Figure 1, it was apparent that CB-4 cured 

the fastest, followed by ZnO-1, then the IR Control and, finally, the protein-filled compounds. 

Although the protein-filled compounds reached t’100 later than the IR Control, indicating slower 

curing kinetics, the ΔM was generally higher, indicating a higher crosslink density. Thus, if the 

goal was to match the crosslink density of the IR Control, less curing time would be required in 

the protein-filled compounds. Isoprene rubber compounds are often incompletely cured to avoid 

post-cure thermal aging and loss of mechanical properties. Here, a 90% cure was used as the 

optimum cure.  

 On average, the protein filled compounds reached 90% cure at 33.3±0.8 min and had a 

CRI of 6.8±0.3, which was within standard error of the IR Control (t’90=31.5±1.1 min; 
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CRI=7.9±1.3) (Table 3). Of the protein-filled compounds, the t’90 and CRI of Zein-4 and Zein-6 

deviated the most from the IR Control. Other anti-reversion agents, such as 4,4’-bis (maleimido) 

diphenyl methane (BMDM) have been shown to increase t’90 at similar loadings (5 phr).31 In 

that case, the curing kinetics were improved by curing at a higher temperature which was a 

viable solution due to the increased thermal stability provided by BMDM. An increase in t’90 

and decrease in CRI as zein loading increased suggested that the additional zein protein hindered 

crosslinking.  

 After maximum torque was reached, curing progressed into the post-cure region. Post-

cure behavior can vary based on the compound formulation and curing conditions. In ideal 

curing behavior, the reaction culminates with irreversible network formation and crosslink 

formation plateaus, as is common in styrene-butadiene rubbers. However, in real systems, either 

reversion or “marching curves” (i.e., where a maximum torque is never reached) are common 

behaviors.44  Reversion is characterized by crosslink disappearance and a loss of network 

structure due to non-oxidative thermal degradation.45 Sulfur-cured isoprene rubbers commonly 

exhibit reversion behavior.46 In the compound formulations tested, a decrease in Mt was 

observed after MH was reached, indicative of reversion (Figure 1). However, the onset of 

reversion and amount of reversion was different depending on the filler type (Figure 2). The 

reversion resistance was quantified using the cure curves, in which the following was measured: 

(1) elapsed time at 100% cure (Δt’100 = time at MH ± 0.01 dNm), and, (2) rate of reversion = 

|ΔMt/Δt| for all t > t’100 (Figures S1 and 2). Both zein and gliadin fillers had reversion resistance 

properties, particularly at higher protein loadings of 4-6 phr, meaning that Δt’100 was increased 

(Figure 2a) and rate of reversion was decreased (Figure 2b). The greatest improvement in 

reversion resistance was observed for Gliadin-4, which increased Δt’100 by 230% and decreased 
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rate of reversion by 80% over the IR Control. Zein-4 was also beneficial to the reversion 

resistance: Δt’100 increased by 130% and rate of reversion decreased by 70%. A lesser 

improvement was observed for CB-4, where Δt’100 was increased by 60% and rate of reversion 

was decreased by 40% to the IR Control. Conversely, a negative impact on Δt’100 and the rate of 

reversion was observed with the addition of 1 phr ZnO. During post-cure network maturation, 

ZnO catalyzes a reduction in sulfur rank, i.e., converting polysulfidic crosslinks into di- or 

monosulfidic crosslinks, which increases crosslink density, but can contribute to reversion.5, 28 

Thus, the greatest resistance to reversion was observed in the protein-filled compounds, where 

reversion resistance increased as a function of protein loading.   

 Mechanical properties. Young’s modulus (E) was greater in the filled vulcanizates 

compared to the unfilled IR Control (Figure 3). The amount of IR reinforcement was dependent 

upon the filler type and loading. At equivalent filler loading, reinforcement was lower in the 

composites with the traditional fillers, ZnO-1 and CB-4, compared to the protein-IR composites. 

Although CB is the most common rubber reinforcing filler used in industry, in this study, CB had 

the poorest reinforcement potential (+5% over the IR Control). The greatest increase in E over 

the IR Control was observed in the zein-filled composites, with maximum reinforcement 

occurring at 4 phr zein (E=0.86±0.01 MPa; +55% over the IR control). As the zein loading 

increased to 6 phr, E remained the same. In the gliadin-filled composites, maximum 

reinforcement was observed at 2 phr gliadin (+40% over the IR Control), after which E 

decreased (E=0.61±0.01 MPa; +10% over the IR Control). Since ΔM was similar to the IR 

Control for the protein-filled vulcanizates, and did not change based upon protein loading, it was 

expected that the crosslink densities would be similar (Table 3). Therefore, the change in E was 
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attributed to the reinforcing potential of the proteins, with zein being more effective at 

reinforcing IR.  

 Cured rubbers exhibit stress softening upon repeated extension and retraction, meaning 

that the stress at a constant elongation will decrease as a function of the deformation cycle, 

which is a process known as the “Mullins effect”.47-48 The amount of stress softening between 

the first and second cycle has been shown to correlate to other vulcanizate properties like the 

ultimate tensile strength (UTS).49 The magnitude of the change in stress at maximum elongation, 

i.e., |Δσ(ϵ = 1000%)|, between the first and second deformation cycle was calculated and is 

reported as a function of filler loading (Figure 4). In the vulcanizates tested here, both gliadin 

and zein showed increased stress softening with increasing filler content with zein-filled rubber 

showing more stress softening than gliadin-filled rubber.  

 The hysteresis, or energy dissipated during extension and retraction, was calculated as a 

function of extension/retraction cycle and filler loading (Figure 5). Filled rubbers generally 

dissipate more energy than un-filled rubbers.50-51 However, at low protein loadings, the opposite 

behavior was observed. Zein-1, Gliadin-1, and Gliadin-2 had lower hysteresis than the IR 

Control, i.e., 0 phr filler. This suggested that at low protein filler loading, more strain energy 

applied during extension was recovered upon retraction compared to unfilled and highly filled 

rubber compounds. Gliadin-1 exhibited the lowest hysteresis, i.e., highest elastic recovery, of any 

sample for all cycles. There are many applications that require low hysteresis at elongations of 

several hundred to thousand percent, such as rubber bands, gloves, balloons, and threads/fibers 

for golf balls, amongst others.52-53 In tire treads, low hysteresis is important to lowering rolling 

resistance.54 Conversely, high hysteresis is problematic because the dissipated energy leads to 

heat build-up in the vulcanizate. ZnO has high thermal conductivity and so can reduce heat 
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build-up.29 Therefore, in the ZnO-free systems, e.g., Gliadin-IR, Zein-IR, and CB-IR, it was 

especially important to avoid heat build-up, i.e., decrease hysteresis. In cycle 1 for the gliadin- 

and zein-filled vulcanizates, higher protein loading resulted in larger hysteresis, akin to other 

rubber fillers.55-56 Hysteresis decreased with repeat cycling and, after a few extension/retraction 

cycles, known as the conditioning period, the hysteresis reached a relatively constant value.57 

After the conditioning period, the hysteresis at higher protein loadings of 4 and 6 phr was similar 

to the IR Control and the CB-filled sample. The hysteresis in ZnO-1 was higher than Zein-1 and 

Gliadin-1 but similar to the IR Control. So protein fillers behave similarly to traditional rubber 

reinforcing fillers like carbon black at loadings of 4-6 phr. At these filler loadings, the applied 

strain energy was dissipated through the re-arrangement of filler particles in the rubber matrix 

(Figure 5b).55-56  Low protein filler loadings of 1-2 phr resulted in more energy storage, 

especially compared to ZnO filler, at increased extension/retraction cycles (Figure 5a). At 1-2 

phr filler, there may not be enough filler in the system for re-arrangement to have a significant 

effect on the energy dissipation. The ZnO result suggested this. It was interesting that the protein 

fillers had less hysteresis at 1-2 phr and that gliadin in particular had less hysteresis than zein. 

Gliadin is one of the 3 proteins in wheat gluten and wheat proteins exhibit elastomeric behavior 

typical of rubber.58 Zein has some similarities to gliadin particularly in the amount of glutamine 

(Q) in the structure and is also considered a fairly elastic protein. It appeared that the elastic 

nature of the proteins contributed to increased energy storage at low loadings.   

 The remaining strain in the vulcanizate after retraction, i.e., the permanent set, was 

calculated as a function of cycle and filler loading (Figure 6). A lower permanent set was 

desirable and indicated less permanent deformation in the sample after an extension and 

retraction cycle.52 Permanent set was observed to increase as a function of cycle and was 
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indicative of increased permanent deformation with repeated applied deformation. Hysteresis 

occurred because of energy loss in the rubber compound after an applied strain. Hysteresis is 

typically ascribed to viscous dissipation in the rubber. In filled rubbers, some of the applied 

deformation energy will go towards re-arranging the filler particles, which is another energy loss 

mechanism resulting in hysteresis. The permanent set showed that some applied strain energy 

went toward plastically or permanently deforming the rubber compound, probably through the 

breaking of IR intra- or inter-molecular bonds and/or breaking up of any filler particle 

agglomerates. For Zein-4 and Gliadin-2, a decrease in permanent set was observed, which were 

the same samples that had the highest moduli. This indicated that the highest moduli compounds 

were more resistant to permanent deformation, but it was not clear why the permanent set did not 

universally behave as the inverse of the modulus.    

 Morphology. SEM of the fracture surfaces of the protein-IR composites as a function of 

protein loading are shown in Figure 7. The protein domains in Gliadin-IR and Zein-IR were 

heterogeneous in size. Gliadin-IR had the largest particles at all protein loadings compared to the 

Zein-IR composites, with at least one gliadin particle on the order of 0.5-1 mm observable in 

each fracture surface. The largest gliadin particles were incorporated in the IR matrix and the 

gliadin particles fractured in the same plane as the IR matrix, indicating that some stress was 

effectively transferred from the matrix to the particle.59 However, there were many smaller 

gliadin particles that had minimal interaction with the surrounding matrix and were unfractured, 

indicating that no stress transfer from IR matrix to gliadin particles had occurred and gliadin and 

IR had poor filler/matrix adhesion (Figure 8). The smaller gliadin particles were generally 

globular or ellipsoidal and were agglomerated throughout the fracture surface. There were large 
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gaps and voids between the particle edge and the surrounding matrix, demonstrating that the 

rubber matrix had pulled away from the particle due to poor compatibility.60  

 Comparatively, very few unfractured zein particles were present in the Zein-IR fracture 

surfaces (Figure 7). The zein particles had smooth fracture surfaces, indicating effective stress 

transfer from the IR matrix to the zein particle. Although some of the larger zein particles had 

voids or gaps where the particle surface met the IR matrix, the Zein-IR interface for the small- to 

mid-size particles showed good interfacial adhesion (Figure 8). The improvement in interfacial 

adhesion between zein and IR, as compared to gliadin and IR, was likely a contributing factor to 

the increased moduli in the Zein-IR composites. The median particle surface area was reported 

with the error of the Median Absolute Deviation (MAD/√n, where n is the number of 

observations) for gliadin and zein in the composites (Figure 9). A decrease in Young’s modulus 

and increase in percent set was observed at 6 phr zein and 4-6 phr Gd, and these were the 

composites that had the largest particle surface area (>20 μm2). At the same filler loading, the 

larger particle surface area in the gliadin-IR composites indicated fewer particles. Chemical 

incompatibility can lead to filler agglomeration/migration and poor filler matrix adhesion, which 

will decrease mechanical properties.59 So the more hydrophilic gliadin particles remained 

agglomerated while the more hydrophobic zein particles dispersed during compounding. Better 

dispersion resulted in higher moduli in the zein-containing compounds.   

 The SEM data can be used to rationalize other mechanical property observations. The 

stress softening increased with increased filler loading. The stress softening was also higher for 

zein-filled rubber than for gliadin-filled rubber. Stress-softening is a viscoelastic effect, which 

was why it happened in the IR control. But it is also enhanced in filled rubbers from molecular 

debonding of the matrix from the filler particle surface. Zein was shown to be more compatible 
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with the IR matrix because zein was more hydrophobic than gliadin. There were also more zein 

particles at a given protein loading. Therefore, more stress-softening was expected because more 

IR molecules were adsorbed onto the zein particle surface relative to gliadin particles and that 

larger number of IR molecules could detach to increase stress softening.  

CONCLUSIONS 

 This study sought to improve the performance of cured rubber by investigating the 

reinforcement and reversion resistance potential of two agricultural protein fillers: corn zein and 

wheat gliadin. The proteins were compounded into synthetic cis-1,4-polyisoprene rubber (IR) 

and cured in the presence of an accelerator and sulfur. The curing kinetics, mechanical, and 

morphological properties were compared to an activated cure system containing zinc oxide 

(ZnO) and a reinforced system containing carbon black (CB). The addition of gliadin and zein to 

IR positively impacted reversion resistance with no negative impact on the original curing 

kinetic properties, i.e., the scorch time (ts1), cure time (t’90), change in torque (ΔM), and Cure 

Rate Index (CRI) were maintained. The reversion resistance was quantified as an extension of 

the plateau region, i.e., longer elapsed time at 100% cure, and a lower rate of reversion, i.e., 

decrease in the slope of the reverting curve. Conversely, any improvement in cure properties 

provided by zinc oxide (ZnO) and carbon black (CB) was at the expense of a suppressed ts1 and 

decreased reversion resistance. 

 Modulus increases over the IR Control and CB-reinforced vulcanizate were observed in 

the zein-IR and gliadin-IR composites. In the zein-filled composites, E increased with protein 

loading up to 4 parts per hundred rubber (phr) (+55% over the IR control). In the gliadin-filled 

composites, E reached a maximum at 2 phr Gliadin (+40% over the IR Control), then decreased. 
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The lowest permanent set, i.e., permanent deformation, was observed for Zein-4 and Gliadin-2. 

The permanent set was lower in Gliadin-2 than the IR Control. This was the only filled system to 

improve the elasticity of IR. At the same filler loading, the zein- and gliadin-filled systems had 

lower percent set than CB-IR. Stress softening was increased in the zein-filled vulcanizates 

compared to the gliadin-filled vulcanizates, which was attributed to increased filler-matrix 

debonding because of the larger number of zein particles and increased chemical compatibility 

between zein and IR. Gliadin-1 exhibited the lowest hysteresis, i.e., highest elastic recovery, of 

any sample for all cycles. This suggested that the gliadin protein filler stored elastic energy 

during repeat deformations. After a conditioning period, the hysteresis at higher protein loadings 

of 4 and 6 phr was similar to the IR Control and the CB filled sample.  
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TABLES AND FIGURES 

 

Table 1. Compound formulations.  

Compound TBBS 

(phr) 

S (phr) Gliadin 

(phr) 

Zein (phr) ZnO 

(phr) 

CB 

(phr) 

IR Control 0.6 2.5 0 0 0 0 

Zein-1 0.6 2.5 0 1 0 0 

Zein-2 0.6 2.5 0 2 0 0 

Zein-4 0.6 2.5 0 4 0 0 

Zein-6 0.6 2.5 0 6 0 0 

Gliadin-1 0.6 2.5 1 0 0 0 

Gliadin-2 0.6 2.5 2 0 0 0 

Gliadin-4 0.6 2.5 4 0 0 0 

Gliadin-6 0.6 2.5 6 0 0 0 

ZnO-1 0.6 2.5 0 0 1 0 

CB-4 0.6 2.5 0 0 0 4 

 

 

  



135 
 

Table 2. Compounding steps for the IR Control and Protein-IR composites in Table 1, where tstep 

is the mixing time per step and ttot is the total mixing time for the compound. 

Step  tstep (min) ttot (min) 

1. Add IR. 0.5 0.5 

2. Add TBBS. 0.5 1 

3. Add protein or CB 1 2 

5. Add S. 6 7 

 

Table 3. Cure properties of compounds in Table 1: minimum torque (ML); torque change (ΔM); 

scorch time (ts1); cure time (t’90); cure rate index (CRI). All values given as the mean ± 

standard error. 

Compound ML (dNm) ΔM (dNm) ts1 (min) t’90 (min) CRI (min-1) 

IR Control 1.39±0.02 2.95±0.11 18.3±0.9 31.5±1.1 7.9±1.3 

Zein-1 1.30±0.01 3.35±0.06 16.2±0.6 32.4±0.4 6.2±0.3 

Zein-2 1.37±0.02 2.99±0.20 18.2±1.1 32.9±0.9 6.8±0.3 

Zein-4 1.35±0.02 3.32±0.38 18.2±2.0 38.3±3.9 6.3±2.3 

Zein-6 1.43±0.01 3.19±0.12 19.0±0.8 39.2±2.1 5.1±0.7 

Gliadin-1 1.32±0.00 3.14±0.25 16.0±1.5 30.3±1.4 7.5±1.5 

Gliadin-2 1.36±0.01 3.10±0.20 16.7±0.5 31.9±1.3 6.7±0.6 

Gliadin-4 1.45±0.03 3.09±0.05 18.1±0.8 30.6±0.8 8.1±0.8 

Gliadin-6 1.36±0.03 3.22±0.21 17.0±0.8 30.9±0.7 7.3±0.6 

ZnO-1 1.44±0.02 3.55±0.04 14.5±0.8 24.2±0.1 10.5±0.9 

CB-4 1.50±0.03 3.47±0.30 10.7±0.7 31.0±6.8 5.5±3.1 
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Figure 1. Example 150 °C isotherms showing elastic torque (Mt) as a function of time for an 

unfilled IR Control and filled compounds containing (a) 1 phr filler or (b) 4 phr filler. 

 

   

Figure 2. Reversion resistance in Gliadin-IR (□), Zein-IR (Δ), CB-IR (◊), and ZnO-IR(○),  

compounds, quantified as: (a) elapsed time at 100% cure (Δt’100 = time at MH ± 0.01 dNm), 

and (b) rate of reversion = |ΔMt/Δt| for all t > t’100. Values given as the mean ± standard error.  
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Figure 3. Young’s modulus (E) as a function of filler loading for Gliadin-IR (□), Zein-IR (Δ), 

CB-IR (◊), and ZnO-IR(○), vulcanizates. Values given as the mean ± standard error.  

 

 

Figure 4. Stress softening, quantified as the magnitude of the change in stress at 1000% 

elongation, |Δσ(ϵ = 1000%)|, between deformation cycle 1 and 2, in Gliadin-IR (□), Zein-IR (Δ), 

CB-IR (◊), and ZnO-IR(○) compounds. Values given as the mean ± standard error. 



138 
 

   

Figure 5. Hysteresis as a function of filler loading and extension/retraction cycle (color gradient 

from dark to light) in: (a) Zein-IR (with ZnO-1 as a reference), and, (b) Gliadin-IR (with CB-4 as 

a reference) vulcanizates at an applied strain of ϵ=1000 %.  

 

    

Figure 6. Permanent set as a function of filler loading and extension/retraction cycle (color 

gradient from dark to light) in: (a) Zein-IR (with CB-4 as a reference), and, (b) Gliadin-IR (with 

ZnO-1 as a reference) vulcanizates at an applied strain of ϵ=1000 %. 
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Figure 7. SEM of the fracture surface of the Gliadin-IR (top row) and Zein-IR (bottom row) 

vulcanizates with some of the largest protein domains circled. 

 

 

 

Figure 8. SEM of the fracture surface of a protein particle in Gliadin-4 (left) and Zein-4 (right). 
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Figure 9. Median particle surface area ± error of the Median Absolute Deviation as a function of 

protein loading in Gliadin-IR (□) and Zein-IR (Δ) vulcanizates. 
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CHAPTER VII. CONCLUSIONS 

 

 To improve the sustainability of polymer composites, many fillers of biological origin 

have been investigated and incorporated into commodity polymers. Of particular interest are 

those biological fillers that serve as multifunctional additives. In this work, agricultural proteins 

wheat gluten and corn zein were investigated as multifunctional additives (MFAs) in polymer 

composites. The primary functions of the biological MFAs investigated herein were to: (1) 

provide reinforcement, (2) improve thermal stability, and (3) lower cost. To maximize the 

industrial relevance of this work, commodity crops (e.g., wheat and corn) were used because 

they are widely available, biodegradable, renewable, inexpensive, and can be sourced from 

agricultural waste. Commodity polymers, poly(vinyl alcohol) (PVA) and synthetic cis-1,4-

polyisoprene rubber (IR), were used as matrices. A common application for PVA is flexible 

packaging and IR is used in tires. The flexible packaging industry and automotive industry are 

interested in new materials which are sustainable, lower cost, and can be processed using 

existing industrial methods.  

 The protein fraction of wheat and corn was utilized because proteins are known to 

cooperatively self-assemble into various structures in aqueous solution. The mechanism of self-

assembly is believed to be universal to all proteins. In the self-assembly route studied here, e.g., 

amyloid fiber formation, denatured peptides hydrogen bond to form β-sheets, which then stack 

together to form fibrils or fibers. Protein self-assembly is a hierarchical process, traversing 

several length scales (nm-cm), and progressing from isotropic paired β-sheet nanostructures to 

anisotropic fibers. The nanoscale β-sheet phase endows the amyloid fibers with rigidity, 

toughness, and thermal and mechanical stability. The hierarchical nature of amyloid self-

assembly allows for an engineered material with tunable properties. The universality of protein 

self-assembly presents a unique opportunity to choose a protein additive based upon: (1) 

environmental factors (i.e., crop production and cost), or (2) the compatibility of the protein with 

the polymer matrix (i.e., the hydrophobicity of the protein varies with the amino acid sequence).    

 In Chapter II, trypsin hydrolyzed wheat gluten (THWG) proteins were incubated in 

aqueous PVA solutions, then the composite solutions were air dried and compression molded 

into films. Protein aggregates formed through a typical mechanism of β-sheet self-assembly. The 
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amount of aggregation, i.e., β-sheet self-assembly, was dependent upon the molding conditions 

and PVA molecular weight. A greater molding time and pressure and/or a lower PVA molecular 

weight allowed for more protein aggregation.  The larger protein structures provided less 

reinforcement, so these composites had less reinforcement. In Chapters III and IV, wheat 

proteins THWG and trypsin hydrolyzed gliadin (THGd) were dispersed in synthetic polyisoprene 

rubber during compounding to form nanocomposites. The composite moduli correlated to the 

protein β-sheet content and reinforcement increased with increasing protein concentration. The 

β-sheet containing structures were very thermally stable, even under harsh rubber compounding 

conditions. By optimizing the processing temperature, compounding time, and protein batch 

preparation, uniform protein dispersion and optimal IR reinforcement were achieved. In Chapter 

V, THGd was compounded into IR with a cure accelerator and sulfur curative, then compression 

molded to cure the rubber. Protein aggregation into nanostructured β-sheets was observed during 

the curing process. Rubber reinforcement increased as a function of protein concentration and 

curing time. The results from Chapters II-V showed an interesting concept: in situ filler 

formation in polymer matrices where the choice of polymer and processing conditions influenced 

the final morphology and composite properties. 

 For Chapters II-V, the same hydrolyzed wheat proteins, THWG and THGd, were utilized 

in a hydrophilic matrix (PVA) and a hydrophobic matrix (IR). THWG and THGd are 

predominantly hydrophilic proteins, with some hydrophobic residues. Anisotropic “spike-like” 

aggregates were observed in the PVA composites, where good protein-PVA compatibility 

existed. Isotropic agglomerates of “primary particles” were observed in the IR composites, where 

the protein and rubber existed as discrete phases and were weakly interacting at most. Thus, the 

protein morphology and progression along the self-assembly hierarchy was influenced by the 

protein-polymer interactions. In both systems, larger protein aggregates and/or agglomerates 

negatively impacted the mechanical properties. In Chapter V, a chemical compatibilizer was 

added to some of the cured THGd-IR composites. In the compatibilized composites, 

reinforcement was higher. In Chapter VI, a simplified and direct approach to compatibilization 

was used: a hydrophobic protein (zein) was substituted for the hydrophilic gliadin protein and 

compounded and cured in IR. Reinforcement was greater in the zein-IR composites where 

improved protein-IR compatibility was observed. However, greater mechanical stability was 

attained using a gliadin filler, and these composites had less permanent deformation and lower 
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viscous dissipation than the zein-filled composites or, in some cases, the IR Control. Both zein 

and gliadin improved the thermal stability of IR. These results suggested that alternate property 

improvements were possible based upon the protein properties, and the choice of protein filler 

must be based on more than hydrophilic/-phobic character.  

 During the course of this research, some questions arose that warrant further study. For 

example, biological systems are inherently heterogeneous which can be problematic for 

applications which have stringent processing-property requirements. In the systems where in situ 

filler formation was observed, such as the curing of THGd-IR, some areas of the composite had 

more filler aggregation than others on a microscopic scale. Also not addressed here is the 

degradability of biological systems and how that is problematic for long term usage of protein-

filled polymer composites. A protein filler may be more appropriate for a degradable matrix, 

such as PVA used here. Additional antidegradants may be necessary to stabilize the protein in a 

non-degradable matrix, such as IR used here, but the entire rubber-additive system must be 

optimized.  
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APPENDIX A. SUPPORTING INFORMATION: Wheat gluten aggregates as a reinforcement 

for poly(vinyl alcohol) films 

 

DeButts, B. L., Spivey, C. R., & Barone, J. R. (2017). Wheat Gluten Aggregates as a 

Reinforcement for Poly (vinyl alcohol) Films. ACS Sustainable Chemistry & 

Engineering, 6(2), 2422-2430. 

 

Reproduced with permission from the American Chemical Society. 
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Figure S1. DSC second heat scans of PVA control and 33% THWG:PVA composites comparing 

the effect of processing conditions at constant PVA molecular weight on the PVA and composite 

thermal properties. Data is also shown along with the modulus data for each material in Table 1 

of the manuscript. 
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Figure S2. DSC second heat scans of PVA control and 33% THWG:PVA composites comparing 

the effect of PVA molecular weight at constant processing conditions on the PVA and composite 

thermal properties. Data is also shown along with the modulus data for each material in Table 1 

of the manuscript. 
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APPENDIX B. SUPPORTING INFORMATION: Hydrolyzed wheat protein as a self-assembled 

reinforcing filler in synthetic isoprene rubber vulcanizates. 

 

DeButts, B. L., Thompson, R.V., & Barone, J. R. (2019). Hydrolyzed wheat protein as a self-

assembled reinforcing filler in synthetic isoprene rubber vulcanizates. Ind. Crops Prod., (in 

review). 

 

Chapter V has been submitted to and is under review by the following peer-reviewed journal: 

Industrial Crops and Products published by Elsevier B.V. The chapter is formatted according to 

the journal guidelines set forth by the publishers.  
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Figure S1. A typical isothermal curing curve of heat flow (Q) versus time (t) with the pre-cure 

(i.e., induction period or scorch time), cure, and post-cure periods and a horizontal baseline 

originating from the heat flow plateau after curing identified on the graph. The time at which 

curing starts (ti) and ends (tf) are located at the intersection of the baseline with the experimental 

data. 
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Figure S1. A typical S-shaped cure curve of elastic torque (Mt) versus time (t) with the pre-cure, 

cure, and post-cure periods and cure properties identified on the graph: minimum torque (ML); 

maximum torque (MH); torque change (ΔM); scorch time (ts1); cure time (t’90); elapsed time 

100% cure (Δt’100); rate of reversion (ΔMt/Δt).  

 




