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Summary 

The factors that can be utilized in the development of new protein based plastic materials from 

industrial oilseeds are examined. As this area has not been explored in depth in the literature, 

experiences from the study of other proteins are used to better understand the possibilities of 

industrial oilseed protein based material. The review begins with a short introduction of the 

issued surrounding protein based plastics then follows the conventional production process for 

oilseeds and the possible alternative processes with a view to maintaining protein quality. A 

selection of industrial oilseeds is considered for use as protein sources. The factors that go into 

successful utilization of the oilseed proteins are examined from an industrial perspective, e.g.  

plasticization and forming useful articles, as well as the inter-protein interactions that shape 

product properties. After the molecular scale mechanisms are considered, previous work in 

developing protein based plastics is reviewed. Finally, possible applications are examined. 

Preface 

Modern life relies on plastic materials for everything from food packaging to car parts and 

critical medical devices. These products depend on the supply of petroleum which is rapidly 

being accepted as unsustainable. As an alternative to petroleum plant based resources are rapidly 

being developed into a new bio-economy. The use of agricultural products such as oils and 

starches has been extensively studied while uses for proteins in this new bio-economy have been 

lacking. One promising use for these proteins are in protein based plastics. The development of 

protein based plastics has a long history from the prehistoric use of natural animal and plant 

proteins to modern high performance fibres from synthetic spider silk. The understanding of 

protein behaviour from extraction and purification to chemical reactions is well understood and 

this knowledge has been applied to the development of protein based plastics. Progress has been 

made in developing protein based plastics but they have yet to see widespread use. Through the 

understanding of protein chemical interactions it is hoped that useful plastics can be produced 

and another product stream from the sustainable bio-economy can be developed. 
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Protein Based Plastics from the Residuals of Industrial Oil Crops 

1. Introduction 

In our modern society we rely on ―plastic‖ materials for many critical applications, from medical 

devices like syringes to the packaging that keeps our food fresh. These materials are 

overwhelmingly produced using petrochemicals that come from fossil oils. In recent years the 

price stability of fossil oil as well as the security of its supply has come into question. At some 

point in the future petrochemical feedstock will either become too expensive or simply 

unavailable. If we are to continue to reap the benefits of the products currently made from fossil 

oil we will eventually need to find alternate ways of making the products that currently come 

from petroleum sources. An additional problem with most current petroleum based plastics is 

that they degrade extremely slowly placing stress on the environment if not disposed of properly. 

One proposed alternative to fossil oil for many applications are plant oils (1). Plant oils are 

currently mainly produced for human nutrition from the seeds of many plants such as rapeseed, 

soy, cottonseed, sunflower and sesame (2). Many oil seeds provide both useful oil and high 

protein residuals for human or animal nutrition. Oil seed development has also been carried out 

so that the residual meal after oil extraction can be used as animal foodstuff, rapeseed 

development being one such example (3). Although the quality of most current plant oils and 

residual high protein meal have been developed to meet the needs of human and animal 

consumption, there is an opportunity to develop industrial oil seed varieties whose oils can 

replace petrochemicals whose residuals will provide new sources of high protein meal (4). 

With the possible replacement of some petrochemicals with industrial plant oils it is expected 

that the supply of protein containing residuals from industrial oil crops will greatly increase. One 

promising use for this protein rich feedstock is bio-based plastics (5, 6). Plant protein based 

materials are bio-degradable addressing end of life disposal concerns, one of the major issues 

with petroleum based polymers (5, 7). These protein based plastics have also been shown to have 

attractive gas barrier properties, making them possible replacements for conventional polymers 

in food packaging applications (8, 9). Despite the promise of these materials there are many 

problems to overcome in utilizing plant proteins as replacements for conventional plastic 
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materials. Among these hurdles are high cost, poor processability, brittleness, low strength and 

low stiffness (5).  

Natural protein based materials are all around us, including the major structures of our bodies 

(10). Although it was not recognised at the time, humans have long made polymers from natural 

proteins such as glues from the animal protein sources like hides, hooves, blood, milk and egg as 

well as coatings using milk proteins (11, 12).  In the modern era casein from milk was used 

industrially with formaldehyde as a hardening agent from about 1900 (13) and later in 1929 with 

aluminum stearate as a processing aid without a hardening step (11). By 1926, 55% of the world 

production of buttons were made of casein, and the total volume produced had reached 60 000 

tons by 1932 (11). The 1920’s and 30’s saw the rise of the ―chemurgy‖, a movement to 

manufacture industrial products from agricultural feedstock. This trend was subsequently 

displaced by lower cost alternatives from the petroleum industry (11, 14). In 1936 Ford Motor 

Company utilized over 3 million pounds of oil-free soy meal in soy flour-phenol-formaldehyde-

wood flour composites and by 1942, 150 million pounds of this material was being produced 

(11). Plant proteins were also used in the manufacture of commercial fibres during this period 

using the solution spinning process (15). Materials from plant proteins are nothing new. 

Plant proteins from oilseeds are an attractive feedstock for industrial production due to their 

availability and expected low cost. For example rapeseed meal sold for 209 USD/tonne in 2009 

(16), and industrial oilseed meal that is not appropriate for animal feed can be expected to be less 

expensive. Despite the attractive price, only limited work has been carried out to date on 

industrial oilseed residuals used in bio-based plastics (17-22). The common amino acid building 

blocks shared between all proteins allow us to gain insight into industrial oilseed protein based 

bio-based materials from work with other protein systems. In the native state most plant protein 

molecules do not exhibit high enough molecular weight or have sufficient intermolecular 

interaction to form useful bio-based materials. In order to increase the molecular weight, cross 

links can be formed between molecules using chemical additives or naturally occurring reactions 

between amino acids (23, 24). This cross link network stabilizes the material mechanically as 

well as binding protein molecules within the network leading to reduced solubility (25-29). 

Most plant proteins exhibit some ability to cross link using naturally occurring amino-acids such 

as cysteine, tyrosine and lysine available in the proteins (28, 29). These cross links can be 
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activated in a number of ways including casting from solution, heating, exposure to radiation, 

changes in pH, introducing denaturing compounds, chemical cross linking and enzymatic action 

(5, 25, 30, 31). 

The majority of proteins found in plants are in the glassy state in their pure form at room 

temperature making materials made from them brittle. In order to decrease the glass transition 

temperature (Tg) to the desired range and reduce brittleness, plasticizers are used to make the 

molecules more flexible and thus the material more flexible (5). In most cases plasticizers 

interact by forming hydrogen bonds with the protein molecules, disrupting intermolecular 

interactions and result in higher protein chain mobility. A high vapour pressure and low diffusion 

rate are desired so that the plasticizer can remain at sufficient concentration to provide a long 

lasting effect. Many compounds have been tested as plasticizers such as glycerol, sorbitol, lactic 

acid, ethylene glycol and fatty acids, with glycerol being the most successful although it suffers 

from a high diffusion rate (32-35). Depending on the application a brittle material may be 

acceptable and the proteins can be utilized without plasticization (36). 

Global interest in sustainability, concern over greenhouse gas emissions and the high cost of 

petroleum is increasing the research related to the use of oilseeds as a source of chemicals for 

industry (4, 37-39). In traditional food targeted oilseed crops (such as rapeseed and soybean) 

plant breeders have focused on first production of high quality oils for human consumption and 

secondly on the quality of the residual high protein meal for human or animal consumption (3). 

In the development of oil crops specifically for industrial applications, the desired qualities may 

preclude the use of the residual meal as human or animal feed due to anti-nutritional factors such 

as inedible residual oils or glucosinolates. The protein containing residuals of industrial oil 

production can be made edible by removal of anti-nutritional compounds, but this is likely to be 

cost prohibitive for food applications (40-43). In the development of industrial oilseeds, 

genetically modified cultivars may be used that create a barrier to their use as a human or animal 

food source due to legislation in the EU (44). The volume of residuals from the use of plant oils 

to replace petrochemicals is unlikely to find a market of sufficient size to consume it at the 

required price without the development of new applications. 

Current interest in developing industrial oil crops includes plants such as Crambe abyssinica 

(Crambe), Brassica carinata (Carinata, Ethiopian Mustard), Brassica napus (Rapeseed), 
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Camelina sativa (Camelina, false flax, gold of pleasure), Ricinus communis (castor bean) and 

others (4, 38, 39, 45).  An added advantage of some proposed industrial oil crops is that they are 

being developed to grow under conditions which are marginal for current agricultural crops (4, 

39). Finding uses for process residuals that do not depend on low levels of anti-nutritional 

compounds would provide a value added outlet for new industrial oil crops. Proteins from many 

sources have been investigated as bio-based polymers, indicating the possibility of using protein 

rich industrial oilseed residuals as a biopolymer feedstock (5, 25, 30, 31). However, little direct 

work has been done in the area of utilizing non-food industrial oil seed crops in bio-based 

materials production (17-22). 
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2. Industrial Oilseed Production 

Oilseeds are one of the major crop groups worldwide with 2.5% of all yearly agricultural 

production by mass, requiring 16% of cultivated land (46). Industrial uses of seed oils can rely 

on food crop oils as well as dedicated industrial oilseed crops depending on the quality of the oils 

required. Current oilseeds cultivated specifically for industrial uses include: castor bean for 

ricinoleic acid used in the production of lubricants, nylons and polyurethane plastics; high erucic 

acid rapeseed (HEAR) producing erucic acid for the plastic additive erucamide, lubricants and 

other industrial chemicals; and crops such as camelina for the production of fatty acid methyl 

esters (biodiesel) (4). 

2.1 Preparation of Seeds for Processing 

The various stages of processing between harvest and the preparation of biomaterials from 

industrial oilseed proteins can affect protein quality through biological action or other 

environmental variables. Proper handling of oilseeds is important to maintain the quality of both 

the extracted oil and residual meal. Deterioration of oilseeds in storage results in the release of 

carbon dioxide and heat generation by oxidation reactions increasing deterioration rates and 

possibly charring seeds. Damage can be in the form of mechanical injuries to the seeds during 

harvest or from freezing and also contributes to deterioration (47). High temperatures during 

storage may result in damage to the proteins and affect their use as bio-materials. 

High moisture content during storage (above 14-15%) has a negative effect on both oil and the 

residual protein meal. Free fatty acid generation may be accelerated by microbial growth and 

enzymatic activity supported by high moisture content. High moisture content also supports 

insects and mites that damage seeds thus accelerating decomposition reactions. Sprouting can 

also occur during storage of high moisture seeds with the accompanying increase in enzyme 

activity and breakdown of both proteins and oils. Air dryers are used to ensure low moisture 

content in seeds before entering storage and ventilation is used to cool the seeds in storage 

preventing heat damage from oxidation reactions. Drying must be carried out at a temperature 

low enough to prevent damage that can affect protein functionality. 



 

6 

 

 Figure 1 – Solvent oil extraction schematic 

(redrawn from [47]).  

 

Individual operations are used for the preparation of oilseeds for processing which vary 

depending on the physical characteristics of the seeds. Most oilseeds go through the process of 

cleaning, drying, dehulling, size reduction, cooking and tempering prior to oil extraction (47, 

48). Some of these processes can affect the protein quality in the residual meal (40, 49-54). 

In usual industrial practice oilseeds are tempered to denature proteins, help release oils from the 

cells, inactivate enzymes and improve palatability if they are to be used as animal feed. Some 

industrial oilseeds contain glucosinolates, these compounds are hydrolyzed by enzymes releasing 

isothiocyanates and nitriles as a predator defence mechanism (55)(Table 1). For example, 

rapeseed is heated with steam during processing in order to inactivate the enzyme myrosinase, 

preventing the production of isothiocyanates and nitriles making the resulting meal more 

palatable to animals (41). Following tempering 

the cooked seeds are immediately pressed to 

separate oil. Tempering may be done to simply 

improve flaking and extraction performance 

rather than to deactivate enzymes (48, 56). 

Depending on the temperature, 

cooking/tempering may impact the behaviour 

of proteins in the residual meal (40, 49-54). 

2.2 Oil Extraction Techniques 

Oil extraction techniques are important in our 

context as they may affect the quality of the oil 

and proteins in the residual meal and will be 

designed based on economic considerations of 

the oil and meal value. The most common 

techniques for oil extraction are solvent 

extraction, mechanical extraction via a screw 

press and their use in combination.  
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Solvent extraction 

Solvent extraction is the most common commercial method for the treatment of oilseeds. In 

solvent extraction oils are preferentially dissolved by a liquid solvent. The effectiveness depends 

on the oilseed preparation, temperature and equipment design. It is usual for the oil in residual 

meal to be less than 1% from commercial solvent extraction. Hexane is most widely used for 

commercial oil solvent extraction. The use of alcohols and water as solvents for oil extraction are 

hampered by low solubility and high energy requirements for solvent recovery and meal drying 

(47).  

Since oil solubility and diffusivity increase and oil solution viscosity decreases with increasing 

extraction temperature, extraction with a hot solvent is attractive from a processing point of 

view. The energy required for solvent recovery decreases with higher extraction temperatures. 

Despite the advantages of hot solvent extraction, elevated temperatures may cause degradation of 

protein quality in the residual meal (20). Although it is not known to be in commercial use, 

solvent extraction of oils can be combined with the removal of unwanted compounds from the 

meal. The use of a hexane-ethyl alcohol-water ternary solvent has been shown to remove oil as 

well as polyphenols while maintaining protein quality (40).  

There are 3 major steps in solvent extraction (Figure 1): oil extraction, solvent removal/recovery 

and meal toasting. 

Following oil extraction the remaining solvent in the meal is removed by a desolventizer-toaster.  

The meal is heated to evaporate solvent without unduly damaging the value of the meal.  The 

maximum allowable temperature depends on the type of proteins present and their intended end 

use. If only nutritional uses are intended the allowable temperature may be higher than if the 

proteins will be required to have certain functionality (20).  

Mechanical oil extraction 

Modern mechanical oil extraction of oilseeds relies on the continuous screw press. Screw press 

units are popular as they are less expensive than the complex solvent extraction systems and are 

available with capacities from 100 tonnes/day down to laboratory sizes. Although often referred 

to as ―cold pressing‖ the mechanical action of the screw press or external heating can cause a 



 

8 

 

considerable increase in temperature which can reach in excess of 70
o
C (20). Each mechanical 

processing step has the potential to degrade protein quality if the processing temperature is too 

high.  

Aqueous extraction 

Traditional aqueous extraction or water floatation involves heating oil containing material, 

grinding with or without water, and boiling with water to liberate the oil. The oil is then allowed 

to float to the surface where it is collected and further heated to remove moisture (48, 49). This 

process can be used to extract proteins in the residual liquid as well as oil in the flotation layer. 

Oil yields of 50% are generally found in traditional non-commercial aqueous processing (48). To 

improve protein and oil extraction at milder conditions enzymes and surfactants can be added to 

the extraction medium (49). Recent work aimed at producing highly functional proteins utilizes 

aqueous extraction of cold pressed meal in conjunction with residual oil recovery, ultrafiltration, 

dialysis, and salting in/out techniques (51-54). 

Supercritical fluid extraction 

Rising costs of meeting environmental and safety standards using the solvent extraction method 

have focused attention on supercritical fluid extraction technologies as an alternative (49, 57). 

The most attractive supercritical solvent is CO2, which makes an acceptable oil solvent as a 

liquid above the critical pressure. When the pressure is reduced to below critical, the CO2 returns 

to its gaseous state and is easily removed from the oil and then recycled into the process. 

Supercritical CO2 extraction of oil has been shown to maintain the quality of the residual 

proteins (58). 

2.3 Protein Extraction and Purification 

Depending on the application, the proteins from industrial oilseeds may need to be extracted 

from the residual meal and further purified. Applications such as fibres and thin films certainly 

require all large size residual material, such as hull fragments, to be removed as they are 

generally larger than the desired thickness of the final product. If the produced meal cannot 

provide adequate properties as a bio-based plastic, protein extraction can be used to increase 

protein concentration and thus improve performance. Compounds in the residual meal that 
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Figure 2 – Effect of pH on the solubility of 

Carinata proteins [62]. 

interact strongly with proteins, such as phytates, may need to be separated in order to increase 

the reactivity of the proteins in the final material (40, 59). Processes such as film casting, the wet 

spinning of fibres and the formulating of adhesives require protein solutions which may be 

formed concurrently with protein extraction (15, 60). 

Proteins may be fractionated using a modification of the traditional Osborne procedure where 

extractions are performed serially in solutions as follows:  5% NaCl (globulins and albumins) 

followed by dialysis to precipitate globulins, aqueous ethanol (70%) solutions (prolamins), and 

0.1M NaOH (glutelins). The replacement 

of the traditional initial step of deionised 

water while substituting dialysis of the 

salt extracted proteins is required due to 

the presence of salts in the seeds that 

cause the coextraction of globulins and 

albumins (20). From initial extractions 

and determination of the desired proteins 

available an extraction procedure can be 

designed. 

 

High or low pH extraction with isoelectric precipitation 

It is well known that the aqueous solubility of seed proteins varies with the pH of solution 

(61)(Figure 2). This effect can be used to extract proteins into solution at their most soluble pH 

followed by shifting the pH to their lowest solubility (the isoelectric point) thereby causing them 

to precipitate. The precipitated proteins can then be removed by centrifugation. In current 

industrial practice it is common to extract oilseed proteins with high pH aqueous solutions 

followed by isoelectric precipitation (5, 40, 62, 63). This may be the most efficient method in 

terms of cost and protein recovery rate but can have unintended negative consequences. At high 

pH proteins are soluble, but can become denatured and react with each other and non-protein 

components of the meal (40). Changes in conformation and other reactions during extraction can 

have an impact on protein functionality (50, 64, 65). 
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 Extraction with aqueous salt solution 

Where the target proteins present in the oilseed residuals are albumins and globulins they can be 

removed with an adequate strength of aqueous salt solution (53, 66, 67). This procedure does less 

damage to the proteins compared to extraction at alkaline pH where denaturation and reactions 

with non protein components can occur (40, 59, 64, 65, 68).  To remove the proteins from 

solution, dialysis can be used or additional water added to reduce the salt content, thus 

precipitating globulins. The remaining albumins and globulins can be removed by ultrafiltration 

or simply drying the solution (51, 66, 67). 

When the above procedure is carried out on rapeseed residuals, a protein isolate is produced with 

improved functional properties compared to the conventional procedure of high pH extraction 

followed by isoelectric precipitation (50, 66). This highlights the importance of protein 

conformation on function and the importance of selecting an extraction method that maintains 

functionality, not simply the highest yield. 
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3. Industrial Oil Crops 

For the purposes of this discussion industrial oil crops are defined as crops that are grown for oil 

that serves as an industrial feedstock and are not primarily intended for human or animal 

consumption. These crops are developed with their primary industrial use in mind and their 

residuals are a secondary consideration. The  residuals usually have little value due to their high 

levels of anti-nutritional components (38, 50, 62, 69) or possibly due to regulatory issues in the 

case of genetically modified crops (44). 

3.1 Crambe Abyssinica (Crambe) 

The annual plant Crambe (Crambe Abyssinica Hochst. ex R.E. Fries) from the family Cruciferae 

is one possible industrial oil crop. Crambe requires 90 to 100 days to mature and can tolerate 

temperatures down to -4C. It is relatively drought tolerant, but best yields are found with moist 

conditions during pod set and filling with a following dry period towards maturity (70). Well 

drained soils with a pH of 6-7 are suitable; it will not tolerate waterlogged or heavy clay soils. 

Crambe produces single seeds with individual pods with an oil content up to 38% (60% when 

dehulled) and yields of up to 1 t/ha (4). The oil contains 50 to 60% erucic acid (71), a long chain 

fatty acid used in the manufacture of lubricants, the production of erucamide for the plastic 

industry (45) and possibly brassylic acid for Nylon 1313 production (72). Crambe does not cross 

with any other currently used oil crops. This fact makes Crambe of interest for genetic 

modification as it is unlikely that the modified genetic material will enter into the food chain (4). 

Crambe is mainly of interest due to its oil quality and not for agronomic aspects. The specifics of 

the Crambe storage proteins have been little studied outside the overall amino acid composition 

(71) (see Table 1). It is suggested from nitrogen solubility studies that the major protein families 

are water or salt soluble (albumins and globulins respectively) with a small amount of alcohol 

soluble prolamins (73). 

3.2 Brassica Carinata (Ethiopian Mustard) 

Carinata (Brassica Carinata A. Braun) is an annual plant of the family Cruciferae. Maturity 

requires 101 to 119 days (74). Advantages of Carinata are its heat and drought tolerance as well 



 

12 

 

as resistance to many pests and diseases (4, 74). Seed yields of 3t/ha with an oil content of 42% 

have been obtained with 40% erucic acid content (74). Residual meal of Carinata has a high 

protein content and well balanced amino acid profile for feed (Table 1). However, Carinata meal 

contains high levels of glucosinolates and phytates making it unsuitable as feed without further 

processing (62, 74). The low crossability of Carinata with other brassicas make it attractive for 

genetic modification (4, 39). The drought tolerance of Carinata makes it a candidate for 

cultivation in marginal areas while its resistance to pests and diseases may reduce off farm inputs 

to cultivation. 

3.3 Camelina Sativa (False Flax, Gold of Pleasure) 

Camelina (Camelina Sativa (L.) Crantz) is from the family Cruciferae and can be grown as an 

annual or biannual winter crop (75). Summer varieties of Camelina take 120 days to mature. 

Seed yields of 2.6 t/ha and 3.3 t/ha have been achieved with summer and winter varieties 

respectively. Oil production is 42% and 45% of seed weight for summer and winter varieties 

respectively. The oil contains 90% unsaturated fatty acids with only 3% erucic acid, making it of 

interest for human nutrition (75). Camelina possesses some unique agronomic traits that make it 

attractive, such as compatibility with low tillage systems, double cropping, winter surface 

seeding and use on marginal lands (76). It does not cross with other oilseeds in cultivation 

making it attractive for genetic modification (4). These traits do not strictly fit into the definition 

of an industrial oil crop as Camelina is a possible food crop. However, Camelina does not 

currently have a well defined end use and has been proposed as an industrial oil crop, therefore it 

is included here. 

3.4 Brassica Napus (Rapeseed) 

Rapeseed (Brassica Napus L.) is grown commercially as winter and spring varieties. Worldwide 

58 million tonnes of rapeseed was produced in 2008 utilizing 30.8 million hectares (46). There 

are many varieties available including double ―zero‖ varieties designed for human oil 

consumption (low erucic acid) with animal consumption of the meal (low glucosinolates). Single 

―zero‖ varieties contain either low erucic acid or glucosinolate levels. High erucic acid rapeseed 

(HEAR) varieties are grown for the production of industrial oils. Spring varieties of rapeseed 
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mature in 74 to 140 days (77) and typical yields are in the range of 2 to 3.5 t/Ha in northwest 

Europe (78), with a worldwide average for all rapeseed varieties of 1.88 t/Ha in 2008 (46). 

Commercial rapeseed varieties produce seeds with an oil content of about 45% of seed weight 

(79). Rapeseed development has been focused mainly on oil quality, especially on increasing or 

decreasing erucic acid content depending on the intended use. This has resulted in a range of oil 

quality from near zero erucic acid for human consumption to industrial oil varieties up to 55% of 

the oil containing erucic acid. The theoretical maximum for erucic acid content from 

conventional breeding is believed to be <66% (80). With the development of many different 

varieties of rapeseed the total protein content varies, although the protein content is considered to 

be about 25% for dehulled seed (79). The concentrations of various amino acids in rapeseed 

protein can be found in Table 2. 

The proteins of rapeseed fall into 3 main groups in mature seeds. The storage protein groups 

cruciferin (12S globulin) and napin (1.7S albumin) representing 40-50% and approximately 20% 

of the total protein, respectively. Oil body membranes, oleosin, a 19 kDa hydrophobic peptide 

represents a further 20% of the total protein, with the remainder of the protein content 

uncategorized (79). The structure of rapeseed storage proteins has been studied more extensively 

than the other industrial oils. Rapeseed cruciferin has been found to consist of 6 subunits each of 

which contain 2 disulphide linked precursors (81) while the napins consist of 2 precursors linked 

by disulphide bonds (82). The oleosins do not generally form oligomers but are known to form 

dimers and trimers under certain conditions (83). 
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Table 1. Components of industrial oilseed cakes, values adjusted to wt% of fat free dry matter 

where necessary. Columns do not add up to 100% due to differences in data sources. 

 Carinata
a
 Crambe

b
 

(with hulls) 

Crambe 

(dehulled) 

Camelina Rapeseed 

Proteins 42.7 31.1 49.3
c
 43.6

e
 42.5

h
 

Ash 5.7 7.4 9.1
c
 5.1

f
 7.8

h
 

Glucosinolates 5.6 4.5-7 8.6
c
 0.44-0.7

g
 1.5

i
 

Phytic acid 3.4 NR 2.7
d
 3.2-4.5

g
 1.2

h
 

Fibre 34.9 22.1 18.8
c
 14.5

e
 46.8

h
 

Soluble sugars 6.2 NR 14
c
 NR 6.6

j
 

Polyphenols 0.3 NR 0.5
d
 0.15-0.36

g
 1.44

h
 

      

a-(62). b- (71) , remaining amount is “Nitrogen free extract”. c- (43), sugars are a sum of sucrose and dextrose. d –[Matthäus 

(84) ‘97] , from whole seed data adjusted for 35% oil
a
 and 6.5% moisture (assumed). e - (85). f - (86), from seed data adjusted 

for 31% oil and 6.8% moisture. g - (87), from seed adjusted to 43.3% oil, 6.5% moisture (assumed), glucosinolates calculated as 

glucocamelinin (Mw 201.35g/mol). h - (88). i - (89), “double zero” rapeseed meal, calculated as progoitrin (Mw388.4g/mol). j -  

(90). 

 

Although rapeseed is grown as a food crop, many varieties such as HEAR have significant anti-

nutritional content placing them under our definition of an industrial crop. The extensive 

knowledge obtained from rapeseed breeding and genetic manipulation makes rapeseed attractive 

as a possible platform for future industrial crops. Agronomists are already familiar with growing 

rapeseed on a commercial scale which would ease the introduction of industrial rapeseed 

varieties compared to novel industrial oilseed crops. In the case of genetic manipulation of 

rapeseed there are regulatory issues to overcome as the modified material could easily transfer to 

food crops (44). 
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Table 2.  Amino acid content of 4 industrial oilseeds, expressed as g/100g protein. 

Amino Acid Carinata (62) Crambe (71)  Camelina (75) Rapeseed
*
 (75) 

     

Alanine 4.6 3.8-4.2 4.2 4.6 

Arginine 8.4 5.7-7.3 7.4 5.9 

Asparagine + aspartic acid 8.8 6.0-7.6 8.1 7.5 

Cystine 2.0 2.6-2.8 1.9 2.5 

Glutamine + glutamic acid 20.7 14.2-17.0 14.3 17.3 

Glycine 5.5 4.7-5.3 5.3 5.2 

Histidine 2.7 2.2-2.7 2.5 2.8 

Hydroxyproline NR 0.6-0.9 NR NR 

Isoleucine NR 3.7-4.1 3.5 3.9 

Leucine NR 5.9-6.8 5.7 7.1 

Lysine 5.9 4.9-5.7 4.6 5.5 

Methionine 1.8 1.6-1.9 1.7 2 

Phenylalanine 4.4 3.4-4.0 3.8 4 

Proline 6.9 5.5-6.2 4.5 6 

Serine 4.9 3.5-4.1 4.7 4.4 

Threonine 4.6 3.1-4.6 3.9 4.4 

Tryptophan .6 1.0-2.0 X 1.3 

Tyrosine 2.8 2.5-3.0 X 3 

Valine 4.6 4.5-5.6 4.8 5.2 

     

NR - not reported, X – not determined, * - commercial meal 
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4. Bio-based Plastics From Plant Proteins 

Proteins from natural plant sources are an abundant material that has been proposed as a 

replacement for petrochemical based polymers (5, 6, 91, 92). Plant based protein based plastics 

have the advantages of biodegradabity (5, 7), renewability, low O2 and CO2 permeability ((17, 

26, 93) and (94, 95) respectively) and possibly low cost. However, applications for plant protein 

based plastics are limited by the disadvantages of materials developed to date; they degrade too 

easily for some applications (96), have low mechanical properties (strength and stiffness), high 

water permeability and they are susceptible to dissolution and swelling in water and other 

solvents (5, 92). 

Familiar natural animal protein based materials such as silk, horn, sinew and feathers have been 

used as traditional materials in their natural state, but the proteins from plant sources require 

modification to make useful bio-based plastics. As plant proteins usually are below their Tg at 

the required use conditions, the material made from these proteins is normally brittle. In this case 

the glass transition occurs at the temperature where coordinated molecular motion can occur in a 

polymeric chain (97). Plasticizers disrupt interactions between segments of the protein chain 

allowing easier segmental motion lowering the glass transition temperature. Thus, the addition of 

plasticizers in the material is required to increase flexibility. Protein based plastics do not only 

need to be flexible in their final use, but also during forming when they are forced into the 

required shape. In the case of oilseed proteins, the proteins do not generally react strongly with 

each other making the formation of useful plastics difficult. Special procedures or additives are 

needed to form a cohesive solid from the oilseed proteins. Such procedures  increase the 

molecular weight of the proteins and form a continuous network through protein-protein 

interactions (65). 

The development of protein based bio-based materials specifically from oil seed residuals is still 

in its early stages with no specific information on these interactions. The general literature about 

protein behaviour related to food quality (23, 64, 65) and to bio-based plastics (5) can provide 

information on protein-protein  and protein-additive interactions that can be applied to the 

development of oilseed protein based bio-materials. 
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The protein source has a large impact on the behaviour of the bio-material during forming as 

well as on the final properties. Some plant proteins, such as wheat gluten, contain adequate 

numbers of reactive residues (cystine) to form intermolecular covalent bonds leading to network 

formation through simple heating or solution casting (98). For other plant proteins such as most 

oilseed proteins a low number of these reaction sites are present (Table 2). Depending on the 

path of the protein from seed to biopolymer feedstock, heat or chemical processing can modify 

the presence of reactive sites (64, 65). Reactive sites can also be affected by other components of 

the seed, such as phenolics, that interact strongly with proteins reducing protein reactivity (99).  

4.1 Plasticizers 

Macromolecules such as synthetic polymers and large proteins exhibit a phenomenon known as a 

glass transition (100, 101).  Recent simulations have demonstrated that below the Tg the 

elements of these large molecules are basically ―jammed‖ and unable to move (102). When the 

material crosses the glass transition the lack of mobility at the molecular level translates to 

changes in material properties, the material becomes brittle and cracks are formed when stress is 

applied rather than the material flowing into a new shape. The transition can be probed with 

differential scanning calorimetry (101) and by monitoring the development of the materials 

mechanical properties with changes in temperature using dynamic mechanical thermal analysis 

(35). 

In their natural state proteins are generally below their glass transition at the expected use 

temperatures for protein based plastics making them brittle and prone to breakage. It is also 

necessary to have the protein based plastic in a highly flexible state during initial forming. The 

required flexibility for forming can be achieved by heating above the Tg, but in most cases the 

Tg of the unplasticized protein is too high to avoid degradation during processing (103). As with 

synthetic polymers (97), the glass transition of proteins can be lowered by the introduction of 

plasticizers (32, 33) allowing the protein based plastic to meet requirements for flexibility in use 

and during forming. Compounds that make good plasticizers are those that not only interact with 

the protein to lower its Tg but also resist evaporation and migration to the surface ensuring a 

long lasting plasticizing effect. 
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Many compounds have been investigated for use as protein plasticizers such as water, glycerol, 

sorbitol, ethylene glycol and fatty acids (5). Plasticizers have been shown to decrease the Tg of 

proteins according to their molar proportions rather than their percentage by weight. Thus, 

smaller molecules tend to be favoured as more plasticization is accomplished with low mass 

addition levels (35). The downside of using lower molecular weight plasticizers is that they have 

high migration rates, possibly resulting in their loss to the environment over time (104). 

Glycerol has been the plasticizer of choice for many studies as it is easy to mix with the target 

proteins and has a high vapour pressure and thus resists evaporation. Glycerol’s hydrophilicity 

promotes water uptake by the bio-material increasing water vapour permeability and decreasing 

O2 and CO2 permeability. The rather weak interaction between glycerol and proteins results in 

high plasticizer migration rates when in contact with a substrate that absorbs glycerol, such as in 

protein bio-polymer coated paper and composites (104, 105).  It has also been observed that with 

immersion in water of wheat gluten based plastics all glycerol is lost after 15 minutes, being 

replaced with water (106). The possibility of plasticizer migration and its consequences must be 

considered in selecting a protein-plasticizer system for a certain application. 

It has been proposed that branched thiol terminated polymers can act as an internal plasticizer as 

well as a cross linking agent  in wheat gluten (107). It is unclear whether the improvement in 

elongation of the protein based plastics incorporating the branched thiol terminated polymer 

additive was due to a plasticizing effect or some other origin as the Tg of the protein based 

plastic was not probed. Various reactive groups (ethyl vinyl sulphone, acrylic acid, butadiene 

sulphone, maleimide) have been attached to ovalbumin as a model system showing that direct 

attachment of a plasticizer to a protein could reduce the Tg without the migration issues 

associated with other plasticizers while also increasing the thermal degradation temperature (34). 

Stearic acid has been suggested as an internal plasticizer in soy protein based plastics, exhibiting 

plasticization while covalently attached to the proteins (108). 

4.2 Forming 

Protein based biomaterials must be formed into the desired shape in order to make useful 

products. Some shapes are simple, such as a fibre or film, while others can be quite complex, 

such as injection moulded consumer products. Each conversion process in the production of 
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protein based biomaterials has specific needs in order to make the material compatible with its 

use. The properties of the protein based plastic required to successfully use a certain process may 

affect the final performance of the formed product; thus, the material, process and final end-use 

must be considered if the final product is to be successful. 

Film casting 

Solution cast films are generally made in the laboratory as a convenient way to examine the 

properties of proteins with various casting conditions, solvents and additives (5, 25). The protein 

in question is dissolved or dispersed in a solvent and poured into a container in a thin layer, 

usually with a release layer on the bottom such as Teflon
TM

. The solvent is subsequently 

removed by evaporation leaving a protein film behind. This film is removed and examined for 

the effect of the casting conditions (solvent, additives, temperature etc.) on the properties of the 

resulting film. 

Some of the advantages of film casting are that it is easy to perform in the laboratory and it 

makes the distribution of additives throughout the protein mass straightforward. It is unlikely that 

this method will be successful in manufacturing commercial protein based bio-plastics as the 

removal of the solvent is costly and it is limited to monolayer films without multiple processing 

steps. Solvent casting is currently used for the production of commercial specialty polymer films 

and was used in the past for the production of gelatine protein films for the photographic industry 

(109). Casting of polyvinylidene fluoride dispersions onto polypropylene as a barrier layer is 

common for commercial high barrier food packaging applications. A similar process can be 

envisioned for protein based barrier layers (110). 

Compression moulding 

In compression moulding the protein material is first mixed with additives, charged into the 

moulding apparatus, compressed to shape, heated to complete the necessary reactions, cooled if 

necessary and the resulting part removed (26, 111). For simple shapes such as sheets or films this 

is relatively easy as the material does not need to flow appreciably. For even slightly more 

complex shapes such as a shallow dish (see cover), the material needs to flow and fill the mould 

entirely, requiring a certain flexibility before the reactions are complete. As the amount of flow 
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during compression is low, there is no shear mixing of the additives and protein once in the press 

making the original mixing procedure critical.  

Extrusion 

In extrusion the protein material and additives are first mixed and charged into the extruder feed 

throat. There are many types of extruder with the most common being single screw, counter-

rotating twin screw, and co-rotating twin screw (30, 112). All extruder types serve to heat, mix 

and pump the proteins and additives simultaneously. At the exit of the extruder the stream of 

material can be shaped by an exit die. The exit die can form the material into an infinite number 

of shapes such as thin films, tubes, large rods or almost any perimeter shape given the proper die 

(113). For the successful extrusion of protein based biopolymers the material must be fluid 

enough to be pumped by the screw(s) and cross linking reactions controlled to maintain the 

necessary rheological properties (31, 114). Extrusion is a common process in the plastics 

industry and its use would allow protein based materials to be replacements for petroleum based 

plastics within the same processing infrastructure (31). 

Thermoforming 

In the industrial process of plastic thermoforming a preformed sheet of material is heated and 

formed over a shaped tool, usually by vacuum, where it is cooled and later trimmed. The 

material must be strong enough to support itself during initial heating, flexible enough when 

heated to conform to the tool and have flow properties during forming that allow it to maintain 

an acceptable wall thickness in all areas of the part (115). Soy protein isolate based plastic has 

been shown to have thermoforming ability at least equivalent to polypropylene or 

polyvinylcholoride in a demonstration package (116). 

Wet spun fibres 

In the wet spinning of protein fibres the protein is first dissolved in a ―spinning dope‖ with 

additives and usually allowed to age for a certain time to obtain the properties required for 

successful spinning. This dope is pumped out of small openings into a bath that causes the 

proteins in the dope to coagulate and form a solid strand of fibre. The fibre is then washed to 

remove the coagulation solution and remaining solution from the spinning dope. This washed 
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fibre is usually further processed to improve its properties by stretching, heat setting or chemical 

treatment (117-121).  Wet spinning has been used to make commercial fibres from proteins in 

the past (15, 119) and the wet spinning technique was used to make approximately 20% of all 

commercial fibres in 2000, making it a familiar commercial process (122). An advantage of the 

wet spinning technique is that the initial solution and coagulation bath provide an opportunity to 

chemically modify the protein fibre. The main disadvantage is that large amounts of solutions are 

produced from the coagulation bath and subsequent washing that must be regenerated or 

disposed of. 

Melt spun fibres 

Melt spinning is related to the extrusion process where fibre forming material is forced at high 

pressures through small holes in a die to form fibres without added solvent (123). In order to 

accomplish this, a protein based plastic must have flow properties that allow fibre formation at 

acceptable pressures and speeds. Immediately after exiting the die opening the fibre must have 

properties that allow it to maintain high quality under the severe change in boundary conditions 

such as avoiding ―melt fracture‖ (113) and withstand the tension applied to carry the fibre 

through the process. Once formed, these fibres can be stretched to reduce their diameter, heated, 

molecularly oriented or chemically treated to improve their properties. The melt spinning method 

is attractive as it is the main process used for the production of synthetic polymer fibres (122) 

and is efficient with no waste products unless produced using subsequent chemical treatments. 

Injection moulding 

Injection moulding is perhaps the most versatile of the processes used to form plastics. 

Generally, the feed material is mixed, heated and pumped with a single screw extruder at the end 

of which is placed in a reservoir. When the mould is empty the reservoir of material is forced to 

fill the mould through a small opening called a gate. Depending on the mould anything from 

very simple to extremely complex 3 dimensional shapes can be formed (124). In order for the 

material to proceed through an injection moulding machine it must be capable of being severely 

sheared and deformed at high rates as it is injected. Injection speeds are generally quite high 

which can result in flow induced local heating due to severe shearing. For successful moulding in 

existing machines protein based plastics must be able to withstand the initial feed device (screw 
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extrusion). The proteins must also resist cross linking while residing in the reservoir waiting to 

be injected and flow at high shear rates during injection without degradation. Several authors 

have successfully demonstrated protein based plastic injection moulding from plant sources such 

as wheat (125), soy  (126), sunflower (36, 127) and rapeseed (18). 

4.3 Mechanisms of Network Formation 

Thermoplastic synthetic polymers usually have very high molecular weights and can rely on 

entanglement or crystal forming to provide acceptable properties (97). For plant proteins there is 

a need to form a cross linked network in order to improve their strength, elongation to break and 

resistance to water and other solvents. This cross linked network prevents dissolution by 

anchoring the individual proteins to each other, while the connections oppose the swelling of the 

network that is necessary for solvent uptake (106, 128). Although increased cross linking 

improves some properties, too high a cross link density can result in a loss of flexibility as the 

molecules freedom of motion is restricted (121). Cross links can form in protein systems through 

the interaction of certain amino acids with each other, reactions of amino acids with naturally 

occurring substances in plant systems and by the addition of synthetic chemicals. 

4.3.1 Cross linking Between Amino Acids 

Disulphide bonding 

Disulphide bonding in plant protein systems occurs through cystine bond formation between 2 

cysteine amino acid residues, known as the disulphide interchange reaction. These bonds are 

common in proteins and can exist as inter or intra molecular bonds. The native structure of many 

proteins are stabilized by intra molecular cystine bonds and proteins can also be composed of 

multiple subunits connected through intermolecular cystine bonds, for example the subunits of 

rapeseed napin and cruciferin (82, 129). In oilseed proteins, the cysteine residues are involved in 

intra and inter molecular bonding in the native state making it difficult to form additional 

intermolecular bonds during processing. Intra molecular cystine bonds are reported to be 

responsible for the properties of wheat dough and wheat gluten based plastics (26, 130). There 

are indications that intra molecular cystine bonds can be converted to inter molecular bonds 

given the proper processing conditions in wheat gluten proteins (131). If a protein system is low 



 

23 

 

in available cysteine, disulphide bond functionality can be added by the use of 2-iminothiolane 

(Traut’s reagent) to modify lysine and improve disulphide cross linking (132). 

Tyrosine bonding 

Evidence has been found for dityrosine bond formation in wheat gluten during bread making 

promoted by ascorbic acid and KBrO3 and it is expected that similar conditions could exist in 

other protein systems (133). The formation of dityrosine bonds has also been proposed from the 

use of glucose oxidase in wheat flour where they cross link the globulins and albumins (134).  In 

the formation of caseinate films γ-irradiation has been shown to promote dityrosine bonds (135). 

Tyrosine cross links involving 2 to 4 tyrosine residues have been identified in native structural 

proteins such as insect resilin and plant cell walls and are believed to be essential in obtaining 

their high resilience and elasticity (29, 136-138). Protein based biomaterials containing 

recombinant pro-resilin sequences demonstrate the possibilities of dityrosine bonds outside 

natural systems (139). 

Isopeptide bonds  

Isopeptide bonds are defined as any amide bond between a carboxyl group and amino group of 

the residues of 2 separate proteins or peptides. The main groups usually involved in isopeptide 

formation are lysine, asparagine, and glutamine (29, 98). Isopeptides have been proposed as a 

mechanism for network formation in protein based materials (26, 35, 93, 140). 

Transglutaminazes have been shown to support isopeptide reactions between free amine groups 

such as in lysine and glutamine in regenerated protein fibres (15). Recent work has provided 

strong evidence for the presence of isopeptide type bonding in heated wheat gluten systems 

(141). 

Lysinoalanine 

Lysinoalanine (LAL) forms cross links between protein molecules by a two step process (65). 

The first step is the elimination of the H2S of cysteine through hydroxide-ion catalysis and its 

reaction with serine yielding dehydroalanine as an intermediate. Next, the dehydroalanine double 

bond reacts with the available -NH2 group of lysine forming LAL. As this reaction makes the 

nutritionally important amino acid lysine unavailable in food sources for non ruminants it has 
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been studied in terms of food processing conditions (65, 142). In aqueous solution the formation 

of LAL is favored by high temperatures, elevated pH and long reaction times, while the presence 

of ascorbic, malic and citric acids, glucose, sodium sulphite and ammonia retards its formation 

(65). The presence of LAL has been qualitatively observed in wheat gluten films cast under 

alkali conditions and correlated to improved properties (143), while other work has shown that it 

is absent in heated wheat gluten systems (141). 

4.3.2 Chemical Cross Linkers and Cross Link Promoters 

In addition to the naturally occurring and enzyme catalyzed cross links found in proteins, 

synthetic chemicals can be used to form cross links. These synthetic cross linkers have 2 or more 

functional groups that interact with protein residues to form cross links.  These functional groups 

can be the same (homofunctional cross linkers) or different (heterofunctional cross linkers) (144, 

145). Tables of protein based bio-polymer systems and the various cross linkers used can be 

found in recent reviews (5, 25). 

Aldehydes 

Aldehydes have a long history as general cross linkers in protein containing systems (146). 

Among the aldehydes used in the development of protein based bio-plastics are formaldehyde 

(24, 119, 147-150), glutaraldehyde (24, 147, 148, 151-153), glyceraldehydes (149), glyoxal (24, 

148, 154, 155), and paraformaldehyde (150). It has been shown using cotton seed protein that 

despite the fact that all the above cross linkers have aldehyde reactive groups, each of them 

reacts differently with proteins (24). Aldehydes exist in many oligomeric forms in solution 

making an exact description of their behavior difficult (24, 146). The aldehyde cross linking of 

protein based biomaterials has been demonstrated in solution (24, 147, 148, 151, 152), during 

thermal processing (150, 151, 154, 155), through the exposure to vapours (156) and post 

processing of fibres (118, 119, 153). 

Isocyanates 

Using genetically engineered proteins, synthetic protein films have been formed using 

diisocyanates (157).  Diisocyanates have also been used in improving soy protein in blends with 

polycaprolactone, a synthetic aliphatic polyester (158) and in improving the bond strength of rice 
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bran based adhesives where it may have interacted positively with the protein fraction (159). 

Although not specifically used for cross linking, proteins have been included in isocyanate based 

polyurethane foams, coatings and adhesives with good results (160, 161). Lack of use of 

isocyanates as cross linkers in protein based plastics is surprising as they are an easily available 

and well known cross linker. Isocyanates are used in large quantities as a chemical intermediate 

and for the manufacture of coatings and cross linked synthetic resins, such as polyurethanes. 

Multifuncitonal carboxylic acids 

The reaction of multifunctional carboxylic acids (malic, citric, or butanetetracarboxylic acid) is 

expected with the reactive amino groups of proteins. Successful reaction conditions have been 

demonstrated applying multifunctional carboxylic acids to proteins in the presence of either 

phosphate (NaH2PO2.H2O) (162-164) or NaOH (121). Other studies have found that 

multifunctional carboxylic acids do not produce cross links in plant proteins without the proper 

conditions (165). It appears that the reaction of carboxyl groups with amine side groups can be 

performed in solution (163, 166, 167) or after fibres have been formed by wet spinning (121). It 

has also been shown that multifunctional carboxylic acids can be used to graft other molecules to 

the surfaces of protein fibres such as attaching chitosan and cyclodextrin molecules to keratin 

protein fibres (164, 168). 

Oxidation 

The introduction of oxygen and potassium iodate (a fast acting oxidant) into solutions of wheat 

proteins has been shown to result in the formation of cross links, as examined through SDS 

solubility and molecular weight changes although the specific mechanism was not investigated 

(169). Formation of dityrosine cross links through oxidation is expected for proteins in the 

presence of peroxides. However, it has been shown that this reaction is limited in collagen and 

soy protein isolate without the presence of peroxidases (136). 

Grafting and cross linking with synthetic polymers 

Larger molecules have been used to graft plant proteins (namely wheat gluten) to make them 

reactive for cross linking. Molecules with reactive epoxy groups such as poly(ethylene oxide) 

diglycidyl ether (PEODGE) have been used to react with residues containing free amine groups 
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and when combined with ethyl diamine form cross linked structures (170).  Glycidyl 

methacrylate and 2-acryloyloxyethyltrimethylammonium chloride (AETAC) combined with 

ethylene diamine  have also been shown to form cross linked structures in wheat gluten (171). 

Thiol terminated star branched molecules have been used to react with cystine residues of wheat 

gluten forming a cross linked network (107). It has been proposed that the synthetic polymers 

with longer connections between cross link sites not only serve to form a cross linked network, 

but also to reduce the Tg of the composite material (107, 170, 171). 

Ammonia as a cross link promoter 

The addition of ammonia to protein systems such as wheat gluten (172, 173) and oilseed protein 

or residual meal lignocellulosic composites (174) has been shown to modify the final properties. 

In the case of oilseed proteins it is described as an ―end stage maillard reaction‖ and was shown 

to require temperatures in excess of 175
o
C and the presence of carbohydrates for the mechanism 

to be activated (174). The addition of ammonia to glycerol plasticized wheat gluten changes their 

behaviour markedly. When these materials are heated to 120
o
C during extrusion their solubility 

to low levels in the presence of both sodium dodecyl sulphate (SDS) and the reducing agent 

dithiothreitol (DTT) demonstrating the presence of non-cysteine cross links. The treatment with 

ammonia simultaneously improves their mechanical performance (strength and stiffness) and 

oxygen barrier (172, 173). In both the protein-lignocellulose and wheat gluten systems above the 

specific mechanism of action for ammonia is not understood. Ullsten et al. proposes isopeptide 

bonds (173) as the cross link mechanism, while Feretti proposes the formation of Maillard type 

polymers in conjunction with lignocellulosic or glucosidic components (174, 175). The 

appearance of hexagonally arranged structures and increased β-sheet content in extruded 

ammonia containing wheat gluten has been reported by Kuktaite et al. as an explanation for 

improved properties in the presence of ammonia (172). 

Irradiation 

Irradiation in the form of ultraviolet (UV), gamma and visible light has been used to modify the 

properties of protein based biomaterials. Soy protein isolate films cast from solution then 

irradiated with UV showed an increase in stiffness and decrease in elongation (176). Cast films 

of wheat gluten, corn zein, egg albumin and sodium caseinate irradiated with UV in the solid 
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state showed various responses in terms of tensile strength, total solubility and water vapour 

permeability (177). Differences in response did not correlate to the expected cross linking 

behaviour of phenylalanine and tyrosine present in the protein systems (177). Gamma irradiation 

has been applied to cast spy protein isolate films with no apparent change in tensile strength or 

elongation to break (178). 

Film forming solutions of proteins have been subjected to γ-irradiation before casting by various 

authors in order to modify their behaviour.  A wide range of doses, from 0 to 50 kGy, have been 

shown to increase the strength and reduce elongation at break of soy protein isolate films cast 

from irradiated solutions (179). The combination of heating protein solutions (90
o
C) with γ-

irradiation before casting improved the puncture strength and elongation of soy protein isolate-

whey films, but not soy protein isolate films. It was proposed that the heat activated disulphide 

cross linking and the irradiation produced hydroxyl radicals that induced dityrosine bonds during 

irradiation when whey was present (180). 

Visible light has been used to produce protein based fibres from analogs to insect resilin protein 

sequences, forming a highly resilient protein fibres cross linked by dityrosine (139). Using a 

catalyst system consisting of tris(2,20-bipyridyl)dichlororuthenium(II)hexahydrate 

([RuII(bpy)]3Cl2) and ammonium persulphate the presence of visible light forms Ru
3+

 and 

persulphate radicals that initiate dityrosine bonds (181). This system may be applicable to other 

systems amenable to tyrosine cross link formation, making rapid on demand cross linking 

possible. 

Possible reactions with other constituents of industrial oilseeds 

Naturally occurring compounds in oilseed meal such as tannins and other phenolics may play a 

role in cross linking reactions. Phenolic compounds are known to associate strongly with oilseed 

proteins. These compounds are readily oxidized to quinones during alkaline protein extraction 

and target the amine group of lysine, the indole of tryptophan and the sulphur bridges of 

methioniene (40, 99, 182). Removal of the phenolics has been suggested to improve oilseed 

protein activity (40). These compounds are also implicated in the poor organoleptics of some 

oilseed protein products (40, 182, 183), and may affect the organoleptics of oilseed protein based 

materials. In contrast, polyphenolic aldehydes such as gossypol, which naturally occurs in cotton 
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seed, have been shown to result in improved properties of cotton seed protein films (147). By 

adding condensed tannins to a phenolic/tannin free system, such as gelatine, the reactions 

between phenolics and proteins can be used as an advantage, resulting in cross linking (184). It 

was found that the tannins caffeic acid and tannic acid formed covalent cross links in gelatine 

involving amino acids with amino containing side groups (mainly lysine) at pH > 9 in the 

presence of oxygen. 

4.4 Plant Protein Based Plastics 

The development of plastics from proteins has been of two streams, finding a use for residual 

proteins from existing products (wheat gluten, zein, whey, feathers and oilseed residuals) and 

highly purified proteins, such as those from insect silk, or specifically engineered recombinant 

proteins. All proteins are based on the same amino acids and much can be learned from protein 

materials previously studied. Although our focus is on industrial oilseed proteins, insights from 

other protein systems can inform us of possible routes to improve the performance of protein 

based plastics from industrial oilseeds. 

4.4.1 Rapeseed, Carinata and Crambe 

Although rapeseed is one of the most common oilseed crops (46) little has been done to study its 

use in protein based bio-plastics. Residual rapeseed meal from oil extraction and hot 

compression moulding was used by Baganz et al. to manufacture bio-based plastics (18). 

Various treatments of the meal are described including pulverization, hydrothermal treatment, 

alkaline treatment and the addition of ground wheat straw filler and the binding agents cellulose 

acetate and partly acetelated starch. Pulverization to uniformly small particle size (99.9% < 

70µm) reduced the need for binding agents. Hydrothermal treatment (moist environment,130
o
C, 

2.5 bar, 2h followed by drying) increased strength, while alkaline treatment (2g NaOH/100g 

meal 20% protein in aqueous solution, 2h followed by drying) lead to 15% higher strength (no 

specific mechanical properties were reported for these treatments). The addition of 

lignocellulosic fillers (ground straw) decreased water absorption while increasing flexural 

modulus, failure stress and failure strain. It was stated that prototype injection moulded parts 

were produced within normal parameters, but the formulae and conditions were not stated. 

Despite the small amount of information in Baganz et al. (18) it demonstrates possibilities for 
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oilseed residuals as useful materials and provides hope that practical compounds can be 

generated. 

Wasche et al. (17) prepared films from the residuals of cold hexane defatted rapeseed meal and 

the protein rich fraction (PRF) that remains from aqueous oil extraction. Isolates were prepared 

from cold hexane defatted rapeseed meal by alkaline extraction followed by acid precipitation 

and ultrafiltration. Alkaline solutions (pH 12) of the isolates and PRF (32% oil) were prepared 

and cast into films. The PRF was further treated with supercritical CO2 to reduce the oil content 

and films of this material were cast in the same way. No mechanical property data was given, but 

the PRF (32% oil) material returned a water vapour permeability of 1370 g/m
2
∙d and when 

deoiled with supercritical CO2 a water vapour permeability of 2230 g/m
2
∙d. The residual oil had 

a positive effect on water vapour permeability, although its effect on other properties was not 

noted. Films cast from the redissolved ultrafiltrated rapeseed isolate returned an O2 permeability 

of 85 cm
3
/m

2
∙h∙bar. 

Canola protein isolate has been used in a composite with a biodegradeable co-polyester (35% 

and 40% w/w, respectively) (20). Polyvinylpyrrolidone was used as a compatibilizer (2%), zinc 

sulphate as an ionic cross linker (1%) and water (7%) was included as a processing aid. The 

composites were plasticized with glycerol, sorbitol, polyethylene glycol or polyvinylalcohol 

(15%) and compounded in a co-rotating twin screw extruder, pelletized and injection moulded. 

Glycerol produced the highest values for toughness, tensile elongation and strength. Contrary to 

most studies, increases in both tensile elongation and modulus were found with the use of 

glycerol as a plasticizer. This effect was attributed to improved mixing producing a superior 

microstructure. Polyvinylalcohol produced the highest modulus, with this behaviour explained 

by the high molecular weight of the polyvinylalcohol reducing its plasticizing effectiveness. All 

plasticizers exhibited the same water absorption behaviour, with slightly higher water absorption 

for unplasticized specimens. 

Cold pressed rapeseed meal and solvent extracted flour from commercial production was used by 

Bettini to manufacture bio-plastics through compression moulding at 140 to 180
o
C for 5 to 30 

min. (22) Glycerol was used as a plasticizer (10, 20%wt), resulting in brittle materials with a 

maximum elongation at break of only 1.5%. Beyond simple plasticizer addition a standard 

pressing protocol was used (140
o
C, 10% glycerol, 10 min) with the addition of additives; glyoxal 
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(40% aq) was applied to increase cross linking (1, 3, 5% wt), urea (8M) as a denaturing agent (1, 

3, 5% wt) and NaOH used to control pH of the pressing environment (1, 3, 5% wt).  

Despite the high degree of uncertainty in the data in Bettini, some general trends can be observed 

although generally they are not statistically significant (22). The presence of oil and the native 

protein conformation in the cold pressed rapeseed cake generally had a positive effect on all 

tensile properties of the unplasticized meal at the conditions studied.  With the addition of 

glycerol the solvent extracted and roasted commercial flour was superior. Higher temperatures 

generally increased the modulus and strength while decreasing the elongation to break, until the 

onset of thermal degradation. The addition of glycerol had a marked effect; decreasing modulus 

and maximum stress while increasing strain at break, as expected from a plasticizer. Glyoxal 

additions reduced modulus with increasing levels with little effect on other properties. Urea 

addition had a minor effect with a drop in modulus with increasing urea.  The addition of NaOH 

showed no statistically significant effect on the properties in this case. 

Three oilseed meals from the brassica family; rapeseed, crambe and carinata were used by 

Johansson to investigate the production of materials from whole oilseed residuals (19). As the 

residuals contained some plant oils a siccative, manganese III acetylacetonate, was used to try 

and cross link oils into the overall matrix. All three meals were processed by compression 

moulding of as received, ball milled, and pre-extruded material.  All testable specimens were 

produced with 15% glycerol and pressed at 100
o
C for 12 minutes. The ease of processing the 

meals was in the order carinata, rapeseed, crambe regardless of method. Crambe produced 

materials with the highest modulus (350 MPa) was more than twice the stiffness of rapeseed or 

carinata. Strain at break for carinata was the highest (up to 2%), 4 times the level for the other 2 

meals. Carinata showed reduced strain at break with ball milling, while the other meals were 

unaffected. The maximum stress values were similar for crambe and carinata (approx. 1.4MPa) 

while rapeseed meal only reached a maximum stress of 0.5 MPa. There was no statistically 

significant effect of ball milling on maximum stress. In the cases when a siccative was used the 

meal was heat treated for 0, 3, or 6 hours at 60
o
C in order to examine the effect of reaction time 

on the cross linking reaction. No conclusions could be drawn from the heat treatment or siccative 

addition. 

  



 

31 

 

4.4.2 Soybean 

Soybean (soy) is perhaps the most studied of the plant proteins for protein based plastics 

applications, but the chemistry of soy residuals is quite different from other oilseeds. The level of 

phenolics and other anti-nutritional components are low, reducing the number of complicating 

factors in protein behaviour. Also, raw material availability is high as commercial soy protein 

concentrates and isolates are easily available. Soy protein based materials have been made using 

all of the common plastic material forming techniques; film casting, wet and dry fibre spinning, 

extrusion, compression moulding, thermoforming and injection moulding.  

Film casting has been used by many authors to form materials from soy.  Park et al. have 

reviewed many of the pertinent factors in forming soy films (185). Some of the main lessons in 

the literature are that the heating of the film forming solution and increased initial protein 

concentration leads to increased properties of materials made from the flour, concentrate and 

isolate of soy (185).  The pH of the casting solution plays a significant role in determining water 

vapour permeability (WVP), with higher pH leading to lower WVP of the flour, concentrate and 

isolate films (185).  The incorporation of SDS in soy protein isolate (SPI) casting solution (up to 

40% based on SPI content) resulted in a reduction in tensile strength and increase in elongation 

to break, similar to the behaviour of a plasticizer. With increasing SDS levels the WVP of the 

films decreased, but their solubility increased (186).  Soy protein films have been modified with 

additions of glutaraldehyde to the casting solution (pH 2 to 10) resulting in increased tensile 

strength and elongation to break, with decreased solubility (152).  Heating films after casting (as 

opposed to heating the casting solution) has been shown to increase tensile strength, decrease 

elongation at break and decrease WVP (187).  

Wet spinning of fibres has been used to make useful materials from soy proteins for more than 

70 years  (119). The properties of the fibres can be improved using aldehyde cross linking (118, 

119).  More recent work has focused on environmentally friendly methods using alkali catalyzed 

multifunctional carboxylic acid cross linkers where post spinning treatment increased fibre 

strength while decreasing elongation to break (121). Huang et al. have examined wet spinning 

parameters for soy, finding that a combination of post treatment with 25% glutaraldehyde and 

stretching to 170% of the original length was the most promising (118).  
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Wet spinning has also been attempted in films instead of fibres with disappointing strength and 

stiffness (188). Soy films were formed by coagulation of an alkaline solution in an acetate buffer 

bath. A similar spinning solution was treated to precipitate proteins without spinning for 

comparison and the spun film was stretched to induce molecular changes. No significant 

difference was found between the proteins in the coagulated film, post stretched film, and 

precipitated proteins. No effect of stretching was found, contrary to previous work on wet spun 

soy fibres (118) and was attributed to the low take up speed during coagulation and differences 

in die design (188). 

Work has also been done by Huang et al. on the extrusion of soy fibres comparing it to wet 

spinning (118). Glycerol, sorbitol and various metallic salts were examined as plasticizing 

agents; with glycerol as the only substantial success. Post production modification of the fibres 

was performed with acetic anhydride, acetaldehyde, glutaraldehyde, and stretching. The best 

performance was obtained with extruded fibres post treated with a combination of 

glutaraldehyde, acetic aldehyde and stretching to 150% of their original length. 

Soy protein based biomaterials have been successfully extruded by various investigators. Pol et 

al. processed corn zein and soy protein isolate (189). Soy isolate, glycerol and water were 

compounded using a twin screw extruder to form pellets that were formed into films using single 

screw extrusion and chill-roll casting. Successful films were produced, but the process window 

was small for both compounding (no more than 30% glycerol and 10% water, max temperature 

110
o
C) and single screw extrusion to feed the chill roll (maximum temperature 140

o
C, minimum 

temperature 135
o
C) (189). 

Zhang et al. produced extruded sheets through twin screw compounding followed by single 

screw extrusion (190). Glycerol, water and methyl glucoside were used as plasticizers while 

ZnSO4, epiclorhydrin and glutaric dialdehyde (glutaraldehyde) were used to enhance cross 

linking. A wider processing window was found compared to Pol et al. (189) and ZnSO4 was 

found to increase Young’s modulus, the strength and elongation to break were not significantly 

affected at levels below 2% while water uptake was reduced by 30%. Epiclorhydrin and glutaric 

dialdehyde were successful in enhancing properties and were not found to reduce water uptake of 

the extruded films, but increased processing difficulties during extrusion (190). 
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Foams of soy protein isolate plasticized with glycerol have been formed by extrusion with 

chemical blowing agents (191). Many packaging and product protection applications utilize 

foamed materials making foaming of interest. Water and glycerol were found to be necessary for 

acceptable processability.  The salts CaCl2 and ZnSO4 were used as ionic cross linkers and 

increased all of tensile strength, elongation at break and Young’s modulus. The density of foam 

sheets was reduced to the range of 0.4 to 0.6 g/cm
3
 with lower glycerol levels giving the lowest 

densities with all other conditions constant (191). Similar results were found for compression 

moulded foam materials (191, 192) with densities ranging from 0.14 to 1.04 g/cm
3
. Polymeric 

materials are not always easily foamed as the stability of foams depends on many factors (193) 

and a demonstration of foamability in protein based biopolymers is significant. 

Soy flour bio-polymers have also been produced through reactive extrusion (194). Glycidyl 

methacrylate, maleic anhydride, styrene and a polymerization initiator (Lupresol) were added to 

soy flour followed by glycerol addition and reaction in a co-rotating twin screw extruder at a 

maximum temperature of 135
o
C. The reacted extrudate was then ground and used for 

compression moulding. All samples with additives showed increased strength and stiffness, but a 

small increase in elongation at break.  For the modified materials the impact strength was 

diminished. Differential scanning calorimitery results indicate changes in the Tg of the soy 

protein, indicating interaction with the reactants, decreasing with maleic anhydride and glycidyl 

methacrylate, and increasing with styrene. The formation of in situ linkages with the proteins as 

well as styrene polymerization is proposed for the changes in properties. 

Instrumented single screw extrusion was used by Ralston and Osswald to examine the viscosity 

of soy protein based bio-plastics (195). Soy protein isolate was extruded with various additives; 

cornstarch, soy oil, titanate and sodium sulphite with glycerol as a plasticizer. Viscosity 

measurements are critical to the proper process design in the industrial use of all polymers (113). 

Viscosity decreased with increasing shear rate in all cases, so called ―shear thinning behaviour‖, 

and additives could be used to modify the specifics of viscosity change with shear rate. Over the 

shear rate range of the study (100-800/s) all of the viscosity vs. shear rate lines intersect at some 

point; although there are measureable differences in behaviour the compounds are quite similar. 

When the compounds were re-run through the screw viscometer the behaviour of the compounds 

with different additives was more similar. At high shear rates and the highest levels of SPI die 
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wall stick-slip was observed similar to petroleum based thermoplastics at the limit of their 

processability (113). These observations hold the promise that protein based materials may be 

used in standard polymer processing equipment using standard methods within certain limits. 

Pateau et al. (111) examined the effect of isoelectric precipitation procedure, water content and 

pressing temperature on both soy concentrate and isolate based bio-plastics formed by 

compression moulding. Soy protein isolate and concentrate were prepared by dissolution in 

water followed by isoelectric precipitation using acetic, propionic, hydrochloric and sulphuric 

acids. The use of hydrochloric and sulphuric acids for isoelectric precipitation reduced the 

strength and elongation to break. Utilizing soy concentrate as a feedstock, hydrochloric acid 

precipitation resulted in decreased tensile strength, while untreated concentrate and propionic 

acid treated concentrate were of equal strength. Both hydrochloric and propionic acid 

precipitation reduced water uptake. 

Cross linking soy proteins in solution was examined by Paeteau et al. (196) who produced 

materials of soy protein isolate modified with formaldehyde, glyoxal and adipic/acetic 

anhydride. The chemical modification of proteins was carried out in solution followed by 

isoelectric precipitation, centrifugation, drying at 50
o
C and grinding. The resulting powders were 

compression moulded at 160
o
C. It was found that treatment with 5% formaldehyde gave an 

increase in all of tensile strength, strain at break and a small increase in Young’s modulus. 

Glyoxal treatment up to 5% did not affect tensile strength but decreased elongation to break and 

increased Young’s modulus. Adipic/acetic anhydride treatment decreased tensile strength and 

elongation to break while increasing Young’s modulus. All cross linking treatments decreased 

water uptake, and DSC showed changes from all treatments indicating successful protein 

modification. 

The problem of increasing strength, stiffness and elongation to break in soy protein bio-plastics 

have been approached with the concept of molecular orientation (118, 188, 197). Kurose et al. 

(197) found that by stretching soy isolate based plastics with water as a removable plasticizer 

allowed the manipulation of the strength, stiffness and elongation at break. Specimens were 

manufactured by compression moulding followed by stretching up to 2.5 times the original 

length while still containing high water content (25%). The stretched samples were held for 15 

hours in their extended state while drying. This treatment was found to universally increase the 
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tensile strength. Specimens containing low glycerol (0, 10%) showed increased strain at break 

with increasing drawing while those with higher glycerol (20, 30%) showing decreased strain at 

break with increased drawing.  Only small changes were seen in Young’s modulus. Wide angle 

X-ray and DSC measurements did not indicate the existence of new crystalline phases and 

attenuated total reflectance Fourier transform infrared spectroscopy was somewhat inconclusive 

regarding structural changes from drawing. Microwave molecular orientation analysis revealed 

increasing molecular orientation with increased drawing. Other attempts at inducing orientation 

in protein based bio-polymers have been unsuccessful (188) perhaps due to their lack of 

structural pinning provided by the initial heat treatment at 140
o
C in the case of Kurose et al. 

(197). 

The findings of Kurose et al. are significant as they demonstrate that the molecular orientation of 

protein based bio-plastics can be directly controlled (197). This is the basis for many successful 

products and processes in the use of petroleum based polymers, from high barrier biaxially 

oriented polypropylene packaging films and stretch blow moulded polyethylene terephthalate 

beverage bottles to textile fibres of polypropylene, nylon, and polyester (198-200). The control 

of both molecular orientation and protein-protein interactions with respect to conformation 

(denaturation) and bonding (cross linking) opens up new opportunities for microstructural 

control that can lead the way to tailored properties. 

In order to provide cost effective soy based bio-polymers Cao et al. investigated a process of 

utilizing protein rich water extract from the whole soy bean to form edible films (201). The film 

properties varied with ratio of beans to extraction water, pH, plasticizer composition and 

concentration. The extracts contained proteins, lipids, carbohydrates and ash, forming a lipid-

protein emulsion film. Testing revealed high elongation to break of 217 to 270% and strength of 

1.6 to 2.3 MPa, comparing favourably to some published results on soy protein isolate films 

(202). The strongest films of Cao et al. were obtained at a pH of 10, it was proposed that below 

this pH the proteins have not unfolded adequately to increase their interaction. The successful 

use of a whole bean extract for film casting indicates a possible low cost route to formation of 

bio-polymers from oilseeds. 
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4.4.3 Sunflower 

The protein rich residual material from sunflower oil extraction has been investigated as a 

possible source for protein based plastic by Rigal and co-workers (36, 127, 149, 203, 204). 

Sunflower protein isolates were extracted and assessed for their behaviour with various 

plasticizers (203). Glycerol and triethylene glycol were found to be the most successful in terms 

of processability, plasticizer retention and strain at break retention during aging.  Water vapour 

permeability of all samples was over 800 times lower than soy (203). Sunflower protein isolate 

based thermomolded plastics have been examined regarding their response to various aldehydes, 

tannins, fatty alcohols and fatty acids (149). The proteins behaved similarly to other oilseed 

protein isolates with the significant finding that natural tannins can be used to replace the more 

toxic aldehydes in improving mechanical properties and reducing protein solubility. Octonal was 

efficient in increasing tensile elongation, decanol at increasing hydrophobicity and octanoic acid 

at increasing strength and reducing water uptake.  

Using extrusion viscometry up to 120
o
C investigated the effects of glycerol, water and a sodium 

sulphite reducing agent on viscosity (127). Water was required for effective plasticization. For 

all formulations a decrease in viscosity with increasing shear rate, so called ―shear thinning‖ 

behaviour was observed. The effect of sodium sulphite reduced viscosity up to additions of 3%, 

increasing the viscosity at higher loadings. This behaviour was attributed to reducing viscosity 

by initially breaking interchain disulphide bonds then at higher concentrations increasing 

viscosity as intrachain disulphide bond breakage allowed the molecules to extend thus increasing 

viscosity. 

Successful injection mouldings were made using 100 parts sunflower protein isolate, 18 parts 

water, 4-22 parts glycerol and 4 parts sodium sulphite. However, the parts suffered from poor 

water resistance. A die temperature of at least 145
o
C and the presence of water was needed to 

create a consistent film, significantly above the thermal denaturation temperature of sunflower 

proteins (204). Increasing the die temperature to 160
o
C resulted in increased tensile strength, 

Young’s modulus, elongation at break and increased swelling in water. This behaviour was 

attributed to increased cross linking rather than thermal denaturation. 
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Sunflower protein based plastics have been produced from whole sunflower oil cake (36, 205). 

Due to the structure of the sunflower hull, techniques were developed to fibreize the hull during 

mixing of the cake in a co-rotating twin screw extruder with 20-30% water and 0-5% sodium 

sulphite (36). Injection mouldings could be made with the unmodified sunflower oil cake, but 

with very poor mechanical properties. Fibreized material had much improved flexural strength 

and flexural modulus with a reduced amount of water required for plasticization. The 

incorporation of sodium sulphite further improved flexural strength and reduced the water 

required for plasticization. Heat treatment at 200
o
C under nitrogen was used to improve the 

water uptake and flexural modulus with some reduction of strength. 

4.4.4 Cottonseed 

For cottonseed significant findings have been reported regarding protein-cross linker 

interactions, including the action of natural compounds present in the seed that are informative 

for other proteins (24, 147, 206, 207). Cottonseed residuals of glandless or glanded flour (147) 

and delipidated flours (24, 147, 206, 207) were extracted at 40
o
C and pH 10 in a solution of 

triethylammonium or ammonium  for 1 hour followed by centrifugation. The supernatant was 

blended with glycerol for plasticization and formaldehyde, glutaraldehyde and gossypol (in the 

case of glandless flour) as cross linkers. It should be noted that this method using 

triethylammonium or ammonium forms films with neutral final pH, which may be useful in food 

contact applications. Films were then cast from the solutions first with evaporation for 24 hours 

at room temperature and final evaporation at 60
o
C.  

Reactive lysine (24, 206, 207) and overall amino acid analysis (24) of protein hydrosylates after 

casting were performed via high performance liquid chromatography techniques to elucidate the 

specific reactions occurring with the different cross linking agents. Reactive lysine analysis 

measures the amount of lysine that has formed bonds that are stable under acid hydrolysis (147, 

206, 207). By coupling reactive lysine analysis with overall amino acid analysis, other non acid 

liable reactions such as lysine-tyrosine linkages and glyoxal-arginine reactions can be examined 

(24). 

It was found that films from glanded flours naturally containing the dialdehyde gossypol have 

similar behaviour to glandless flours where gossypol is added, with decreases in solubility and 



 

38 

 

increases in puncture strength compared to gossypol free films. The activity of naturally 

occurring gossypol had a positive effect, although the gossypol in the film forming solution 

appeared to inhibit formaldehyde and glutaraldehyde action (147). Formaldehyde added to the 

film forming solution increased the puncture resistance up to a formaldehyde/reactive lysine ratio 

of 8. Further increases in formaldehyde level produced no change in puncture resistance (206, 

207). Comparison of the acid laible amino acid profile, with and without formaldehyde 

treatment, showed changes in lysine and tyrosine (24). The balance of acid resistant bonds 

formed per mol of formaldehyde present indicated lysine-tyrosine linkages as the reaction 

responsible for increased puncture resistance and decreased solubility. 

Glutaraldehyde added to the film forming solution increased the puncture resistance up to a 

glutaraldehyde/reactive lysine ratio of 4. Further increases in glutaraldehyde level produced a 

reduction in the puncture resistance, which was attributed to polymers of glutaraldehyde forcing 

the proteins apart thus having a plasticizing effect (206, 207). It was demonstrated that 

glutaraldehyde only reacted with lysine while forming polyglutaraldehyde with 8 glutaraldehyde 

molecules forming bridges between 2 lysine groups (24). 

Glyoxal added to the film forming solution increased the puncture resistance up to a glyoxal 

/reactive lysine ratio of 8 (as with formaldehyde) (206, 207). Further increases in glyoxal level 

produced a reduction in the puncture resistance as with glutaraldehyde (206, 207). Amino acid 

analysis demonstrated that glyoxal reacted with both arginine and lysine leading to acid resistant 

compounds (24). Reactions between glyoxal and arginine are considered unlikely to form cross 

links, while the reduction in reactive lysine with glyoxal addition correlated with increases in 

puncture resistance. 

Marquié demonstrates that the specifics of amino acid cross linking in protein based polymers 

can be examined in detail beyond the empirical examination of final physical properties to 

elucidate specific protein-cross linker interactions (24). With an increased understanding of these 

interactions it is hoped that routes to specific outcomes through cross linking can be obtained. 
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4.5 Applications 

In 2009 the total worldwide market for plastics was 230 Mtonne, 45 Mtonne of that in Europe 

(Figure 3 (208)). Compared to the total worldwide production of oilseeds of approximately 159 

Mtonne (46), with only a portion being useable for making protein based plastics, the use of 

oilseed protein based plastics as a general petrochemical polymer replacement is unlikely due to 

the volume required. Niche markets, such as specialty packaging, are proposed targets for protein 

based plastics and demonstration packages produced (8). Although being sustainably sourced 

and biodegradable are becoming valuable on their own in the marketplace (209), protein based 

plastics must bring specific price/performance advantages to applications in order to compete 

with alternatives. 

  

Figure 3. European plastics consumption by use, total 45 Mtonne (208). 

One often cited advantage of protein based plastics is their low permeability to certain gases (5, 

128). A low oxygen permeability is an advantage in many packaging applications where 

oxidation leads to product damage. Low permeability to hydrocarbons  can be an advantage in 

containing desirable food volatiles (30, 128). A property often cited as a problem for protein 

based biopolymers is their sensitivity to water, which depending on the application can be an 

advantage. For example, packaging could be developed where the barrier properties of protein 

based plastics could be combined with their dissolvability in water to make single dose packages 

for user convenience (210) or reducing exposure to concentrated chemicals (211). Agricultural 

seed tapes could be manufactured of protein based plastics taking advantage of both their 

dissolvability and in soil biodegradeability (212). 

Packaging 18 Mt (40%)

Building & Construction 
9.2 Mt (20%)

Automotive 3.2 Mt (7%)

Electrical & Electronics 
2.5 Mt (6%)

Other 12.1 Mt (27%)
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The use of dissolvable films for laundry collection in hospitals reduces worker exposure to 

possibly infectious agents and in the hotel industry reduces workload as dissolvable laundry bags 

can be directly loaded into washing machines (213). A similar approach can be used in the 

manufacture of single dose detergent packs for home dishwashers using dissolvable films (214). 

Finding applications for protein based plastics may be less about improving their properties 

rather than finding applications where their existing properties are an advantage. 

In many applications a single polymer material cannot meet all the physical property 

requirements, which has lead to the development of multilayer products. Depending on the use 

and materials involved, these layers can be extruded together to form multilayer films (215), 

laminated together from preformed films (216) or co-injection moulded to encapsulate one 

material in another (217). In this way the best properties of each material can be utilized, for 

example in a multilayer film with a water resistant poly lacticacid outer surfaces and a protein 

based core (9, 216). Some multilayer structures may take advantage of the poor water resistance 

of protein based plastics, allowing the dissolvable layer to be removed by washing during 

recycling operations(217). In order to accomplish the commercial application of these multilayer 

structures, methods for the economical conversion of protein based plastics into final products 

must be developed. The most common method used in industry is multilayer film extrusion, but 

film casting (109) or substrate coating (218)  are alternative commercial methods to form films 

for later lamination. Film casting or substrate coatings are attractive if delivering the proteins in 

solution is the most convenient. For example a fibreboard substrate coated with wheat gluten 

demonstrates competitive oxygen permeability to commercial coated fibreboard barriers (218). 

If multilayer films of protein based plastic are proven feasible there are a myriad of applications 

possible. In food packaging there are many opportunities for protein based layers in multilayer 

products. Layers of polyvinyl alcohol (PVA), ethelene vinyl alcohol copolymer (EVOH), nylon 

and polyvinylidene cholride (PVDC) are commonly used in multilayer packages as oxygen and 

aroma barriers and their functionality in terms of oxygen barrier can be approached by protein 

based plastics (128). In laminated ―stand up‖ pouches protein based plastic layers could be used 

to protect the contents from oxygen or contain volatiles, as in packaging for household liquid 

soaps. Using edible proteins, dissolvable oxygen barrier packaging for convenience foods has 

been demonstrated for olive oils using zein and soy proteins (8). These packages were shown to 
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be superior to commercial non-dissolvable polymer pouches of polyethylene with a nylon barrier 

layer. This superior performance points to applications in multilayer pouch or bottle packaging 

for similar plant oils or other non-food oxygen sensitive products. 

Specialised micro scale packaging in the form of core/shell microspheres have been constructed 

with protein shells containing hydrophobic liquids (219, 220) or gases (221). Such structures 

could be used for the formation of stable colloids, for instance allowing the use of aqueous 

application of pesticides that are not water soluble while providing controlled pesticide release. 

  



 

42 

 

References 

1. A. S. Carlsson, J. L. Yilmaz, A. G. Green, S. Stymne, P. Hofvander, Replacing fossil oil 

with fresh oil–with what and for what? European Journal of Lipid Science and 

Technology 113, pp. 812 (2011). 

2. R. F. Wilson, D. F. Hildebrand, Engineering Status, Challenges and Advantages of Oil 

Crops, in Plant Biotechnology for Sustainable Production of Energy and Co-products, J. 

Scheffran, P. N. Mascia, J. M. Widholm, Ed., (Springer, Berlin, 2010), vol. 66, pp. 209-

259. 

3. G. Leckband, M. Frauen, W. Friedt, NAPUS 2000. Rapeseed (Brassica napus) breeding 

for improved human nutrition. Food research international 35, pp. 273 (2002). 

4. A. Carlsson, Plant oils as feedstock alternatives to petroleum-A short survey of potential 

oil crop platforms. Biochimie 91, pp. 665 (2009). 

5. H. Zhang, G. Mittal, Biodegradable protein based films from plant resources: A review. 

Environmental Progress & Sustainable Energy 29, pp. 203 (2010). 

6. A. Rouilly, L. Rigal, Agro-materials: a bibliographic review. Polymer Reviews 42, pp. 

441 (2002). 

7. S. Domenek, P. Feuilloley, J. Gratraud, M. H. Morel, S. Guilbert, Biodegradability of 

wheat gluten based bioplastics. Chemosphere 54, pp. 551 (2004). 

8. S. Y. Cho, S. Y. Lee, C. Rhee, Edible oxygen barrier bilayer film pouches from corn zein 

and soy protein isolate for olive oil packaging. LWT-Food Science and Technology 43, 

pp. 1234 (2010). 

9. J. W. Rhim, K. A. Mohanty, S. P. Singh, P. K. W. Ng, Preparation and properties of 

biodegradable multilayer films based on soy protein isolate and poly (lactide). Ind. Eng. 

Chem. Res 45, pp. 3059 (2006). 

10. M. Buehler, Y. Yung, Deformation and failure of protein materials in physiologically 

extreme conditions and disease. Nature Materials 8, pp. 175 (2009). 

11. B. Ralston, T. Osswald, The History of Tomorrow's Materials: Protein-Based 

Biopolymers. Plastics Engineering 64, pp. 36 (2008). 

12. A. L. Lambuth, Protein adhesives for wood, in Handbook of adhesive technology, A. 

Pizzi, K. Mittal, Ed., (Marcel Dekker, New York NY, 1994), pp. 259-268. 

13. W. Krische, A. Spitteler, Process of manufacturing water-resisting products from casein, 

US Patent 646,844 (1900). 

14. M. Finlay, Old efforts at new uses: A brief history of chemurgy and the American search 

for biobased materials. Journal of Industrial Ecology 7, pp. 33 (2003). 

15. A. Poole, J. Church, M. Huson, Environmentally Sustainable Fibers from Regenerated 

Protein. Biomacromolecules 10, pp. 1 (2008). 

16. Anon., ―MONTHLY PRICE AND POLICY UPDATE - April 2010‖  (FAO Trade and 

Markets Division, 2010). 

17. A. Wäsche, S. Wurst, A. Borcherding, T. Luck, Film forming properties of rape-seed 

protein after structural modification. Nahrung/Food 42, pp. 269 (1998). 

18. K. Baganz, H. Lang, G. Meißner, Industrial use of oilseed meal: a reasonable injection 

moulding compound. Lipid-Fett 101, pp. 306 (1999). 

19. T. Johansson, Development of bioplastics from oil plant by-products. MSc., SLU 

Swedish University of Agricultural Science (2010). 



 

43 

 

20. W. Manamperi, J. Sehrawat, M. Fuqua, C. Ulven, S. Pryor, Influence of Plasticizers on 

Properties of Polymers Made from Canola Protein Polyester Blends, paper presented at 

the ASABE Annual International Meeting, Reno NV,  2009. 

21. W. Manamperi, S. Chang, C. Ulven, S. Pryor, Plastics from an Improved Canola Protein 

Isolate: Preparation and Properties. Journal of the American Oil Chemists' Society, pp. 1 

(2010). 

22. E. Bettini, Compression-molded Plastic from Rapeseed Cake & Flour. MSc., KTH Royal 

Instititute of Technology (2009). 

23. J. A. Gerrard, Protein-protein crosslinking in food: methods, consequences, applications. 

Trends in Food Science & Technology 13, pp. 391 (2002). 

24. C. Marquié, Chemical reactions in cottonseed protein cross-linking by formaldehyde, 

glutaraldehyde, and glyoxal for the formation of protein films with enhanced mechanical 

properties. J. Agric. Food Chem 49, pp. 4676 (2001). 

25. T. Bourtoom, Edible protein films: properties enhancement. International Food Research 

Journal 16, pp. 1 (2009). 

26. M. Gällstedt, A. Mattozzi, E. Johansson, M. S. Hedenqvist, Transport and tensile 

properties of compression-molded wheat gluten films. Biomacromolecules 5, pp. 2020 

(2004). 

27. B. Cuq, F. Boutrot, A. Redl, V. Lullien-Pellerin, Study of the temperature effect on the 

formation of wheat gluten network: Influence on mechanical properties and protein 

solubility. J. Agric. Food Chem 48, pp. 2954 (2000). 

28. Z. Mohammed, S. Hill, J. Mitchell, Covalent crosslinking in heated protein systems. 

Journal of food science 65, pp. 221 (2000). 

29. H. Singh, Modification of food proteins by covalent crosslinking. Trends in Food Science 

& Technology 2, pp. 196 (1991). 

30. V. Hernandez Izquierdo, J. Krochta, Thermoplastic processing of proteins for film 

formation—A review. Journal of food science 73, pp. R30 (2008). 

31. C. Verbeek, L. van den Berg, Extrusion Processing and Properties of Protein Based 

Thermoplastics. Macromolecular materials and engineering 295, pp. 10 (2010). 

32. X. Mo, X. Sun, Plasticization of soy protein polymer by polyol-based plasticizers. 

Journal of the American Oil Chemists' Society 79, pp. 197 (2002). 

33. J. Irissin-Mangata, G. Bauduin, B. Boutevin, N. Gontard, New plasticizers for wheat 

gluten films. European Polymer Journal 37, pp. 1533 (2001). 

34. N. Budhavaram, J. Miller, Y. Shen, J. Barone, Protein Substitution Affects Glass 

Transition Temperature and Thermal Stability. Journal of Agricultural and Food 

Chemistry, pp. 251. 

35. M. Pommet, A. Redl, S. Guilbert, M. Morel, Intrinsic influence of various plasticizers on 

functional properties and reactivity of wheat gluten thermoplastic materials. Journal of 

Cereal Science 42, pp. 81 (2005). 

36. A. Rouilly, O. Orliac, F. Silvestre, L. Rigal, New natural injection-moldable composite 

material from sunflower oil cake. Bioresource technology 97, pp. 553 (2006). 

37. H. Mutlu, M. Meier, Castor oil as a renewable resource for the chemical industry. 

European Journal of Lipid Science and Technology 112, pp. 10 (2010). 

38. P. Fobert, M. Smith, J. Zou, E. Mietkiewska, W. Keller, D. Taylor, Developing Canadian 

seed oils as industrial feedstocks. Biofuels, Bioproducts and Biorefining 2, pp. 206 

(2008). 



 

44 

 

39. D. Taylor, K. Falk, C. Palmer, J. Hammerlindl, V. Babic, E. Mietkiewska, A. Jadhav, E. 

Marillia, T. Francis, T. Hoffman, Brassica carinata–a new molecular farming platform for 

delivering bio industrial oil feedstocks: case studies of genetic modifications to improve 

very long chain fatty acid and oil content in seeds. Biofuels, Bioproducts and Biorefining 

4, pp. 538 (2010). 

40. L. Tranchino, R. Costantino, G. Sodini, Food grade oilseed protein processing: sunflower 

and rapeseed. Plant Foods for Human Nutrition 32, pp. 305 (1983). 

41. Y. Yoshie-Stark, Y. Wada, M. Schott, A. Wäsche, Functional and bioactive properties of 

rapeseed protein concentrates and sensory analysis of food application with rapeseed 

protein concentrates. LWT-Food Science and Technology 39, pp. 503 (2006). 

42. K. Schwenke, J. Kroll, R. Lange, M. Kujawa, W. Schnaak, A. Steinert, Preparation of 

detoxified high functional rapeseed flours. Journal of the Science of Food and 

Agriculture 51, pp. 391 (1990). 

43. E. Baker, G. Mustakas, M. Gumbmann, D. Gould, Biological evaluation of crambe meals 

detoxified by water extraction on a continuous filter. Journal of the American Oil 

Chemists' Society 54, pp. 392 (1977). 

44. Regulation (EC) no 1829/2003 of the European Parliament and of the Council of 22 

September 2003 on genetically modified food and feed, (2003), vol. L268, pp. 1-23. 

45. L. Lazzeri, O. Leoni, L. Conte, S. Palmieri, Some technological characteristics and 

potential uses of Crambe abyssinica products. Industrial Crops and Products 3, pp. 103 

(1994). 

46. Agriculture Organization of the United Nations.(2008) FAOSTAT statistics database 

http://faostat.fao.org, accessed 10/09/2010. 

47. B. D. Shukla, P. K. Srivastava, R. K. Gupta, Oilseeds processing technology. Central 

Institute of Agricultural Engineering, Bhopal, India, 1992. 

48. L. Khan, M. Hanna, Expression of oil from oilseeds--A review. Journal of Agricultural 

Engineering Research 28, pp. 495 (1983). 

49. A. Rosenthal, D. Pyle, K. Niranjan, Aqueous and enzymatic processes for edible oil 

extraction. Enzyme and Microbial Technology 19, pp. 402 (1996). 

50. A. Moure, J. Sineiro, H. Domínguez, J. Parajó, Functionality of oilseed protein products: 

A review. Food research international 39, pp. 945 (2006). 

51. M. Schweizer, B. Green, K. Segall, R. Willardsen, Process for preparation of canola 

protein isolates, US Patent 7,682,646 (2010). 

52. E. Murray, Oil seed protein extraction, US Patent 5,844,086 (1998). 

53. J. Cameron, C. Myers, Rapeseed protein isolate, US Patent 4,418,013 (1983). 

54. E. Murray, C. Myers, L. Barker, Protein isolate product, US Patent 4,285,862 (1981). 

55. E. Bartlet, G. Kiddle, I. Williams, R. Wallsgrove, Wound-induced increases in the 

glucosinolate content of oilseed rape and their effect on subsequent herbivory by a 

crucifer specialist. Entomologia experimentalis et applicata 91, pp. 163 (1999). 

56. K. Singh, D. Wiesenborn, K. Tostenson, N. Kangas, Influence of moisture content and 

cooking on screw pressing of crambe seed. Journal of the American Oil Chemists' Society 

79, pp. 165 (2002). 

57. N. T. Dunford, F. Temelli, Extraction conditions and moisture content of canola flakes as 

related to lipid composition of supercritical CO2 extracts. Journal of food science 62, pp. 

155 (1997). 

http://faostat.fao.org/


 

45 

 

58. E. Stahl, K. Quirin, R. Blagrove, Extraction of seed oils with supercritical carbon 

dioxide: Effect on residual proteins. Journal of Agricultural and Food Chemistry 32, pp. 

938 (1984). 

59. B. O'Dell, A. De Boland, Complexation of phytate with proteins and cations in corn germ 

and oil seed meals. Journal of Agricultural and Food Chemistry 24, pp. 804 (1976). 

60. W. Huang, X. Sun, Adhesive properties of soy proteins modified by urea and guanidine 

hydrochloride. Journal of the American Oil Chemists' Society 77, pp. 101 (2000). 

61. C. Smith Jr, F. Earle, I. Wolff, Q. Jones, Seed Protein Solubility, Comparison of 

Solubility Characteristics of Selected Seed Proteins. Journal of Agricultural and Food 

Chemistry 7, pp. 133 (1959). 

62. J. Pedroche, M. Yust, H. Lqari, J. Girón-Calle, M. Alaiz, J. Vioque, F. Millán, Brassica 

carinata protein isolates: chemical composition, protein characterization and 

improvement of functional properties by protein hydrolysis. Food Chemistry 88, pp. 337 

(2004). 

63. L. Diosady, L. Rubin, Y. Tzeng, Production of rapeseed protein materials, US Patent 

4,889,921 (1989). 

64. S. Meade, E. Reid, J. Gerrard, The impact of processing on the nutritional quality of food 

proteins. Journal of the American Oil Chemists' Society 88, pp. 904 (2005). 

65. M. Friedman, Chemistry, biochemistry, nutrition, and microbiology of lysinoalanine, 

lanthionine, and histidinoalanine in food and other proteins. J. Agric. Food Chem 47, pp. 

1295 (1999). 

66. J. Kroll, M. Kujawa, W. Schnaak, Preparation of rapeseed proteins by extraction, 

ultrafiltration and diafiltration. Lipid/Fett 93, pp. 61 (1991). 

67. J. Lawhon, D. Mulsow, C. Cater, K. Mattil, Production of protein isolates and 

concentrates from oilseed flour extracts using industrial ultrafiltration and reverse 

osmosis systems. Journal of food science 42, pp. 389 (1977). 

68. J. Mauron, Influence of processing on protein quality. Journal of nutritional science and 

vitaminology 36, pp. S57 (1990). 

69. E. Massoura, J. Vereijken, P. Kolster, J. T. P. Derksen, Proteins from crambe abyssinica 

oilseed. I. isolation procedure. Journal of the American Oil Chemists' Society 75, pp. 323 

(1998). 

70. E. Oplinger, E. Oelke, A. Kaminski, D. Putnam, D. Teynor, J. Doll, K. Kelling, B. 

Durgan, D. Noetzel, Crambe. Alternative field crops manual, University of Wisconsin, 

July 1991. 

71. K. Carlson, H. Tookey, Crambe meal as a protein source for feeds. Journal of the 

American Oil Chemists' Society 60, pp. 1979 (1983). 

72. H. Nieschlag, J. Rothfus, V. Sohns, R. Perkins Jr, Nylon-1313 from Brassylic Acid. 

Industrial & Engineering Chemistry Product Research and Development 16, pp. 101 

(1977). 

73. C. VanEtten, M. Daxenbichler, J. Peters, I. Wolff, A. Booth, Seed Meal Detoxication, 

Seed Meal from Crambe abyssinica. Journal of Agricultural and Food Chemistry 13, pp. 

24 (1965). 

74. G. Rakow, A. Getinet, in Proceedings of the International Symposium on Brassicas 1997 

G. Thomas, A. A. Monteiro, Eds. (Acta Hortaculturae ISHS, Rennes FR, 1998),  pp. 419-

428. 

75. J. Zubr, Oil-seed crop: Camelina sativa. Industrial Crops and Products 6, pp. 113 (1997). 



 

46 

 

76. D. Putnam, J. Budin, L. Field, W. Breene, Camelina: a promising low-input oilseed, in 

New crops, J. Janick, J. E. Simon, Ed., (Wiley, New York, 1993), pp. 314-322. 

77. E. Oplinger, L. Hardman, E. Gritton, J. Doll, K. Kelling, Canola (Rapeseed). Alternative 

field crops manual. University of Wisconsin, November 1989. 

78. O. Christen, E. Evans, C. Nielsson, C. Haldrup, Oilseed rape cropping systems in NW 

Europe, paper presented at the 10th International Rapeseed Congress, Canberra Australia, 

1999. 

79. D. J. Murphy, I. Cummins, A. S. Kang, Synthesis of the major oil-body membrane 

protein in developing rapeseed (Brassica napus) embryos. Integration with storage-lipid 

and storage-protein synthesis and implications for the mechanism of oil-body formation. 

Biochemical Journal 258, pp. 285 (1989). 

80. R. Scarth, J. Tang, Modification of Oil Using Conventional and Transgenic Approaches. 

Crop Sci. 46, pp. 1225 (2006/5, 2006). 

81. J. Rödin, L. Rask, The relationship between mature chains and their precursors of 

cruciferin, the 12S storage protein of Brassica napus. Plant Science 70, pp. 57 (1990). 

82. M. Ericson, J. Rödin, M. Lenman, K. Glimelius, L. G. Josefsson, L. Rask, Structure of 

the rapeseed 1.7 S storage protein, napin, and its precursor. Journal of Biological 

Chemistry 261, pp. 14576 (1986). 

83. M. Li, D. J. Murphy, K. H. K. Lee, R. Wilson, L. J. Smith, D. C. Clark, J. Y. Sung, 

Purification and structural characterization of the central hydrophobic domain of oleosin. 

Journal of Biological Chemistry 277, pp. 37888 (2002). 

84. B. Matthäus, Antinutritive compounds in different oilseeds. Lipid/Fett 99, pp. 170 

(1997). 

85. J. Zubr, Qualitative variation of Camelina sativa seed from different locations. Industrial 

Crops and Products 17, pp. 161 (2003). 

86. P. Peiretti, G. Meineri, Fatty acids, chemical composition and organic matter digestibility 

of seeds and vegetative parts of false flax (Camelina sativa L.) after different lengths of 

growth. Animal Feed Science and Technology 133, pp. 341 (2007). 

87. B. Matthäus, J. Zubr, Variability of specific components in Camelina sativa oilseed 

cakes. Industrial Crops and Products 12, pp. 9 (2000). 

88. G. Chabanon, I. Chevalot, X. Framboisier, S. Chenu, I. Marc, Hydrolysis of rapeseed 

protein isolates: Kinetics, characterization and functional properties of hydrolysates. 

Process Biochemistry 42, pp. 1419 (2007). 

89. M. Tripathi, A. Mishra, Glucosinolates in animal nutrition: A review. Animal Feed 

Science and Technology 132, pp. 1 (2007). 

90. J. Vioque, R. Sánchez-Vioque, A. Clemente, J. Pedroche, F. Millán, Partially hydrolyzed 

rapeseed protein isolates with improved functional properties. Journal of the American 

Oil Chemists' Society 77, pp. 447 (2000). 

91. A. J. Poole, J. S. Church, M. G. Huson, Environmentally sustainable fibers from 

regenerated protein. Biomacromolecules 10, pp. 1 (2008). 

92. J. Krochta, Proteins as Raw materials for Films and Coatings: Definitions, Current Status, 

and Opportunities, in Protein Based Films and Coatings, A. Gennadios, Ed., (2002), pp. 

1-41. 

93. I. Olabarrieta, S. W. Cho, M. Gällstedt, J. R. Sarasua, E. Johansson, M. S. Hedenqvist, 

Aging properties of films of plasticized vital wheat gluten cast from acidic and basic 

solutions. Biomacromolecules 7, pp. 1657 (2006). 



 

47 

 

94. S. Tunc, H. Angellier, Y. Cahyana, P. Chalier, N. Gontard, E. Gastaldi, Functional 

properties of wheat gluten/montmorillonite nanocomposite films processed by casting. 

Journal of membrane science 289, pp. 159 (2007). 

95. T. Yoshino, S. Isobe, T. Maekawa, Influence of preparation conditions on the physical 

properties of zein films. Journal of the American Oil Chemists' Society 79, pp. 345 

(2002). 

96. P. Lodha, A. N. Netravali, Effect of soy protein isolate resin modifications on their 

biodegradation in a compost medium. Polymer degradation and stability 87, pp. 465 

(2005). 

97. L. H. Sperling, Introduction to physical polymer science Wiley, Hoboken, NJ USA, 

1986. 

98. B. Lagrain, B. Goderis, K. Brijs, J. A. Delcour, Molecular basis of processing wheat 

gluten toward biobased materials. Biomacromolecules 11, pp. 533 (2010). 

99. J. Kroll, H. M. Rawel, S. Rohn, Reactions of plant phenolics with food proteins and 

enzymes under special consideration of covalent bonds. Food science and technology 

research 9, pp. 205 (2003). 

100. T. R. Noel, R. Parker, S. G. Ring, A. S. Tatham, The glass-transition behaviour of wheat 

gluten proteins. International journal of biological macromolecules 17, pp. 81 (1995). 

101. A. Rouilly, O. Orliac, F. Silvestre, L. Rigal, DSC study on the thermal properties of 

sunflower proteins according to their water content. Polymer 42, pp. 10111 (2001). 

102. L. N. Zou, X. Cheng, M. L. Rivers, H. M. Jaeger, S. R. Nagel, The packing of granular 

polymer chains. Science 326, pp. 408 (2009). 

103. N. K. Budhavaram, J. A. Miller, Y. Shen, J. R. Barone, Protein Substitution Affects Glass 

Transition Temperature and Thermal Stability. Journal of Agricultural and Food 

Chemistry, pp. 251 (2010). 

104. S. W. Cho, M. Gällstedt, M. S. Hedenqvist, Effects of glycerol content and film thickness 

on the properties of vital wheat gluten films cast at pH 4 and 11. Journal of Applied 

Polymer Science 117, pp. 3506 (2010). 

105. T. Kunanopparat, P. Menut, M. H. Morel, S. Guilbert, Reinforcement of plasticized 

wheat gluten with natural fibers: From mechanical improvement to deplasticizing effect. 

Composites part A: Applied science and manufacturing 39, pp. 777 (2008). 

106. S. Domenek, L. Brendel, M. H. Morel, S. Guilbert, Swelling behavior and structural 

characteristics of wheat gluten polypeptide films. Biomacromolecules 5, pp. 1002 (2004). 

107. D. L. Woerdeman, W. S. Veraverbeke, R. S. Parnas, D. Johnson, J. A. Delcour, I. 

Verpoest, C. J. G. Plummer, Designing new materials from wheat protein. 

Biomacromolecules 5, pp. 1262 (2004). 

108. P. Lodha, A. N. Netravali, Thermal and mechanical properties of environment-friendly 

'green' plastics from stearic acid modified-soy protein isolate. Industrial Crops and 

Products 21, pp. 49 (2005). 

109. U. Siemann, Solvent cast technology–a versatile tool for thin film production. Scattering 

Methods and the Properties of Polymer Materials, pp. 1 (2005). 

110. J. W. Lee, S. M. Son, S. I. Hong, Characterization of protein-coated polypropylene films 

as a novel composite structure for active food packaging application. Journal of Food 

Engineering 86, pp. 484 (2008). 



 

48 

 

111. I. Paetau, C. Z. Chen, J. Jane, Biodegradable plastic made from soybean products. 1. 

Effect of preparation and processing on mechanical properties and water absorption. 

Industrial & engineering chemistry research 33, pp. 1821 (1994). 

112. J. M. Raquez, R. Narayan, P. Dubois, Recent Advances in Reactive Extrusion Processing 

of Biodegradable Polymer Based Compositions. Macromolecular materials and 

engineering 293, pp. 447 (2008). 

113. W. Michaeli, Extrusion dies for plastics and rubber: design and engineering 

computations Hanser Gardner Publications, New York, NY, ed. 2nd, 1992. 

114. N. H. Ullsten, M. Gällstedt, E. Johansson, A. Gräslund, M. S. Hedenqvist, Enlarged 

processing window of plasticized wheat gluten using salicylic acid. Biomacromolecules 

7, pp. 771 (2006). 

115. C. A. Harper, Handbook of Plastics Technologies. McGraw-Hill, Blacklick OH, USA, 

2006. 

116. L. Reifschneider, in GPEC 2006. (Society of Plastic Engineers, Atlanta USA, 2006). 

117. N. Reddy, Y. Yang, Novel protein fibers from wheat gluten. Biomacromolecules 8, pp. 

638 (2007). 

118. H. Huang, E. Hammond, C. Reitmeier, D. Myers, Properties of fibers produced from soy 

protein isolate by extrusion and wet-spinning. Journal of the American Oil Chemists' 

Society 72, pp. 1453 (1995). 

119. R. Boyer, Soybean Protein Fibers Experimental Production. Industrial & Engineering 

Chemistry 32, pp. 1549 (1940). 

120. D. Fletcher, E. Ahmed, Spinning of Peanut Protein Fibers 1. Peanut Science 4, pp. 17 

(1977). 

121. N. Reddy, Y. Li, Y. Yang, Alkali catalyzed low temperature wet crosslinking of plant 

proteins using carboxylic acids. Biotechnology progress 25, pp. 139 (2009). 

122. K. Perepelkin, Trends and Changes in World Chemical Fibre Production. An Analytical 

Review. Part 2. Trends in the Development of Traditional and Promising Kinds of 

Chemical Fibres. Fibre Chemistry 35, pp. 241 (2003). 

123. J. Scheirs, T. E. Long, Modern polyesters: chemistry and technology of polyesters and 

copolyesters. Wiley, 2003. 

124. R. J. Crawford, Plastics engineering Butterworth-Heinemann, Burlington MA, ed. 2nd, 

1987. 

125. S. W. Cho, M. Gällstedt, E. Johansson, M. S. Hedenqvist, Injection-molded 

nanocomposites and materials based on wheat gluten. International journal of biological 

macromolecules 48, pp. 146 (2010). 

126. C. M. Vaz, P. F. N. M. van Doeveren, G. Yilmaz, L. A. de Graaf, R. L. Reis, A. M. 

Cunha, Processing and characterization of biodegradable soy plastics: Effects of 

crosslinking with glyoxal and thermal treatment. Journal of Applied Polymer Science 97, 

pp. 604 (2005). 

127. O. Orliac, F. Silvestre, A. Rouilly, L. Rigal, Rheological studies, production, and 

characterization of injection-molded plastics from sunflower protein isolate. Industrial & 

engineering chemistry research 42, pp. 1674 (2003). 

128. K. Miller, J. Krochta, Oxygen and aroma barrier properties of edible films: A review. 

Trends in Food Science & Technology 8, pp. 228 (1997). 



 

49 

 

129. J. Rödin, L. Rask, Characterization of the 12S storage protein of Brassica napus 

(cruciferin): Disulfide bonding between subunits. Physiologia Plantarum 79, pp. 421 

(1990). 

130. H. Singh, F. MacRitchie, Application of polymer science to properties of gluten. Journal 

of Cereal Science 33, pp. 231 (2001). 

131. A. Redl, S. Guilbert, M. H. Morel, Heat and shear mediated polymerisation of plasticized 

wheat gluten protein upon mixing. Journal of Cereal Science 38, pp. 105 (2003). 

132. K. S. Suslick, F. J. Toublan, S. A. Boppart, D. L. Marks, Surface modified protein 

microparticles US Patent 7,217,410 (2007). 

133. K. A. Tilley, R. E. Benjamin, K. E. Bagorogoza, B. M. Okot-Kotber, O. Prakash, H. 

Kwen, Tyrosine cross-links: molecular basis of gluten structure and function. Journal of 

Agricultural and Food Chemistry 49, pp. 2627 (2001). 

134. I. Rasiah, K. Sutton, F. Low, H. M. Lin, J. Gerrard, Crosslinking of wheat dough proteins 

by glucose oxidase and the resulting effects on bread and croissants. Food Chemistry 89, 

pp. 325 (2005). 

135. E. Mezgheni, G. D'Aprano, M. Lacroix, Formation of sterilized edible films based on 

caseinates: effects of calcium and plasticizers. Journal of Agricultural and Food 

Chemistry 46, pp. 318 (1998). 

136. R. Aeschbach, R. Amadoo, H. Neukom, Formation of dityrosine cross-links in proteins 

by oxidation of tyrosine residues 1. Biochimica et Biophysica Acta (BBA)-Protein 

Structure 439, pp. 292 (1976). 

137. S. O. Andersen, The cross-links in resilin identified as dityrosine and trityrosine. 

Biochimica et biophysica acta 93, pp. 213 (1964). 

138. J. D. Brady, I. H. Sadler, S. Fry, Di-isodityrosine, a novel tetrametric derivative of 

tyrosine in plant cell wall proteins: a new potential cross-link. Biochemical Journal 315, 

pp. 323 (1996). 

139. C. M. Elvin, A. G. Carr, M. G. Huson, J. M. Maxwell, R. D. Pearson, T. Vuocolo, N. E. 

Liyou, D. C. C. Wong, D. J. Merritt, N. E. Dixon, Synthesis and properties of crosslinked 

recombinant pro-resilin. Nature 437, pp. 999 (2005). 

140. V. Micard, M. H. Morel, J. Bonicel, S. Guilbert, Thermal properties of raw and processed 

wheat gluten in relation with protein aggregation. Polymer 42, pp. 477 (2001). 

141. I. Rombouts, B. Lagrain, M. Brunnbauer, P. Koehler, K. Brijs, J. A. Delcour, 

Identification of Isopeptide Bonds in Heat-Treated Wheat Gluten Peptides. Journal of 

Agricultural and Food Chemistry 59, pp. 1236 (2011). 

142. D. E. Schwass, J. W. Finley, Heat and alkaline damage to proteins: racemization and 

lysinoalanine formation. Journal of Agricultural and Food Chemistry 32, pp. 1377 

(1984). 

143. B. Kayserilio lu, W. M. Stevels, W. J. Mulder, N. Akka Mechanical and Biochemical 

Characterisation of Wheat Gluten Films as a Function of pH and Co solvent. Starch 

Stärke 53, pp. 381 (2001). 

144. R. Kluger, A. Alagic, Chemical cross-linking and protein-protein interactions--a review 

with illustrative protocols. Bioorganic chemistry 32, pp. 451 (2004). 

145. Anon., Thermo Scientific Pierce Crosslinking Technical Handbook, Thermo Fisher 

Scientific Inc., (2009) 

146. J. A. Kiernan, Formaldehyde, formalin, paraformaldehyde and glutaraldehyde: what they 

are and what they do. Microscopy today 1, pp. 8 (2000). 



 

50 

 

147. C. Marquie, C. Aymard, J. L. Cuq, S. Guilbert, Biodegradable packaging made from 

cottonseed flour: formation and improvement by chemical treatments with gossypol, 

formaldehyde, and glutaraldehyde. Journal of Agricultural and Food Chemistry 43, pp. 

2762 (1995). 

148. P. Hernández-Muñoz, A. Kanavouras, J. M. Lagaron, R. Gavara, Development and 

characterization of films based on chemically cross-linked gliadins. Journal of 

Agricultural and Food Chemistry 53, pp. 8216 (2005). 

149. O. Orliac, A. Rouilly, F. Silvestre, L. Rigal, Effects of additives on the mechanical 

properties, hydrophobicity and water uptake of thermo-moulded films produced from 

sunflower protein isolate. Polymer 43, pp. 5417 (2002). 

150. F. M. Pallos, G. H. Robertson, A. E. Pavlath, W. J. Orts, Thermoformed wheat gluten 

biopolymers. Journal of Agricultural and Food Chemistry 54, pp. 349 (2006). 

151. D. J. Sessa, A. Mohamed, J. A. Byars, Chemistry and physical properties of melt-

processed and solution-cross-linked corn zein. Journal of Agricultural and Food 

Chemistry 56, pp. 7067 (2008). 

152. S. Park, D. Bae, K. Rhee, Soy protein biopolymers cross-linked with glutaraldehyde. 

Journal of the American Oil Chemists' Society 77, pp. 879 (2000). 

153. N. Reddy, Y. Tan, Y. Li, Y. Yang, Effect of Glutaraldehyde Crosslinking Conditions on 

the Strength and Water Stability of Wheat Gluten Fibers. Macromolecular materials and 

engineering 293, pp. 614 (2008). 

154. X. Zhang, P. Hoobin, I. Burgar, M. D. Do, Chemical modification of wheat protein-based 

natural polymers: cross-linking effect on mechanical properties and phase structures. 

Journal of Agricultural and Food Chemistry 54, pp. 9858 (2006). 

155. K. Kruger Woods, G. W. Selling, Melt reaction of zein with glyoxal to improve tensile 

strength and reduce solubility. Journal of Applied Polymer Science 109, pp. 2375 (2008). 

156. V. Micard, R. Belamri, M. H. Morel, S. Guilbert, Properties of chemically and physically 

treated wheat gluten films. Journal of Agricultural and Food Chemistry 48, pp. 2948 

(2000). 

157. P. J. Nowatzki, D. A. Tirrell, Physical properties of artificial extracellular matrix protein 

films prepared by isocyanate crosslinking. Biomaterials 25, pp. 1261 (2004). 

158. Z. Zhong, X. S. Sun, Properties of soy protein isolate/polycaprolactone blends 

compatibilized by methylene diphenyl diisocyanate 1. Polymer 42, pp. 6961 (2001). 

159. Z. Pan, A. Cathcart, D. Wang, Properties of particleboard bond with rice bran and 

polymeric methylene diphenyl diisocyanate adhesives. Industrial Crops and Products 23, 

pp. 40 (2006). 

160. A. A. Parker, J. J. Marcinko, Protein-Containing Foams, Manufacture and Use Thereof, 

US Patent Application  12/19,721 (2010). 

161. A. A. Parker, J. J. Marcinko, Protein-Containing Emulsions and Adhesives, and 

Manufacture and Use Thereof, US Patent Application 12/19,521 (2010). 

162. B. Ralston, N. Wochner, T. Osswald, Combined Effects of Crosslinkers, Glycerol and 

Processing Temperature on Properties of Soy Protein Based Plastics, paper presented at 

the Global Plastics Environmental Confernece Atlanta GA,  2006. 

163. Y. Yang, L. Wang, S. Li, Formaldehyde free zein fiber—preparation and investigation. 

Journal of Applied Polymer Science 59, pp. 433 (1996). 



 

51 

 

164. B. Martel, M. Weltrowski, D. Ruffin, M. Morcellet, Polycarboxylic acids as crosslinking 

agents for grafting cyclodextrins onto cotton and wool fabrics: Study of the process 

parameters. Journal of Applied Polymer Science 83, pp. 1449 (2002). 

165. G. Selling, D. J. Sessa, Multivalent carboxylic acids to modify the properties of zein. 

Industrial Crops and Products 25, pp. 63 (2007). 

166. M. Nagura, H. Yokota, M. Ikeura, Y. Gotoh, Y. Ohkoshi, Structures and physical 

properties of cross-linked gelatin fibers. Polymer journal 34, pp. 761 (2002). 

167. Q. Jiang, N. Reddy, Y. Yang, Cytocompatible cross-linking of electrospun zein fibers for 

the development of water-stable tissue engineering scaffolds. Acta Biomaterialia 6, pp. 

4042 (2010). 

168. S. H. Hsieh, Z. Huang, Z. Huang, Z. Tseng, Antimicrobial and physical properties of 

woolen fabrics cured with citric acid and chitosan. Journal of Applied Polymer Science 

94, pp. 1999 (2004). 

169. I. Verbruggen, W. Veraverbeke, J. Delcour, In vitro polymerisation of high and low 

molecular weight glutenin subunits with molecular oxygen. Journal of Cereal Science 37, 

pp. 223 (2003). 

170. L. Kurniawan, G. G. Qiao, X. Zhang, Chemical modification of wheat protein-based 

natural polymers: grafting and cross-linking reactions with poly (ethylene oxide) 

diglycidyl ether and ethyl diamine. Biomacromolecules 8, pp. 2909 (2007). 

171. L. Kurniawan, G. G. Qiao, X. Zhang, Formation of Wheat Protein Based Biomaterials 

through Polymer Grafting and Crosslinking Reactions to Introduce New Functional 

Properties. Macromolecular Bioscience 9, pp. 93 (2009). 

172. R. Kuktaite, T. S. Plivelic, Y. Cerenius, M. S. Hedenqvist, M. Gällstedt, S. Marttila, R. 

Ignell, Y. Popineau, P. R. Shewry, E. Johansson, Structure and Morphology of Wheat 

Gluten Films: from Polymeric Protein Aggregates Towards Superstructure 

Arrangements. Biomacromolecules 12, pp. 1438 (2011). 

173. H. Ullsten, Processing and Development of Wheat Gluten Plastics. PhD., KTH Royal 

Institute of technology (2008). 

174. A. Ferretti, Process and a composition for making cellulosic composites, US Patent 

5,582,682 (1996). 

175. A. Ferretti, Biomass derived thermosetting resin, US Patent 5,371,194 (1994). 

176. A. Gennadios, J. Rhim, A. Handa, C. Weller, M. Hanna, Ultraviolet radiation affects 

physical and molecular properties of soy protein films. Journal of food science 63, pp. 

225 (1998). 

177. J. W. Rhim, A. Gennadios, D. Fu, C. L. Weller, M. A. Hanna, Properties of Ultraviolet 

Irradiated Protein Films 1. Lebensmittel-Wissenschaft und-Technologie 32, pp. 129 

(1999). 

178. V. Ghorpade, A. Gennadios, M. Hanna, C. L. Weller, Soy protein isolate/poly (ethylene 

oxide) films. Cereal chemistry 72, pp. 559 (1995). 

179. M. Lee, S. Lee, K. B. Song, Effect of [gamma]-irradiation on the physicochemical 

properties of soy protein isolate films. Radiation Physics and Chemistry 72, pp. 35 

(2005). 

180. S. Sabato, B. Ouattara, H. Yu, G. D'aprano, C. Le Tien, M. Mateescu, M. Lacroix, 

Mechanical and barrier properties of cross-linked soy and whey protein based films. 

Journal of Agricultural and Food Chemistry 49, pp. 1397 (2001). 



 

52 

 

181. D. A. Fancy, T. Kodadek, Chemistry for the analysis of protein–protein interactions: 

Rapid and efficient cross-linking triggered by long wavelength light. Proceedings of the 

National Academy of Sciences of the United States of America 96, pp. 6020 (1999). 

182. L. Xu, L. Diosady, Interactions between canola proteins and phenolic compounds in 

aqueous media. Food research international 33, pp. 725 (2000). 

183. H. Kozlowska, R. Zadernowski, F. Sosulski, Phenolic acids in oilseed flours. 

Food/Nahrung 27, pp. 449 (1983). 

184. X. Zhang, M. D. Do, P. Casey, A. Sulistio, G. G. Qiao, L. Lundin, P. Lillford, S. 

Kosaraju, Chemical cross-linking gelatin with natural phenolic compounds as studied by 

high-resolution NMR spectroscopy. Biomacromolecules 11, pp. 1125 (2010). 

185. S. Park, N. Hettiarachchy, Z. Ju, A. Gennadios, Formation and Properties of Soy Protein 

Films and Coatings, in Protein Based Films and Coatings, A. Gennadios, Ed., (CRC, 

2002), pp. 123-137. 

186. J. W. Rhim, A. Gennadios, C. L. Weller, M. A. Hanna, Sodium dodecyl sulfate treatment 

improves properties of cast films from soy protein isolate. Industrial Crops and Products 

15, pp. 199 (2002). 

187. A. Gennadios, V. Ghorpade, C. L. Weller, M. Hanna, Heat curing of soy protein films. 

Trans. ASAE 39, pp. 575 (1996). 

188. V. Rampon, P. Robert, N. Nicolas, E. Dufour, Protein structure and network orientation 

in edible films prepared by spinning process. Journal of food science 64, pp. 313 (1999). 

189. H. V. Pol, C. S. Cavin, A. A. Ogale, Batch and Continuous Processing of Protein Films, 

paper presented at the SPE/ANTEC 1999 Proceedings,  1999. 

190. J. Zhang, P. Mungara, J. Jane, Mechanical and thermal properties of extruded soy protein 

sheets. Polymer 42, pp. 2569 (2001). 

191. P. Mungara, J. Zhang, S. Zhang, J. Jane, Soy Protein Utilization in Compression-Molded, 

Extruded and Injection-Molded Degradeable Plastics, in Protein Based Films and 

Coatings, A. Gennadios, Ed., (CRC, 2002), pp. 620-638. 

192. J. Jane, S. S. Zhang, Soy protein-based thermoplastic composition for foamed articles, 

US Patent 5,710,190 (1998). 

193. A. Kraynik, Rheological aspects of thermoplastic foam extrusion. Polymer Engineering 

& Science 21, pp. 80 (1981). 

194. W. Liu, A. Mohanty, M. Misra, L. Drzal, Thermal and mechanical properties of 

functional monomer modified soy protein plastic by reactive extrusion technology, paper 

presented at the SPE-ANTEC, Chicago,  2004. 

195. B. Ralston, T. Osswald, Viscosity of soy protein plastics determined by screw-driven 

capillary rheometry. Journal of Polymers and the Environment 16, pp. 169 (2008). 

196. I. Paetau, C. Z. Chen, J. Jane, Biodegradable plastic made from soybean products. II. 

Effects of cross-linking and cellulose incorporation on mechanical properties and water 

absorption. Journal of Polymers and the Environment 2, pp. 211 (1994). 

197. T. Kurose, K. Urman, J. Otaigbe, R. Lochhead, S. Thames, Effect of uniaxial drawing of 

soy protein isolate biopolymer film on structure and mechanical properties. Polymer 

Engineering & Science 47, pp. 374 (2007). 

198. M. Cakmak, J. E. Spruiell, J. L. White, A basic study of orientation in poly(ethylene 

terephthalate) stretch-blow molded bottles. Polymer Engineering & Science 24, pp. 1390 

(1984). 



 

53 

 

199. D. Bigg, Mechanical property enhancement of semicrystalline polymers—A review. 

Polymer Engineering & Science 28, pp. 830 (1988). 

200. Y. J. Lin, P. Dias, H. Y. Chen, A. Hiltner, E. Baer, Relationship between biaxial 

orientation and oxygen permeability of polypropylene film. Polymer 49, pp. 2578 (2008). 

201. Y. Cao, K. Chang, Edible films prepared from water extract of soybeans. Journal of food 

science 67, pp. 1449 (2002). 

202. A. Gennadios, A. H. Brandenburg, C. L. Weller, R. F. Testin, Effect of pH on properties 

of wheat gluten and soy protein isolate films. Journal of Agricultural and Food 

Chemistry 41, pp. 1835 (1993). 

203. O. Orliac, A. Rouilly, F. Silvestre, L. Rigal, Effects of various plasticizers on the 

mechanical properties, water resistance and aging of thermo-moulded films made from 

sunflower proteins. Industrial Crops and Products 18, pp. 91 (2003). 

204. A. Rouilly, A. Mériaux, C. Geneau, F. Silvestre, L. Rigal, Film extrusion of sunflower 

protein isolate. Polymer Engineering & Science 46, pp. 1635 (2006). 

205. L. Rigal, J. Leyris, A. Gaset, Method for making shaped objects from a vegetable raw 

material by injection-moulding, EP Patent 998,948 (2005). 

206. C. Marquié, A. M. Tessier, C. Aymard, S. Guilbert, HPLC determination of the reactive 

lysine content of cottonseed protein films to monitor the extent of cross-linking by 

formaldehyde, glutaraldehyde, and glyoxal. Journal of Agricultural and Food Chemistry 

45, pp. 922 (1997). 

207. C. Marquié, A. Tessier, C. Aymard, S. Guilbert, How to monitor the protein cross linking 

by formaldehyde, glutaraldehyde or glyoxal in cotton seed protein based films? 

Food/Nahrung 42, pp. 264 (1998). 

208. Anon., ―Plastics – the Facts 2010, An analysis of European plastics production, demand 

and recovery for 2009‖  (PlasticsEurope, Brussels, 2010). 

209. S. Kurka, K. Menrad, Biorefineries And Biobased Products From The Consumer's Point 

Of View, paper presented at the 13th ICBAR International Conference on Agricultural 

Biotechnology, Ravello, IT,  2009. 

210. S. P. Kennedy, Liquid laundry detergent in water-soluble package, U.S. Patent 4,973,496 

(1990). 

211. A. Keisuke, G. Yasumasa, I. Katsuhito, Water-soluble sealing packaging material, US 

Patent App. 12/734,137 (2010). 

212. L. D. Billings, Apparatus and method for planting seeds, fertilizing and applying 

chemicals using biodegradable applicator tape, US Patent 5,165,351 (1992). 

213. Monosol Aquafilm, http://www.monosol.com/brands.php?p=10, accessed 23/10/2011. 

214. Solublon-Water Soluble Film, www.solublon.com/water_soluble_packaging.htm, 

accessed 20/10/2011. 

215. A. E. Goulas, Overall migration from commercial coextruded food packaging multilayer 

films and plastics containers into official EU food simulants. European Food Research 

and Technology 212, pp. 597 (2001). 

216. S. W. Cho, M. Gällstedt, M. S. Hedenqvist, Properties of Wheat Gluten/Poly (lactic acid) 

Laminates. Journal of Agricultural and Food Chemistry 58, pp. 7344 (2010). 

217. B. Galindo, E. Benavent, Development of a thermoplastic starch for co-injectied thin 

packaging, paper presented at the 19th BioEnvironmental Polymer Society annual 

meeting Vienna, Austria, September 28 2011. 

http://www.monosol.com/brands.php?p=10
http://www.solublon.com/water_soluble_packaging.htm


 

54 

 

218. M. Gällstedt, A. Brottman, M. S. Hedenqvist, Packaging related properties of protein and 

chitosan coated paper. Packaging Technology and Science 18, pp. 161 (2005). 

219. K. Yamauchi, A. Khoda, Novel proteinous microcapsules from wool keratins. Colloids 

and Surfaces B: Biointerfaces 9, pp. 117 (1997). 

220. K. S. Suslick, M. W. Grinstaff, Protein microencapsulation of nonaqueous liquids. 

Journal of the American Chemical Society 112, pp. 7807 (1990). 

221. M. W. Grinstaff, K. S. Suslick, Air-filled proteinaceous microbubbles: Synthesis of an 

echo-contrast agent. Proceedings of the National Academy of Sciences 88, pp. 7708 

(1991). 

 

 


