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1. Introduction 

The traditional polymers from petrol origin are still the dominating raw materials for a 

huge variety of polymeric materials and goods. However, the depletion of the non-

renewable feedstock as well as the environmental impact of a product are immensely 

growing concerns in the whole society and industry. This huge interest in the 

substitution of the petrol-based feedstock and in overall sustainable solutions has 

also reflected in a politically given framework that benefits the implementation of the 

product life cycle analysis approaches and an innovative product design. 

Changing the focus towards the production and application of renewable resources 

from nature is of course not an entirely new idea. Already in the early times of 

industrialization, these raw materials have also been applied and further modified for 

the manufacture of durable goods and fabric. The nowadays renewed interest of 

research as well as industry in the bio-based materials has led to a set of biopolymer 

generations that can be distinguished either by material shelf life or the origin of the 

raw material. The origin-based classification of the biopolymers is seen to be most 

evident and polymers from plant and animal orgin from high-value renewable 

feedstocks as well as from low-value side-products are considered. Also the 

production of bio-based monomers for traditional and new polymeric materials is 

classified here [Hat07, End09, Tab10, Bie12]. 
 

The natural-based polymers like proteins are one feedstock pillar in the development 

of materials and products mainly in market sectors as packaging, agriculture and 

horticulture as well as in the formulation of pharmaceutics. Their key additional 

benefits are the biodegradability, compostability and biocompatibility that make the 

deriving bio-based materials successful in the specific market niches. Depending on 

the purity requirements of the distinct application, also by-products of the crop and 

animal industry can be used [Pom05, Bie12, Rie13]. However, the huge market of 

the petrol-based plastics cannot be served by the natural-based polymers. The 

reasons are mainly seen in the restriction of the natural resources themselves and 

the competition with the energy recovery options or the competition with the food 

supply. 
 

The potential of the protein-based films, sheets and coatings is above all in the 

products of higher value and a unique product design aside from traditional plastics 

engineering. Coming from a variety of possibilities of functionality increase, the 

protein-based materials offer the tailoring of the material properties for the specific 

application. The tailoring and optimization of the protein-based materials can be 

achieved by both modifying the protein-based carrier matrices e. g. with biochemical 

methods as well as the incorporation of functional additives. 
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Ongoing research is focusing on the crystallization of functional additives within the 

inner structure of protein films. Those crystallizing additives can be agrochemicals, 

where the protein-based matrix offers a controlled release during the time of usage 

and final degradation. The advantages of e. g. crystallizing fertilizer salts are 

explained in the following by using the product design of protein-based mulching 

films and seed tapes. The increasing importance particularly of agricultural films is 

reflected by their consumption of 540,000 t/a in Europe, where mulch films had a 

share of 25 % of the US$ 2.7 billion market in 2011 [Ami11]. 
 

The type of additive, the inner-film crystal growth of the additives in the production 

process and the crystal growth control have been recognized to define the product 

quality of the protein-based films with incorporated fertilizer. Therefore, only the 

linkage to the process optimization leads to a successful product design. 
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2. State of the art 

2.1 Classification and regulations 

The definition of the biopolymers (or bioplastics) is in the ongoing discussion within 

research, industry and politics. Because of the heterogeneous nature of the variety of 

materials, a clear classification is still challenging and misconceptions of the 

materials’ possible renewable origin and / or the end-of-life characteristics have to be 

avoided [End09, Pro09, EuB12]. The following grouping of all the polymers by 

Endres and Siebert-Raths [End09] appears to be most general and widely accepted. 

It uses the terms ‘biobased’ as well as biological or physico-chemical ‘degradation’ 

and defines the biopolymers to be grouped in the first two categories: 
 

 Biobased or partly bio-based non-biodegradable plastics 
 

 Plastics being both bio-based and biodegradable 
 

 Plastics based on fossil resources, but being biodegradable 
 

 Conventional petrol-based plastics that are non-biodegradable 
 

The certification of the materials’ degradability is assessed in Germany by the DIN 

CERTCO organization that follows the European standard DIN EN 13432 [DIN00]. 

The standard was formerly designed for packaging materials and rates the material 

degradation by its disintegration during a composting treatment. This definition 

implies that a material must not necessarily be compostable in the way of a 

biodegradation by microorganisms, but the polymer disintegration could also be 

achieved by pro-oxidant heavy metal salts [Chi07]. Additionally, the DIN CERTCO 

certification plays a role in the choice of the material additives and fillers as well as 

the amount of those additives within the final material is limited. E.g. glycerol as a 

plasticizing agent is limited to a content of 49 % (w/w). For inorganic fillers and dyes, 

the limit is likewise [End09]. 

When bringing a biopolymer on the market, several other governmental regulations 

particularly in Germany have to be considered and discussed for each product made 

of a polymer or composites. These regulations relate to the desired application of a 

polymeric material and the desired way of disposal: 
 

 Regulation on the prevention and recycling of packaging waste 

(Verpackungsverordnung) [VerpackV12]: 

The trading companies and the industry are committed to organize and 

finance the cycling of packaging waste from the consumers back to the 

producers. Recyclable materials are aluminum, glass, polymeric materials, 

composites, paper and cardboard. The collection of that waste labeled with 
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the “Green Dot” is done in Germany by the DSD GmbH. In other European 

countries, similar regulations have been established. 
 

 Regulation on the environmentally compatible deposition of municipal waste 

(Abfallablagerungsverordnung) [AbfAblV09]: 

This regulation classifies the types of municipal waste and defines the 

treatment of those waste streams. Biopolymers are to be allocated to the 

refuse derived fuels and are allowed to for incineration. 
 

 Regulation on the recycling of biowaste on land used for agricultural, 

silvicultural or horticultural purposes (Bioabfallverordnung) [BioAbfV13]: 

The degradation of biopolymers with suitable industrial composting techniques 

or e.g. the application of biodegradable mulching films is allowed, if the 

requirements according to DIN EN 13432 [DIN00] are fulfilled. Here, the 

packaging materials are strictly excluded. Resulting from this novelty, the 

biodegradable packaging systems have to be collected as residual waste and 

are typically fed to the conventional waste combustion. 
 

 Regulation on the insertion of fertilizers, soil additives, substrates and plant 

adjuvants (Düngemittelverordnung) [DümV12]: 

The plant fertilization as end-of-life strategy of biodegradable materials is 

generally allowed, if the materials have been certified according to DIN EN 

13432 [DIN00]. 

2.2 Biopolymers and their production from proteins 

Bio-based polymers can be processed from the naturally occurring polymers like 

starch, lignin and cellulose derivatives. Otherwise, bio-based monomers are 

polymerized to traditional or novel polymers. A recent detailed overview on the 

market can be found elsewhere [Fak07, End09, Ebn13]. 
 

Particularly the proteins are naturally occurring polyamides from plant and animal 

origin that are highly suitable as raw material for the production of biopolymers. In the 

following, general information on the quite heterogeneous protein structure is given. 

For a detail view on the fundamentals of the protein synthesis and structural aspects, 

it is referred to the literature [Wal02, Nel05a, Whi05]. 

The proteins are typically built up from 20 L-amino acids as the monomers that are 

polymerized in the sequence according to the genetical information. The monomers 

are linked with peptide bonds between the amine group of one amino acid with the 

carboxyl group of the other. This linkage is shown in Fig. 4-1 using casein as an 

example. The protein molecules may further exhibit a three-dimensional structure 

that is stabilized mainly by covalent disulfide bridges as well as non-covalent 

hydrophobic interactions and hydrogen bonding [Ver10]. The properties of the 
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proteins, e.g. the ability for film formation, are affected by molecular weight, structure 

and conformation and charge distribution on the protein molecules [Zay97]. 

 

Protein-based films, sheets and coatings are produced mainly via two processes to 

reach the formation of the three-dimensional protein network as it is shown in Fig. 

2-1. On the one hand, it is the solvent process and on the 

other hand the dry process that stands for the methods of 

thermoplastic manufacture. The solvent process (or solution 

casting) is based on the dispersion or solubilisation of proteins 

and additives in large quantities of a solvent medium like 

water, organic solvents or mixtures thereof. Traditional 

techniques like film extrusion, compression and injection 

molding involve only low solvent content and offer economical 

benefits such as low thermal energy consumption, low cost 

and high throughput. The applicability of these methods has 

already been proven for several protein systems, but still 

remains challenging. The choice of the production process as 

well as the process parameters decisively influences the final 

material properties [Gui05, Gue10, Ver10, Bet11, Fro10b, 

Gäl11]. In particular, the amount of solvent as critical 

parameter remarkably affects the overall process 

management and equipment [Gen02, Dan09, Mar11]. Mainly 

soy protein and wheat gluten have been reported as raw 

materials in the context with the wet process [Red99, 

Pom03, Moh05, Her08, Ver10, Che11, Gue12, Nur13]. 

For casein and its processing to materials, an extensive overview can be found 

elsewhere for a variety of applications [Gen02, Dic06, Mar11, Hu12]. Besides food 

purposes, casein has been traditionally used as a basis for glue, paint and fibers. 

Nowadays, this natural polymer and products thereof gain renewed commercial 

interest because of their functionality and sustainability aspects. The spinning 

technique was particularly refined to produce casein fibers mainly for the textile 

manufacture [For67, Fri97, Lam03, Pat05, Ars07, End09, Wan09].  

Recently, the casein-based biopolymers have already been successfully processed 

by the film extrusion technique combined with the reactive extrusion by the 

application of enzymatic cross-linking. However, the process window was described 

to be narrow due to the necessity of a relatively long residence time of the material 

within the system. Furthermore, a considerable built-up of pressure was reported to 

occur because the viscosity increases during cross-linking. The production of protein-

based films by extrusion thus needs a careful temperature and pressure control 

[Fro10b]. The previous investigations on the extrusion attempt of casein and the 

Fig. 2-1: Protein film for-

mation after dissolution in 

the solvent, plasticization 

with glycerol and drying 

[Cui05]. 
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description of the processing issues are mostly related to the food industry or to the 

production of material blends with other biopolymers [Sze94, Fer04, Lus10]. 

 

For the lab scale, the wet process or solution casting is a common method in 

particular for aqueous protein solutions also due to the rather simple experimental 

set-up. The formation of the film or coating typically takes place by a controlled 

evaporation of the excess solvent in a proper mold. The material composition can 

easily be adapted to new approaches by simply mixing or suspending additional 

substances into the protein solution. For many protein-based polymer systems, the 

applicability of the casting method has been proven to be successful. In the up-scale 

to extrusion-based dry processes, the key factors are mainly the diminishment of the 

solvent content as well as an accurate temperature and pressure control during the 

reactive extrusion with the  

enzymatic cross-linking [Vir00, Oh04, DiP06, Den09, Pat10a, Fro10, Sto12a, Bai13]. 
 

The important factors of the wet process are temperature, pH, viscosity, plasticizers 

and type and amount of the solvent. Especially, the drying conditions like 

temperature and air humidity are substantial for the final material properties and 

qualities. In a harsh drying environment of high temperature and lowest air humidity, 

the solvent evaporation would go on too fast and inhomogeneous, which results in 

shrinkage, flaws, tension and breakage. The other extreme is the too slow drying at 

mild conditions that is usually undesired since it is time consuming and thus 

uneconomic [Den09, Mar11]. 

2.3 Modifications in biopolymer functionality and benefit 

2.3.1 Plasticization 

Plasticizing agents are added to polymeric materials to adjust the mechanical 

performance and to increase the flexibility of mainly films, sheets and coatings. As a 

further effect, the plasticized material is shifted from the glassy state to the rubbery 

state and the glass transition temperature Tg is decreased. Furthermore, the 

plasticizers may contribute to the overall physicochemical properties of the material. 

Regarding the naturally derived biopolymers with incorporated plasticizer, usually the 

water sorption characteristics as well as the water vapor and gas permeability are 

increased [Cad00, Gen02, Kra05, Sot05, Bou08, Vie11]. 

The mechanism of action of plasticizers is of huge interest not only for protein-based 

systems, but for all polymeric materials. The scientific discussion has evolved three 

major theories that are briefly reflected in the following [Mar04, Kra05, Sot05, Car13]: 
 

 Lubricity theory 

The plasticization results from a substance acting as solvent, as lubricant 

between polymer molecules or a combination of both interactions. It is 
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assumed that the plasticizer weakens the polymer-polymer interactions and 

namely the van-der-Waals forces by shielding the molecules. Additionally, the 

plasticizer is said to fill the void molecular space in the polymer matrix and 

thus, building up glide planes between layers of polymer or resin. 
 

 Gel theory 

The plasticized polymer is seen to undergo a solvation-desolvation process, 

where the plasticizer disaggregates the polymer molecules to a small extend. 

This gel of polymer and plasticizer was proposed to be more sensitive to 

mechanical stress because of the loose network held together by weak 

secondary bonding forces that allow bending and stretching. 
 

 Free volume theory 

The free volume theory was first postulated by Fox and Flory [Fox50] and 

includes the thermal and the physicochemical behavior of polymers into the 

description of the plasticization mechanism. The free volume defines the 

internal space within a polymer. When a plasticizing additive is incorporated 

into the material, this free volume is expanded and the polymer chain 

movement is facilitated. The theory explains the lowering of the polymer’s 

glass transition temperature Tg by additives with lower Tg than the polymer. 

Furthermore, it is proposed that the plasticizer effectiveness is enhanced for 

substances of relatively low molecular weight and a high degree of branching. 

 

Protein-based materials typically contain a considerable amount of a plasticizing 

agent. By their nature, proteins tend to form a very brittle dry substance. Otherwise, 

the water uptake of the usually hydrophilic proteins from a humid environment results 

in a measurable plasticization [Mat00]. However, the volatility of water results in an 

instable plasticization. Therefore, a variety of non-volatile substances already have 

been tested and evaluated in the literature [Gen02, Orl02, Sot05, Her08, Cao09, 

Kow11, Vie11, Nur13, Wih13]. 

Useful plasticizers are chosen by miscibility with the protein and the solvent, 

effectiveness of plasticization and biocompatibility. Here, glycerol, polyethylene 

glycols, sorbitol and other sugar compounds have been reviewed as the most 

common additives for hydrophilic protein sources like casein, whey protein and 

gelatin [Sie99, Cou00, Kim01, Gen02, Khw04, Sot05, Fro10a, Nur13]. They fulfill the 

definition of external plasticization, which generally means non-volatile substances of 

low molecular weight that interact non-covalently with the polymer matrix. In case of 

the protein-based materials, those are mainly hydrophilic substances with relatively 

low molecular weight compared to the protein molecules. It is known that these 

plasticizers undergo migration towards the material surface that in the end leads to 

material aging and increased stiffness and brittleness. Thus, some attempts for 

internal plasticization methods have been presented. In case of casein, the 
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plasticizer amino PEG or gum arabic was covalently bound to the protein polymer to 

avoid migration [Fla06, Pat10b]. However, the linkage of protein and plasticizer so far 

was reported to be beneficial to the material properties only for a soy protein isolate 

resin modified with stearic acid [Lod05]. 

2.3.2 Functional additives 

Functional additives in polymeric materials are part of the final product design and 

contribute to the additional benefit of the product and its unique selling proposition. 

As a secondary aspect, the functional additives may modify or even enhance the 

material properties. The possibilities of increasing the functionality of a biopolymer 

are of course manifold, due to the variety of raw materials, their broad set of 

properties and the consideration of the final applications. In the following, some major 

goals of functional additives regarding protein-based biopolymers and other polymers 

are summarized including examples: 
 

 Release systems 

- Pharmaceutical dosage forms; gelatin capsules [Aug02, New04, Fel13] 

- Wound dressing; hydrocolloidal films containing antibiotics or silver 

nanoparticles [Suz97, Lo08, Tha09, Els12, Pel12] 

- Medical implants and scaffolds with bioactive agents for in vivo tissue 

regeneration [Gri10, Kha10, Els12] 

- Cosmetic applications, e.g. the release of skin care products from facial 

masks [Vie09, Fat10, Sta11a] 

- Time-controlled release of fertilizers in agricultural applications [Smi91, 

Mik94, Mis04, Fro10a] 
 

 Immobilization 

- Waste water treatment against various pollutants with porous biopolymer 

beads or fibers in which inorganic catalysts / enzymes / cells are 

immobilized [Vil11, Kho12, Pap12] 

- Soil improvement with alginate beads containing microorganisms for 

capture of heavy metal ions [Bra07] 

- CO2 capture by immobilized laccase in a chitosan carrier [Pra09] 
 

 Shelf-life extension of polymer and packaged goods 

- Antimicrobial agents [Gen97, Roj09, Men10, Kuo11] 

- Antioxidants [Gen97, San10, Sal11] 

- Pigments [Cha11, Llo12] 
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2.3.3 Cross-linking of proteins 

In material science, the covalent modification of protein-based films aims for the 

decrease of the material’s water solubility and water vapor solubility. Furthermore, 

the protein-based biopolymers can be enhanced in their mechanical performance. 

The proteins allow cross-linking reactions that are accompanied by a viscosity 

increase during the gelling of the protein solution [Per99, Oh04, Tan05, Fro10a, 

Pat10a, Zha11, Kua13]. Here, the term ‘cross-linking’ relates to inter- and 

intramolecular covalent bond formations and include disulphide bonds as well as 

isopeptide bonds of any kind [Vin04]. The mechanisms of the covalent bond 

formation within protein-based materials can be distinguished as follows [Ger12, 

Kua13, Wih13]: 
 

 Physical treatment with heat or irradiation inducing chemical cross-linking  
 

 Chemical cross-linking 
 

 Enzymatic cross-linking 
 

The heat-induced cross-linking is often a side effect of the processing of proteins, 

where moderately high temperatures are needed to homogenize the material 

components or to sterilize edible films and food products [Ver10, Ger12]. The 

aggregation and denaturation of proteins under severe heat can be easily 

recognized. Predominantly, these structural changes are due to the increased 

polymer chain motility, reshuffling of already existing disulphide bonds and the new 

formation of disulphide bonds [Per01, Rom12, Wih13]. Additionally, the protein 

molecules’ complex reaction system contains the process of the β-elimination of the 

cystine residues. The resulting free sulfhydryl group and the release of reactive 

intermediates like lysinoalanine are extensively discussed in the literature [Klo77, 

Pel99, Rom12, Als13]. Considering the milk proteins, so far, the presence or absence 

of a reducing sugar component appears to be relevant. Isopeptide linkages resulting 

from lysinoalanine have been identified, when no sugar was added prior to the heat 

treatment. Otherwise, the heat-induced cross-linking is connected to the reactivity of 

advanced Maillard reaction products [Als13]. 

The - or UV radiation processing of proteins is similarly known from the food 

preservation [Kua13]. To protein molecules, the ionizing radiation affects 

conformational changes as well as the recombination of the structure and 

polymerization. Here, the oxidation of amino acids takes place and is accompanied 

by the breakage of covalent linkages and the formation of free radicals [Gen98, 

Wih13]. The applicability as a cross-linking method in material science has been 

confirmed in the literature [Gen98, Rhi00, Sab01, Cie06]. 
 

Chemo- and bio-catalytical cross-linking basically follow the same principle. The 

mechanism is dependent in the reactive cross-linking agent that is usually introduced 
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into a polymer melt or into a solution. In case of the chemically cross-linking the 

protein-based materials, glyoxal, glutaraldehyde or formaldehyde are amine-reactive 

and act as linkers between the polymer molecules [Ave93, Rhi00, Car04, Men10, 

Wih13]. On the contrary, an enzyme is a biocatalyst and is not involved in the final 

product. The cross-linking of proteins can be induced by various enzymes like 

transglutaminase, laccase, tyrosinase or peroxidase. The different reaction pathways 

and sites as well as the enzyme origins are reported elsewhere for each specific 

enzyme [Stu94, Hil99, Juv11, Fat12, Hec12, Wih13]. The aspects of the enzyme 

kinetics are briefly described in section 2.4, whereas detailed information about the 

transglutaminase reactivity is given in section 4.3. 

2.4 Enzyme kinetics 

Enzymes are biochemical catalysts and all enzymes are proteins. As the major 

function of a catalyst, enzymes are able to lower a reaction’s activation energy, G‡, 

but do not influence the equilibrium of a reaction. They induce also 

thermodynamically unfavorable chemical processes and enhance the reaction rates 

typically by a factor of 105 to 107. The enzyme kinetics bases on the concept given in 

eq. 2-1 and is usually modified to model a specific enzyme reaction. It derives from 

the assumption of a complex formation of enzyme (E) and substrate (S) until the 

product (P) is formed and released from the enzyme’s active site: 
 

PEEPESSE     (2-1) 
 

[S]K

[S]V
V

m

max
0


      (2-2) 

 

For this concept, Michaelis and Menten [Mic13, Joh11] have proposed the most 

successful mathematical model to date for the enzyme kinetics. From their theory, 

the Michaelis-Menten equation has been derived that is depicted in eq. 2-2. Here, the 

terms include the substrate concentration [S], initial reaction rate V0, maximum 

reaction rate Vmax and Km, the Michaelis constant. The fundamentals of the enzyme 

kinetics and the theoretical background are summarized e.g. in the standard 

biochemistry literature [Nel05b, Lab08, Voe11, Gar13]. 
 

Specifically, the cross-linking reaction of the microbial transglutaminase is assumed 

to follow a ping-pong bi-bi mechanism that is briefly described by the eq. 2-3 [Fol69, 

Kas02, Les03] 
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  (2-3) 
 

with E…free enzyme, EA… enzyme-substrate complex, FP… amino enzyme-product 

complex, F… amino enzyme, FB… amino enzyme-substrate complex, EQ… 

enzyme-product complex, ki… reaction rates, A, B… substrates and P, Q… reaction 

products.  

 

The overall reaction kinetics is reduced to eq. 2-4 as is explained in detail by 

Leskovac [Les03]:  
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KA
B

K
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V
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      (2-4) 

 

The terms of eq. 2-4 involve V0… initial reaction rate, Vmax… maximum reaction rate, 

KA, KB… reaction constants, [A], [B]… concentration of the first substrate A and the 

second substrate B. 
 

The enzyme activity can be influenced positively or negatively by other substances 

that are present in the same solution. The inhibition of the enzyme reaction appears 

to be most abundant and the modifications in the kinetic parameters are compared in 

Tab. 2-1 for the case of reversible inhibition. 
 

Tab. 2-1: Reversible inhibition and the effect on the kinetical parameters with  and ’ as factors for 

the inhibition efficiency [Leh05b]. 

Inhibitor type Apparent Vmax Apparent Km 

None Vmax Km 

Competitive Vmax Km 

Non-competitive Vmax/’ Km/’ 

Mixed Vmax/’ Km/’ 
 

The irreversible inhibition is another process of enzyme inactivation and is specific for 

each enzyme. It is caused by substances that form a covalent link or a stable non-

covalent interaction with the enzyme, resulting in the blockage of the active site and / 

or conformational changes [Leh05]. 

2.5 Crystallization – process and tool 

Solid substances own an internal structure that can be crystalline or amorphous. The 

crystallinity relates to a high degree of regularity within the lattice of molecules. Here, 

the location of atoms or ions is specific for each substance and can be measured e.g. 

via x-ray analysis. The process parameters during the crystallization are crucial for 

the crystal nucleation and the formation of the final macroscopic crystals, as e.g. 
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temperature, pressure, viscosity and pH influence the final crystal lattice and habit. 

The habit describes the outer shape of a crystal. On the contrary, crystal polymorphs 

of the same material may occur that are distinguished by their different arrangement 

of molecules in the internal crystal structure. The chemical nature of the crystal 

polymorphs remains the same [McC65, Mye02, Ulr04]. 

The usage of additives is well known in the industrial crystallization to optimize the 

crystal morphology and habit. Frequently, the increase of the crystal size and 

uniformity in the crystal dimensions are desired. The typical motivation for the 

application of additives can be found in processing issues like pressure reduction in 

filtration or in shaping for a distinct product design. Additives in the crystallization 

process are distinguished by the mechanism of action as this is summarized in Tab. 

2-2. Regarding a detail view on the fundamentals of crystallization and the 

modifications of the crystal growth, it is referred to the corresponding literature 

[Mul01, Mye02, Hof04, San07, Ulr11]. 
 

Tab. 2-2: Differentiation of additives within the crystallization process [Lee89, Mee02, Ulr04, San07]. 

Multifunctional additives Tailor-made additives 

Inorganic crystals as target Organic crystals as target 

Polyelectrolytes, surfactants Specific interaction with selected crystal faces 

Simultaneous interaction with many ions on a 

crystal surface 

Adsorption to the crystal surface; similarity of 

growth inhibitor to solute molecules 

High growth inhibition efficiency Sterical hindrance interrupts further crystal 

growth at the affected crystal face 

 

The crystallization of substances in a gel medium is known for more than a century 

and nowadays regains the scientific attention. It is a traditional method for the 

production of perfect, faceted single crystals, where the gel structure is used as an 

inert matrix [Hen96]. The crystal growth of the target substance occurs very slowly in 

an environment of diffusion limitation. Another aspect is the suppression of 

sedimentation and additional nucleation because of the gel viscosity [Fos10]. 

Inorganic, organic and protein crystals can be made with improved characteristics 

and fewer defects. As gel materials, gelatin, agarose, polyacrylamide, silica and low-

molecular-weight gelators such as bis(urea) have been described [McC74, Hen96, 

Lor09, Fos10]. The crystallization in a gel is used not only for proteins, but also for 

nucleic acid and viruses intending for structure analysis [Lor09, Sch11]. 

Furthermore, a gelatin matrix is used as a model system for the lactose crystallization 

in the food processing [Yuc11]. In the pharmaceutical and in the medical field, the 

crystallization within gels is used as a tool for the pharmaceutical polymorph 

screening and for the bone tissue engineering [Laf09, Fos10]. 
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2.6 Release of functional additives from polymeric materials 

Hydrogels are polymeric matrices of natural or synthetic origin that are water 

insoluble, but absorb large amounts of water. The hydrogel undergoes swelling 

without disintegration and is a feasible material for products in biomedicine, 

bioengineering, pharmaceuticals, food and agriculture [Mis04, Lin06]. In the design of 

controlled-release systems, the hydrogels play an important role for the time-

dependent drug-delivery. Particularly within this framework of API release, the 

polymer swelling of hydrogels and the release characteristics of incorporated 

substances have been described in the past literature and are still in the focus of 

research [Chi76, Lin06, Sin08, Bor10, Lyo12, Pep12]. 

Protein-based materials with enzymatically induced cross-linking can be applied as 

hydrogels [McD04]. However, non-cross-linked, water soluble proteins usually tend to 

polymer dissolution in an aqueous environment. The mechanism of polymer 

dissolution involves the solvent diffusion into the polymeric material and polymer 

chain disentanglement as the two main transport processes [Mil03]. In Fig. 2-2, the 

process of solvent uptake into the polymer is schematically shown for a dissolving 

polymer. For a hydrogel, the solvent absorption and the surface layer formation are in 

principal the same, but without the liquid layer. 

 

 
Fig. 2-2: Solvent absorption, polymer swelling and disintegration on the basis of the surface layer 

formation theory established by Ueberreiter [Ueb68, Mil03]. 
 

The release of active ingredients from a polymer therefore is a complex process of 

solvent absorption, polymer swelling and / or disintegration, dissolution of the target 

ingredient and its diffusion to the surrounding medium. However, the rather simple 

power law equation in eq. 2-5 is well capable to give an insight into the operative 

additive release mechanisms [Kan68, Smi91, Kim92, Mis04, Gan10]: 
 

nt tk
M

M




        (2-5) 

 

The terms Mt [g] and M∞ [g] refer to the amounts of additive that is released at an 

incremental time t [s] and in the equilibrium state, respectively. The factor k [s-n] 

indicates formation of the swelling front. By the factor n [-], the nature of the release 

mechanism can be determined. In Tab. 2-3 is summarized, how the transport 

mechanism is distinguished by the diffusional exponent n. 
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Tab. 2-3: Transport mechanisms and diffusional exponents n in the polymeric network of hydrogels 

[Kim92, Gan10]. 

Type of transport Diffusional exponent n Time dependence 

Fickian diffusion 0.5 t1/2 

Anomalous transport 0.5 < n < 1 tn-1 

Case II transport 1 Time independent 

 

In some cases, the diffusional exponent n is below 0.5 and a classification of the 

diffusion process might be difficult. Here, Wang [Wan08] mentioned that this 

mechanism can be still regarded as Fickian behavior. In order to find a differentiation 

to the real Fickian diffusion, the transport with n < 0.5 is named a less (or pseudo) 

Fickian behavior. 

2.7 Plant nutrition 

Besides oxygen and water, plants need 14 essential nutrients that are distinguished 

in macro- and micronutrients because of the required amounts [Maa13]. These 

substances are summarized in Tab. 2-4 and are compared to the overall composition 

of the earth’s crust. It is commonly accepted that the bioavailability of the nutrients 

clearly differs from the element composition of the earth’s crust, since a plant 

requires the nutrients in the form of dissociated ions. E. g. most of the potassium is 

bound to solid, water insoluble minerals and is therefore not available to the plants. 
 

Tab. 2-4: Comparison of the element composition of the earth’s crust by weight [%] and the needs of 

plant nutrition resulting from the typical relative proportion of minerals found in plant tissue assuming N 

levels at 100% [Maa13]. 

Earth’s crust composition 

Plant tissue levels 

Macronutrients Micronutrients 

Oxygen 46.6 Nitrogen 100 Chlorine 0.05 

Silicon 27.7 Potassium 50 Iron 0.03 

Aluminium 8.1 Calcium 25 Boron 0.03 

Iron 5.0 Magnesium 10 Manganese 0.02 

Calcium 3.6 Phosphorous 8 Zinc 0.007 

Sodium 2.8 Sulfur 5 Copper 0.002 

Potassium 2.6   Nickel 0.0004 

Magnesium 2.1   Molybdenum 0.0001 

All others 1.5     

 

The plant’s complex assimilation processes of nutrients from the soil into the root and 

the symbiotic associations of fungi and plant roots are described elsewhere [McD01, 

Mor01, Sch06, Maa13]. 

The soil composition and the availability of plant nutrients vary to a high extent. Here, 

the environmental aspects from weather and climate, erosion as well as soil type and 

pH are important factors [Maa13]. Additionally, the crop rotation and the high nutrition 

requirements of the recent agricultural used plant varieties may greatly affect the 
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need for additional fertilization of the soil to balance the nutrient consumption. The 

various fertilizer types can be classified following Tab. 2-5. 
 

Tab. 2-5: Classification of fertilizers [Sch06]. 

Organic fertilizers Synthetic (mineral) fertilizers 

Litter and manure from farming 

 

Nitrogen fertilizer (urea, ammonium-, nitrate-

based) 

Commercially available (peat, guano, horn meal, 

bone meal) 

Phosphate 

 

Secondary feedstock (sewage sludge, compost, 

digestate) 

Potassium and magnesium 

 

 Lime 

 Micronutrients 

 

The organic fertilizers have a slow release rate, since the complex organic matter 

has to be converted first by the soil microorganisms to the inorganic, water soluble 

matter that is available to a plant. Drawbacks of organic fertilizers are the less 

precise knowledge on the nutrient composition, the typically low nutrient content and 

the possibility of nitrogen depletion by a microorganism action. Comparing the 

synthetic fertilizers with the said issues, it is obvious that the composition of a 

synthetic fertilizer is always known and the nutrient content can be tailored according 

to the soil requirements. Limitations of synthetic fertilizers are seen in the fast 

leaching due to the high water solubility and the risk of overdosage, which leads to 

desiccation of the plants [Sch06, Hat11]. 
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3. Motivation and aim 

The approach of ecological product design aims for the minimization of any 

environmentally destructive impacts of a product within its whole life cycle [Bra97]. 

One important feature of innovative, sustainable products is the integration of bio-

based materials. In order to achieve completely new product benefits and tailor-made 

material properties, however, the simultaneous consideration of both product and 

process design is highly necessary [Ste10]. 

Protein-based matrices are well known as carriers and release systems for 

pharmaceutically active substances or as environment for controlled crystal growth. 

Frohberg [Fro10a] first combined these traditional applications to introduce a new 

field of research in both material sciences and industrial crystallization. Here, protein-

based films, sheets and coating contain homogeneously distributed micro-scale 

crystals of functional additives. The functionality of those crystallizing additives is 

reasoned in their controlled release from the material in order to function at the site of 

purpose and with a specified aim. 

As one product example of protein-based films with incorporated crystallized 

additives, Frohberg [Fro10a] proposed the agricultural films, where additional 

benefits in the biodegradability of the material and the controlled fertilizer release are 

expected. The possibilities of functional additives and applications are of course 

manifold. But considering the agricultural mulching films and seed tapes, the 

advantages in the product design are the nearness to the final product and the high 

potential in scaling up the production process. Therefore, the application of the 

biobased films and inner-film crystallized fertilizing agents is investigated as the 

model product design approach within this work. 

Regarding the process design, special attention is paid to the crystal growth of the 

fertilizer salts, the crystal size and the crystal morphology and their modification by 

secondary additives. These factors mainly influence the film’s appearance and 

product quality and are seen to also affect the additive release properties.  

Other parameters are in relation with the additive crystallization, but have been 

analyzed mainly according their effect on the material’s mechanical and barrier 

properties combined with the preservation of the product quality: 
 

 Application of enzymatic cross-linking during the film manufacture 

 Regime of drying the protein-based films 

 Environmental conditions for storage 
 

The crystal growth control via specific additives is a common technique in the 

industrial crystallization, but a completely new approach for protein-based matrices. 

With the analyzed process parameters, it is intended to give recommendations for 

achieving an optimum product design that is demonstrated in a product test. 
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4. Materials 

4.1 Sodium caseinate 

The protein fraction in bovine milk consists of approximately 80 % casein and 20 % 

whey protein. Casein protein is extracted from skim milk by precipitation at its 

isoelectric point (pI) at pH 4.6. Casein is further distinguished into the sub-fractions 

αS1-, αS1-, β- and κ-casein differing in molecular weight and amino acid sequence. 

Despite that, the pI was analyzed to be roughly the same for all casein fractions.  

The backbone of the casein’s polymeric structure is the primary sequence of the 20 

L-amino acids that is schematically drawn in Fig. 4-1. During manufacture of casein, 

the colloidal calcium phosphate is removed from the casein micelles. Therefore, 

casein and its derivatives are able to form films from aqueous solutions due to its 

random coil structure and its ability to form weak intermolecular interactions [Enn00, 

Jos07, Mar07, Men10, Pos12]. 

 

 

Casein fraction MW [g/mol] Amount [%] 

αS1-casein 24,529 39-46 

αS2-casein 26,019 8-11 

β-casein 25,107 25-35 

κ- casein 21,269 8-15 

γ-casein --- (degraded β-casein) 

Fig. 4-1: Detail from polymeric structure of caseins (two amino acids linked with peptide bond) and 

information on bovine casein fractions [uniprot, Kam07]. 

 

Sodium caseinate is better water-soluble then the casein precipitate and is produced 

from fresh, acid casein curd or dried casein curd by reaction with usually 2.5 M 

NaOH to adjust the final pH to 6.6 – 6.8 [Enn00, Var01]. 

Technical caseinate as raw material for non-food applications is derived from non 

marketable milk obtained e.g. from cows with mastitis infection. In Germany, this kind 

of milk can amount to up to 2 million tons per year. Another source is the so called 

surplus milk resulting from production exceeding the milk quota given by EU 

regulations [Bad05, Fis11].  

4.2 Glycerol 

Glycerol (1,2,3-propanetriol; Fig. 4-2) was supplied by Caldic with purity of 99.5 %. 

The trivalent alcohol is usually a by-product from biodiesel production and is 

prepared by the hydrolysis of fats. Also synthesis from petrol-based propylene is 

possible. It owns a colorless, odorless, viscous and hygroscopic appearance and 

sweet taste. It is completely miscible in water, aqueous buffer as well as ethanol. As 

non-toxic, non-irritating and even edible chemical with no negative impact on the 
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environment, glycerol is being extensively using e. g. in food industry and 

pharmaceuticals, cosmetics and toiletries to function as humidifier, sweetener, 

solvent, preservative or filler [Mag98, Cog07, Agl10]. 

 

 

 

Molecular weight 92.1 g/mol 

Density (20 °C) 1.263 g/cm³ 

Viscosity (20 °C) 1760 mPa.s 

Melting point 18 °C 

Boiling point 290 °C 

Fig. 4-2: Chemical structure of glycerol and property data [Che95b, Oga00, Cog07]. 

 

The ability of glycerol as plasticizing agent in biopolymers is well described in 

literature and is further described in chapter 2.3.1. Especially, the protein-based 

materials are known to benefit from the addition of glycerol if high material flexibility is 

desired. Therefore, glycerol has already been incorporated into a variety of protein 

systems from animal and plant origin [Her08, Gon10, Kow11, Wit12, Nur13]. 

4.3 Transglutaminase 

Transglutaminases (EC 2.3.2.13, protein-glutamine γ-glutamyltransferase) occur in 

eukaryota and prokaryota with the general function to induce covalent bonding of 

proteins and peptides. The enzymatic catalysis is performed by an acyl transfer 

between the γ-carboxamide group of one protein-bound glutamine and primary 

amines, e.g. the ε-amine group of a protein-bound lysine. The reaction leads to an ε-

(γ-glutamyl)-lysyl isopeptide bond being typical for enzymatic cross-linking of 

proteins. The reaction mechanism is shown in Fig. 4-3 as well as the 3D enzyme 

structure. 

 

          
Fig. 4-3: Illustration of the transglutaminase molecule from Streptomyces mobaraensis [Kas02] and 

the enzymatically mediated cross-linking reaction, modified from Büttner [Büt11]. 

 

The microbial transglutaminase (MTG) was first observed in Streptomyces 

mobaraensis, is Ca2+ independent – despite eukaryotic variants – and owns a 

molecular weight of approximately 38,000 g/mol and isoelectric point at pH 8.9. The 

MTG molecule was found to form a single, compact domain and a disk-like shape. 
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The active site is located in a cleft of the molecule with Cis64 as the essential amino 

acid residue for the catalytic activity [And89, Kas02, Seg02, Zhu08, Büt11, Zha12]. 
 

The microbial transglutaminase used in the commercially available formulation 

Activa® WM (Ajinomoto Foods Deutschand, Hamburg) is extracted and purified from 

the non-GMO Streptomyces mobaraensis [Aji13]. Activa WM exhibits a specific TG 

activity of approximately 100 U/g and contains 1 % w/w of enzyme and 99 % w/w 

dextrin as stabilizer and filler. According to the specification given by Ajinomoto, 

Activa WM is applicable in a relatively wide range of reaction conditions. The enzyme 

is active in a pH range of pH 4-9 and temperature range 40-60 °C with optima at 

50 °C and pH 7. Inactivation of the MTG occurs already at temperatures being higher 

than 40 °C; very fast denaturation can be observed at temperatures higher than 

60 °C [Yok04, Küt05, DiP06, Gra12, Aji13]. 

 

Microbial transglutaminase is extensively used in food industry to affect functional 

properties like solubility, water-binding and emulsifiying capacity, foaming, viscosity, 

elasticity and gelation [Lic04, Jar06]. Important applications are the reconstruction of 

meat and fish, gelation of milk products, and the improvement of the dough rheology 

in bread making [Ful09, Car10, Del10, Mor10, Ony10, Bec11, Sta13]. In medicine 

and pharmaceutics as well as surgery, especially the mammalian transglutaminases 

are of high research interest, both in terms of therapy and diagnostics of diseases 

(e. g. in blood coagulation, celiac disease). Other applications are the assembly of 

artificial tissue / skin and development of wound sealants as described elsewhere 

[Die97, Gre91, Jac01, Col09, Mut10, Ala11, And11]. 
 

Covalent cross-linking is a general method for improvement of functionality, 

mechanical performance and binding of a variety of active components in textile and 

leather production, cosmetics and especially in biopolymer technology. Referring to 

chapter 2.3.3, enzymatic cross-linking of MTG is the non-toxic and natural alternative 

for the typical use of bifunctional chemicals lacking social and economical 

acceptance due to health and safety reasons [Jar06, Ike08, Gho09, Por11]. 

4.4 Potassium nitrate and secondary additives 

Fulfilling the purpose of product design, polymer materials can be equipped with 

functional additives / active ingredients that are incorporated into the polymer matrix 

to provide an additional benefit as outlined in chapter 2.3.2. Potassium nitrate is 

known to act as plant fertilizer in the agriculture and horticulture Its potassium (K) and 

nitrogen (N) content is rapidly available to the plant metabolism since the salt 

dissolves easily in water followed by direct absorption of the dissociate ions by the 

plant roots [Pla08]. Therefore, KNO3 is a supplementary nitrogen (N) source in the 
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protein-based material as the N rich protein polymers have to be proteolysed by soil 

microorganisms prior to absorption into the plant roots [Cre01, Son07]. 

The KNO3 was already proven to crystallize within a protein-based material because 

of solvent evaporation during the drying step of the materials manufacture [Fro10]. 

Additionally, the usage of KNO3 shows high potential to affect the material properties 

and thus, it was chosen as model substance for inner-film crystallizing additives in a 

protein matrix. The key material data of KNO3 are to be found in Fig. 4-4 that also 

provides the chemical structure of this inorganic salt. The high water solubility of 

KNO3 can be described as quadratic function based on literature data in mass of 

solute per mass of solvent [Mer04]: 

 

139.34C]T[5.5174C]²T[0.1776]/kgY[g H2Oanh   (4-1) 

 

 

Molecular weight 101.11 g/mol 

Melting point 334 °C 

Density (20 °C) 2.109 g/cm³ 

Water solubility (20 °C) 320 g/L 

pH (50 g/L at 20 °C) 5.0-7.5 

Fig. 4-4: Chemical structure of KNO3 and material data from MSDS: article no. P021.3, purity 

≥ 99 % p.a., Carl Roth GmbH, Karlsruhe. 

 

The polymorphism of KNO3 was already discovered and investigated in the early 

years of the 20th century. In the literature, seven crystalline KNO3 polymorphs are 

described [Bri16, Kra29, Dav63, Rap65, Hol75, Nim76, Sco87, Rol97]. Their 

occurrence is dependent on both temperature and pressure. At room temperature 

normal pressure, the phase-II KNO3 is the thermodynamically stable polymorph 

having an orthorhombic crystal structure of which several crystal habits are displayed 

in Fig. 4-5. Orthorhombic KNO3 usually grows in elongated, needle-like shape with an 

aspect ratio L1/L2 of about 4:1. Thus in the field of industrial crystallization, the crystal 

habit of phase-II KNO3 is desired to be influenced e.g. by specific growth inhibition 

induced by a variety of additives [Kip97, Her97, Yua07]. 

 

 
Fig. 4-5: Orthorhombic KNO3 crystals and nomenclature of crystal faces [Rol97] 

 

KNO3 is also applied in the formulation of explosives and propellants and is 

mentioned nowadays as promising material for electronic equipment. Related to the 

new application, the research interest is driven to production and stabilization of the 
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phase-III KNO3 polymorph as it exhibits ferroelectric behavior. Above 128 °C, the 

phase-II KNO3 transforms to the phase-I polymorph with trigonal, calcite structure. 

Out of phase-I, the trigonal phase-III KNO3 forms when the salt is cooled below 

128 °C. Phase-III KNO3 is metastable at room temperature and can be distinguished 

from phase-II KNO3 by crystal habit and XRPD pattern [Ken72, Sch88, Eng02, 

Kum03, Kum05, Fre09]. 
 

From the mixture of KNO3 and NH4NO3 in an aqueous solution, [Kx(NH4)1-x]NO3 solid 

solutions are obtained. The ratio of K+ and 

4NH inside the mixed crystal is dependent 

on the amount of both substances in the aqueous solution. As the system tends to 

formation of a variety of metastable salts, the information on the crystal lattice and 

habit is divergent [Whe48, Coa61, Hol75, Cad81, Dej00, Chi05a, Chi05b]. The 

solubility isotherm of the ternary KNO3 – NH4NO3 – H2O system was mathematically 

described by Dejewska [Dej00]: 
 

4

1

63

1

42

1

3

11 x104.447x102.693x101.102x0.368127.62y    (4-2) 

 

with y1 concentration of KNO3 in solution [% w/w] 

 x1 concentration of NH4NO3 in solution [% w/w] 

 

In Tab. 4-1, other substances are summarized that have been used in the 

experimental work to affect the inner-film crystallization in protein-based materials. 

These substances will be named secondary additives in order to avoid confusion with 

KNO3 as the main additive studied. 
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Tab. 4-1: Secondary additives screened for impact on specific crystal growth of potassium nitrate. 

Information on chemical properties from material safety data sheets given by the supplier. 

Substance Supplier /article no. Chemical properties 

Ammonium nitrate 

(anhydrous) 

NH4NO3 Sigma-Aldrich 

221244 

≥ 98 % ACS reagent 

MW: 80.04 g/mol 

Melting point: 169 °C 

Density: 1.72 g/cm³ (20 °C) 

Water solubility: 2.130 g/L (25 °C) 

pH: 4.5-6.0 (80.4 g/L at 25 °C) 

Calcium 

dihydrogen 

phosphate 

monohydrate 

Ca(H2PO4)2*H2O Sigma-Aldrich 

21053 

≥ 85 % p.a. 

MW: 252.07 g/mol 

Melting point: no data 

Density: no data 

Solubility in water: soluble 

pH: no data 

Citric acid 

(anhydrous) 

C6H8O7 Roth 

X863.2 

≥ 99.5 % p.a. 

MW: 192.13 g/mol 

Melting point: 153-159 °C 

Density: 1.67 g/cm³ (20 °C) 

Solubility in water: 650 g/L (20 °C) 

pH: 1.7 (100 g/L at 20 °C) 

Potassium chloride 

(anhydrous) 

KCl Roth 

6781.1 

≥99.5 % p.a. 

MW: 74.56 g/mol 

Melting point: 770 °C 

Density: 1.984 g/cm³ (20 °C) 

Solubility in water: 330 g/L (20 °C) 

pH: 5.5-8.0 (50 g/L at 20 °C) 

Sodium dodecyl 

sulfonate 

(anhydrous) 

C12H25NaO3S Roth 

KK52.1 

≥ 99.0 % for ion pair 

chromatography 

MW: 272.37 g/mol 

Melting point: no data 

Density: no data 

Solubility in water: soluble 

pH: 5.5-7.5 (100 g/L at 20 °C) 

Urea 

(anhydrous) 

CH4NO2 Roth 

3941.1 

≥ 99.5 % p.a. 

 

MW: 60.06 g/mol 

Melting point: 132-134 °C 

Density: 1.34 g/cm³ (20 °C) 

Solubility in water: 1000 g/L (20 °C) 

pH: 9.0 (100 g/L at 20 °C) 
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5. Methods 

5.1 Manufacturing of protein-based films 

For the lab-scale production of protein-based films, the wet process is seen to have 

several advantages compared to the extrusion techniques: the casting method can 

be easily adapted to laboratory equipment as well as the casting procedure is a 

relatively fast and material-saving method for the testing of new material 

compositions. Compared to automated techniques, a preceded adjustment of the 

process parameters is usually not required. The procedure of film casting below 

described was designed in accordance to Oh et al. [Oh04] and further modified to 

meet the current objective [Fro10, Pat10a, Gäl11, Sto12]. 
 

Experimental 

The film forming solution comprised of protein to an amount of 5.0 % wt/wt which was 

dispersed in an aqueous buffer (20 mM Tris/HCl pH 7) containing glycerol 

(2.5 % wt/wt) as plasticizing agent. The whole procedure is summarized in Fig. 5-1. 

In case of gelatin as the raw material for protein-based films, the procedure had to be 

slightly modified as the dispersed gelatin particles needed to become hydrated in the 

film forming solution at RT within 30 min prior to further processing. Complete 

dissolution of the protein was reached after 30 min of magnetically stirring at 90 °C 

and 300 rpm. 
 

  TD / RH  50 °C  25 °C  90 °C

pH 7 DryingCooling

MTGAdditives

Mixing Mixing Casting

Mixing
Protein

Plasticizer

Solvent

 
Fig. 5-1: Lab-scale production of protein films by the wet process including the application of 

enzymatic cross-linking, incorporation of additives as well as varied environmental conditions during 

film formation and drying. 

 

Inner-film crystallized additives 

When drying the film forming solution, a herein dissolved additive would crystallize 

according to its solubility in the solvent. As additives, inorganic salts and other 

substances were added to the film forming solution according to Fig. 5-1 and the 

content within the material is expressed in a protein/additive mass ratio. 

 

Enzymatic cross-linking 

For cross-linking of the protein molecules, microbial transglutaminase (MTG, EC 

2.3.2.13, Activa™ WM by Ajinomoto Co., Inc.) was added to the film forming solution 

to an amount of 25 U/g protein. Prior to this step, the temperature of the film forming 
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solution was set to 50 °C and the pH was adjusted to pH 7 with 1 M NaOH in order to 

reach optimum reaction conditions for the enzyme. Subsequently, the solution was 

casted into a 200 x 200 mm PTFE mold in order to evaporate the solvent and to 

induce film formation.  
 

Monitoring of the drying process 

The water evaporation from the film forming solution was accelerated by air 

ventilation and dried films have been peeled off the PTFE surface after 24 h. Films 

with approximately 200 µm in thickness 

were obtained. To reach stable 

environmental conditions, the molds were 

placed in a lab room, where constancy of 

RT could be guaranteed and the air 

humidity was stabilized to 50 % RH with an 

additional air humidifying system. 

The main process parameters during film 

drying are the drying temperature TD and 

the air humidity. To get an insight into the 

impact of these environmental conditions 

on the final products mechanical properties 

and inner-film crystalline structure, both 

parameters have been varied according to 

the experimental design given in Fig. 5-2. 

The protein films were casted into the PTFE molds being placed into an 

environmental chamber (Climats EX2221-MA, France) and exposed to the chosen 

drying conditions for 12 h. The temperature was altered in the range from 25 to 75 °C 

and for the relative air humidity, a range from 25 to 75 % RH was defined. In the 

factorial design, (-1) represents the lowest value in the range, (0) was chosen for the 

interim value and (+1) characterizes the upper limit of the selected range. Following 

the drying step, the process parameters T and RH were switched to storage 

conditions that are 25 °C and 50 % RH as mentioned above. For comparison of the 

influence of both enzymatic cross-linking and the effect of KNO3 as additive 

(protein/additive ratio 6:1) in NaCas films, each combination of drying parameters 

was tested with four film compositions as described in Tab. 5-1. 

 

Tab. 5-1: NaCas films dependent on enzymatic cross-linking and KNO3 addition. 

Film KNO3 Activa MTG 

A - - 

B + - 

C - + 

D + + 

 

Fig. 5-2: 2(3-0) full factorial design for the investi-

gation on the impact of the drying conditions 

(TD; RH) on the properties of NaCas films. 
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The dependency of water evaporation on the drying conditions was gravimetrically 

determined by weighing the entire films during drying within the casting frames as 

well as during the time of storage. 

5.2 Screening for face specific KNO3 growth inhibitors by solution 

crystallization 

The solution crystallization in the batch mode is in general a versatile and important 

unit operation and is commonly applied throughout the chemical industry as well as 

for research purposes [Wey02, Cho04, Wie13]. Compared to continuous systems, 

the batch process can be controlled more easily and is therefore a widely used 

technique for studying crystal nucleation and growth as well as for testing of 

monitoring equipment. Crystallizers are distinguished into four classes, dependent on 

their principle of reaching supersaturation: cooling, evaporative, reaction and salting-

out crystallizers [Wey02, Fit12]. In case of cooling crystallization, heat exchange from 

the hot solution / suspension to the coolant is applied in order to reach a certain 

cooling profile. For KNO3 as target substance, cooling crystallization from aqueous 

solvent is beneficial due to a very strong temperature dependence of its water 

solubility [Wey02, Mer04]. 

 

Experimental 

The inhibiting effect of various substances on specific crystal faces of KNO3 was 

determined by cooling crystallization from an aqueous solvent. An experimental 

setup of ten temperature-controlled double-walled beakers shown in Fig. 5-3 was 

used to screen several potential substances and concentrations simultaneously.  

 

 
Fig. 5-3: Experimental setup for growth inhibitor screening by batch cooling crystallization [Buc11]. 

 

Each beaker contained 20 mL of aqueous solvent (distilled water or buffer) with a 

KNO3 concentration of 466 gAnh/kgH2O as well as the amount of substance (see Tab. 

5-2) to be screened [Mer04]. The supersaturation of the KNO3 solution was set by 

cooling from 50 °C to 25 °C with a constant rate of 5  K/h. Therefore, a relative 

supersaturation of 1.2 was reached, which was high enough to induce nucleation 

[Tit03]. After cooling, the temperature of the batches was kept constant at 25 °C for 

12 h before the grown crystals were separated from the mother liquor by vacuum 
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filtration. The crystals have been rinsed first with a pure KNO3 solution saturated at 

25 °C, second with isopropanol and eventually dried at ambient conditions. During 

the analysis of the crystalline particles, particular attention was paid to the 

determination of the crystal length and its distribution, which was carried out applying 

light microscopy (Keyence VHX 500F, Japan) and digital image analysis with the 

software package analySIS 5.0, Soft Imaging System, Germany. 
 

Tab. 5-2: Substances screened for specific KNO3 phase inhibition. Given ratios are based on molarity. 

Substance Amount Reference 

Tris 0.86 M Tris/HCl pH 7 buffer - 

Glycerol Glycerol / KNO3 3:1, 1:10, 1:100, 1:1000 - 

Urea Urea / KNO3 1:10, 1:100, 1:1000 - 

Dextrine Dextrine / KNO3 1:100, 1:1000 - 

NH4NO3 NH4NO3 / KNO3 1:10, 1:100, 1:1000 [Cad81, Coa61, Wu08] 

KCl KCl / KNO3 1:10, 1:100, 1:1000 - 

Ca(H2PO4)2 Ca(H2PO4)2 / KNO3 1:10, 1:100, 1:1000 - 

Sodium dodecyl sulfate 20 mg/L - 

Sodium dodecyl sulphonate 20 mg/L [Yua07] 

 

The investigation on the inhibition of KNO3 crystal elongation was carried out 

stepwise in order to determine the effect of an individual substance and impact 

interferences due to the multi-component biopolymer system. First, KNO3 crystals 

were obtained from a two-component batch cooling crystallization only and the 

crystal morphology was analyzed. In case of promising results, the plasticizing agent 

and buffer as other components of NaCas films was added to the solution of KNO3 

and its crystal growth inhibitor. Final tests have been performed by producing the 

NaCas films with incorporated KNO3 and these secondary additives which had been 

identified previously to be the most effective inhibiting substances [Sto12b]. 

5.3 Manufacture of protein-based seed tapes and sheets and plant 

growth tests 

In order to study the effect of protein-based materials on plant germination and 

growth, radish (Raphanus sativus var. sativus) and lettuce (Lactuca sativa var. 

capitata) had been chosen as model plant organisms. 

 

Seeding of radish 

For the manufacture of seed tapes with radish seed, protein-based carrier material 

was produced applying the casting apparatus presented in Fig. 5-4. NaCas was used 

as raw material and the film forming solution was prepared identically to the 

production of protein-based films that had been explained in chapter 5.1 regarding 

the non-cross-linked material (tap water instead of Tris buffer). The composition of 

the film forming solution had to be adapted to the half of the film surface (0.02 m²) 
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compared to square film of 0.04 m². Therefore, the aqueous solution contained 

2.5 % wt/wt NaCas, 1.25 % wt/wt glycerol and an additive, if indicated. 
 

 
Fig. 5-4: Apparatus (top view) for casting of protein-based carrier material 1000 x 20 x 0.2 mm for 

seed tapes. With the setup, 6 seed tapes can be produced simultaneously. Plant seeds are to be put 

into the polymer after 80 % of water evaporation. 

 

Functional additives within the protein-based material were tested for their 

applicability as fertilizing agents and / or in product design (see Tab. 5-3). The seed 

tapes with protein film are to be compared with conventional seeding techniques. 

 
As environment, a greenhouse was chosen with conditions 25±5 °C and 

40±10 % RH to avoid weather fluctuations during the test. The Potting soil “Floradur 

B fein” was used, which is a tray substrate with moderate pre-fertilization (0.8 kg/m³, 

NPK 18/10/20). In each planting pot of dimensions 100 x 18 x 14 cm, 30 radish 

seeds were placed with seed distance of 3 cm applying the different seeding 

methods and covered with 1 cm of soil. The latter was then frequently watered (1 x a 

day) and lighted with natural sun light that had been available for 15 – 16 h per day 

according to sunset and sundown times for Halle (Saale) in the months May and 

June. 

The seed germination and plant growth was recorded each day and the radish plants 

have been harvested after 30 days of cultivation and plants have been weighted in 

total and root only. Each test result refers to analysis of at minimum 20 plants. 

  



Methods 34 

 

Tab. 5-3: Seeding of radish. Experimental planning for investigation and comparison of different 

seeding techniques. 

No. Seeding technique Description 

R1 Bulk seed Radish (Raphanus sativus var. sativus) 

Item no. 485 from Kiepenkerl, Germany 

(as for all the following) 

R2 Paper-based seed tape Item no. 3036 from Kiepenkerl, Germany  

Seed distance: 3 cm 

R3 NaCas-based seed tape From NaCas film forming solution 

With radish seed from Kiepenkerl, Germany, 

item no. 485 

Seed distance: 3 cm 

R4 NaCas-based seed tape 

+ KNO3 

From NaCas film forming solution 

NaCas / KNO3 = 3 : 0.23 (*) 

With radish seed from Kiepenkerl, Germany, 

item no. 485 

Seed distance: 3 cm 

R5 NaCas-based seed tape 

+ Nutrition dye (red) 

From NaCas film forming solution 

500 µL of ready-made red nutrition dye 

(Schwartau, Germany) 

With radish seed from Kiepenkerl, Germany, 

item no. 485 

Seed distance: 3 cm 

(*) According to average nitrogen requirement of 6 g N/m² for radish [Lan12, Sta11b, Wwe05] 

 Nitrogen content of casein: 2.93 % w/w [Wol13] 

 Nitrogen content of KNO3 : 13.9 %w/w 

 Surface area of seed tape: 0.02 m²  

 N in 3 g casein = 0.09 g per 0.02 m² 

 N nutrition gap: 0.03 g per 0.02 m² filled with addition of (R4) 0.23 g KNO3 

 

Seeding of lettuce 

The incorporation of the lettuce seed (Lactuca sativa var. capitata) into the protein-

based carrier material was done by embedding it between two films based on NaCas 

and seed sheets have been obtained. The arrangement of the seed grains followed 

the design given in Fig. 5-5. Same as for radish seed tapes, the film forming solution 

for the material was prepared and 

casted likewise shown in chapter 5.1 

for non-cross-linking films. Tap water 

was used as solvent and the 

composition of the film forming solution 

had to be adapted to the half of the film 

thickness (100 µm) to reach a final film 

thickness of 200 µm for the double 

layer: 2.5 % wt/wt NaCas, 1.25 % wt/wt 

Fig. 5-5: Schematic drawing of a double-layer seed 

sheet 200 x 200 mm with lettuce seed (Lactuca 

sativa var. capitata). 
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glycerol and an additive according to the tests summarized in Tab. 5-4. The amount 

of fertilizing additive was calculated from the nitrogen requirement of lettuce, which 

exhibits moderate nitrogen consumption of approximately 10 g N/m² [Sta11b]. The 

seed sheets were produced by first casting and drying two films, followed by pouring 

20 g of water on one film, arranging the lettuce seeds, applying of the second layer 

on top and finally drying the double layer sheet for 24 h with air ventilation. 
 

Tab. 5-4: Seeding of lettuce. Experimental planning for investigation and comparison of different 

seeding techniques. Double-layer seed sheet assembled of 2 NaCas films 200 x 200 x 0.1 mm. 

No. Seeding technique Description 

L1 Bulk seed Lettuce (Lactuca sativa var. capitata) 

Item no. 2461 from Kiepenkerl, Germany 

(as for all the following) 

L2 Pilled seed Item no. 2462 from Kiepenkerl, Germany  

L3 Paper-based seed tape Item no. 2453 from Kiepenkerl, Germany 

Seed distance: 5 cm 

L4 NaCas-based seed sheet 

(double layer) 

From NaCas film forming solution 

with lettuce seed from Kiepenkerl, Germany, 

item no. 2461 

See Fig. 5-5 for seed alignment 

L5 NaCas-based seed sheet 

(double layer) 

+ KNO3 

From NaCas film forming solution 

NaCas / KNO3 = 6 : 1.61 (*) 

with lettuce seed from Kiepenkerl, Germany, 

item no. 2461 

See Fig. 5-5 for seed alignment 

L6 NaCas-based seed sheet 

(double layer) 

+ urea 

From NaCas film forming solution 

NaCas / urea = 6 : 0.48 (*) 

with lettuce seed from Kiepenkerl, Germany, 

item no. 2461 

See Fig. 5-5 for seed alignment 

(*) According to average nitrogen requirement of 10 g N/m² for radish [Sta11b] 

 Nitrogen content of casein: 2.93 % w/w [Wol13] 

 Nitrogen content of KNO3 : 13.9 %w/w  Nitrogen content of urea: 46.6 % w/w 

 Surface area of seed sheet: 0.04 m²  

 N in 6 g casein = 0.18 g per 0.04 m² 

 N nutrition gap: 0.22 g per 0.04 m² filled with addition of (L5) 1.61 g KNO3 and  

   (L6) 0.48 g urea 

 

The seeding tests were carried out in a greenhouse ensuring constant environmental 

conditions of 25±5 °C and 40±10 % RH. Natural light was provided being available 

for 15-16 h per day in the months May and June in Halle (Saale). The standard soil 

(“Einheitserde Classic” with low fertilizer content (80 mg N/L, 80 mg P2O5/L, 

80 mg K2O/L), Einheitserde- und Humuswerke, Germany) equipped with additional 

fertilizer (Blaukorn NPK 14+7+17, Compo, Münster, Germany). Planting pots of size 

33 x 20 4 cm have been filled with 13.2 L of soil mixed with 35 g/m² of fertilizer. 
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The seed germination and plant growth was recorded each day and the lettuce plants 

have been harvested after 30 days of cultivation. The documentation included the 

success in seed germination expressed as germination rate as well the gravimetrical 

determination of the biomass per plant after harvest. 

5.4 Analytical methods 

5.4.1 Mechanical properties 

In many common applications, polymers are exposed to uniaxial stress. Therefore, 

the uniaxial mechanical response is a key parameter for the material and is usually 

identified from tension experiments [Bra12, Roy08]. In the field of polymer films, the 

tensile specimen is usually a rectangular piece from the distinct material with defined 

gage length and width that is clamped into a testing apparatus and stretched into one 

direction until rupture. Data collection of the tensile test herein involves the recording 

of tensile force vs. the increase of the gage length [Dav04, DIN96]. From the 

materials stress-strain curve, the amounts of elastic and plastic deformations as well 

as material-specific mechanical parameters are read out as this is demonstrated in 

Fig. 5-6. As protein-based films exhibited ductility with yield point, this material 

behavior is specified. 

 

 
Fig. 5-6: Stress-strain curves showing typical material behavior: (a) brittle; (b, c) ductile with yield 

point; (d) ductile without yield point [DIN96, Roy08]. 

 

In this work, tensile strength σM and elongation at break εB had been identified as 

crucial parameters for the mechanical performance of protein-based films. The 

Young’s modulus E as the parameter of the elastic strain region is of minor 

importance in the technology of polymer films and will therefore not be discussed in 

detail [Nen06]. 
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Tensile strength and engineering stress 

The tensile strength σM refers to the highest value of tensile stress [DIN96, Dav04]. 

Herein, the tensile stress (or engineering stress) is dependent on the uniaxial tensile 

force measured during the test as well as the effect of the initial cross-sectional area 

of the specimen [DIN96, Roy08]. 

 
0

M
M

A

F
σ   (5-1) 

with σM tensile strength [MPa] 

 FM maximum force [N] 

 A0 initial cross-sectional area of specimen [mm²] 

 

 hwA0   (5-2) 

 w width   [mm] 

 h height   [mm] 
 

Resulting from the film casting as production process, the protein-based films had not 

been subjected to drawing and thus, the films did not exhibit an axial dependence in 

their mechanical properties. For this reason, no differentiation in longitudinal and 

transverse direction was made as this would be generally the case for extruded films 

[Nen06, Fro10b]. 
 

Elongation at break and engineering strain 

The engineering strain is defined as the change in gage length related to the initial 

gage length of a specimen [DIN96]. As visualized in Fig. 5-6, the elongation at break 

εB is then the maximum strain at fracture of the specimen. 
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with εB elongation at break  [%] 

 L0 initial gage length  [mm] 

 ΔL change in gage length [mm] 

L final length   [mm] 
 

Regarding ductile materials, the fracture happens after achieving the yield point. In 

that case, a distinction in the strain parameters at break is made according to the 

standard DIN EN ISO 527-1 and it is spoken of the nominal tensile strain εtB [DIN96]. 
 

Experimental 

The mechanical performance of polymer films was measured according to the 

standard DIN EN ISO 527-3 using the test equipment BDO-FB0.5TH (Zwick GmbH & 

Co. KG, Ulm) combined with the TestXpert II software version 1.42 for data analysis 

and plotting [DIN03a]. Prior to mechanical testing, the obtained films had to be 
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equilibrated for 48 h above saturated Ca(NO3)2 at 25±2 °C and 50±3 % RH as it is 

defined the standard. Following that, specimens were cut from the films with the help 

of a twin-blade roller knife [Pat10a]. The parameters for the testing procedure and the 

chosen specimen dimensions are summarized in Tab. 5-5. Each film specimen was 

measured in triplicate for its thickness with a micrometer screw and the average 

value was used for the data processing. Finally, the test specimens were aligned into 

the pneumatic grips. During the tensile test, the specimens were stretched until 

fracture. 

 

Tab. 5-5: Parameter setting of the testing machine as well as specimen dimensions for the tensile test 

according to DIN EN ISO 527-3. 

Parameter of testing machine Value Unit 

Preload 0.1 N/mm² 

Testing speed 50 mm/min 

Speed tensile modulus 1 mm/min 

Gage length (t = 0) 100 mm 

Width 15 mm 

Length 100 mm 

 

The data collection of the tensile tests involves the measurement of the specimens 

elongation during the application of tension as well as the recording of the applied 

tensile force by the load cell. The measurements were carried out automatically by 

the testing system with an inaccuracy of < 1 % for both parameters according to the 

accuracy requirements. The obtained mechanical properties of each film are derived 

from the analysis of at minimum 5 test specimens of that film in order to ensure 

statistical validation. 

5.4.2 Water vapor permeability 

The determination of the water vapor transmission rate WVTR is typically performed 

using the gravimetric dish method which is described e. g. in DIN 53122-1 or ISO 

2528 [ISO95, DIN01]. From the data, the WVTR of the steady-state region can be 

calculated by the numerical value equation eq. 4-4 and describes the amount of 

water vapor permeating through 1 m² of a polymer film within 24 h and is highly 

dependent on the chosen environmental conditions [DIN01]. 

 410
A

Δm
WVTR    (5-4) 

 

If the time interval between two measurements exceeds 24 h, this is to be 

encountered applying eq. 5.5. 



Methods 39 

 

 410
A

Δm

t

24
WVTR   (5-5) 

 

WVTR  Water vapor transmission rate     








dm²

g
 

Δm  change in mass of the absorbent compared to initial mass [g] 

A  gage area of the specimen     [cm²] 

t  measurement interval      [h] 
 

Despite the gravimetrical analysis, alternative methods have been developed to 

measure the WVTR, e. g. by combination with an infrared detection sensor [ISO03]. 

However, the wet cup method from the standard DIN 53122-1 is seen to be the 

favorable method as it does not involve additional sophisticated equipment and 

delivers precise data with a simple experimental set-up. 
 

Experimental 

The DIN 53122-1 method was applied to determine the water vapor permeability of 

protein-based biopolymer films [DIN01]. The film specimens were initially cut into 

circular shape with a diameter of 90 mm and equilibrated at 23±2 °C and 50±3 % RH 

for 3 days using an environmental chamber. Following film preparation, the film 

specimens have been measured at 3 different positions with a micrometer screw in 

order to obtain the average film thickness. Additionally, the weight of the specimens 

was determined with 0.1 mg accuracy. Aluminum test cups have been used as 

containers of the absorbent and holder for the film specimen. The assembly of the 

test cups is shown in Fig. 5-7 combined with detailed information about the wax 

sealing. 
 

 
Fig. 5-7: Schematic drawing of an aluminum test cup for determination of the water vapor permeability 

and the wax sealing [DIN01]. 

 

As absorbent, blue silica gel with particle size of 1-3 mm was used in an amount of 

30 g and film specimens were placed on the test cup and located in position during 

the solidification of the sealing with paraffin wax (melting point at 65 °C).  
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The measurement of the water vapor permeability have been carried out at test 

conditions of 25±2 °C and 85±5 % RH in an environmental chamber for up to 8 days 

and the mass increase as the indicator of water vapor absorption in the blue silica gel 

was monitored. 

5.4.3 Water absorption into polymer films 

The moisture absorption of polymer films and sheets is characterized by DIN EN 

ISO 62 that covers the measurement of the moisture absorption within constant 

environmental conditions as well as the water absorption during immersion of 

specimens into water [DIN99]. As result from the gravimetrical analysis, the 

absorption capability is expressed in relative terms and specification of either air 

temperature and humidity or the water temperature. 
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α  relative change in mass      [%] 

m0  initial mass of the specimen     [g] 

mf  final mass of the specimen after immersion   [g] 

 

Experimental 

Within the standard DIN EN ISO 62, several methods are described, two were 

chosen for the evaluation of water and water vapor uptake. 

 

Storage at 50 % RH 

Protein-based films have been stored at 23±2 °C and 50±3 % RH in an desiccator for 

48 h above saturated Ca(NO3)2 and subsequently dried at 50 °C in an oven until 

constant weight was reached. Hence, the uptake of humidity was calculated from the 

weight decrease during drying. 

 

Immersion in water at 23 °C 

From the films, test specimens with dimensions of 2 x 2 cm have been cut and dried 

at 50 °C in an oven until their weight reached a constant level. Following that, the 

specimens have been immersed into water and the time-dependent weight increase 

of the specimens was measured once the free residual water had been removed. For 

each time interval, 3 specimens have been analyzed. Due to the method, only water 

insoluble material like cross-linked protein films could be tested. 
 

Water sorption gravimetry 

For the gravimetrical analysis of water vapor sorption into protein-based films, the 

SPS11/23-10µ device from Projekt Messtechnik (Ulm, Germany) was applied. The 

apparatus consists of a SAG 285 balance (Mettler Toledo) and a hydroclip sensor 

module from Rotronic (Bassersdorf, Switzerland) for monitorring of both temperature 

and air humidity. After calibration of the humidity with the salt standards NaCl and 
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KCl, the experiments have been carried out at temperature set to 25 °C with film 

specimens of approximately 1 g sample weight. The data was acquired by using the 

SDS11 3.0.10 software as provided by Projekt Messtechnik. 

5.4.4 Dissolution and release behavior 

The release kinetics of active components from carrier materials like polymers, 

hydrogels and gums is an important property in the pharmaceutical field of research 

concerning drug formulation and delivery with controlled release systems [Ahm07, 

Wan10, Nun11, Sie12]. Other applications for releasable additives relate e. g. to 

antioxidants in active packaging or in contrast to prevention of additive (plasticizer) 

leaching from the material [Jin09, Mas12]. It is understood that studying the release 

behavior of a component is strongly related to the field of application and 

experimental conditions have to be adjusted to the parameters of interest. The 

investigation of the release of fertilizing salts from protein-based films was therefore 

designed considering the exposure of the films (as seed tape or mulching film) to 

unsettled weather with rain and alternating temperature. 

 

Experimental 

For the analysis of the additive dissolution and release from protein-based films, test 

specimens of dimensions 4 x 4 cm have been weighed and then exposed for 30 min 

to 20 mL of distilled water. Prior to the test, the films had been equilibrated at 

23±2 °C and 50±3 % RH for 2 days. The experimental setup consisted of Falcon 

tubes as closed vessels for the release test. The flowing of solvent against the film 

specimen was provided by a roller mixer system placed into environments with 5, 15 

and 25 °C to ensure constant temperature throughout the test. The crystalline 

additive as well as the protein are water-sensitive and are seen as the most 

important components of the material. Therefore, the release of both of the 

substances has been determined from samples that had been withdrawn from the 

liquid medium in a time-dependent manner. 
 

Nitrate determination 

The investigated additives (KNO3 / NH4NO3) in protein-based films dissociate to 

cation and 

3NO  during dissolution in water. Therefore, a quantitative method of 

nitrate determination has been used to study the additive release. This spectrophoto-

metric test was established by Cataldo et al., involves the nitration of salicylic acid 

under highly acidic conditions [Cat75]. A tenfold diluted sample (20 µL) from the 

above described release test was mixed with 80 µL of 5 % w/v salicylic acid in 

sulfuric acid (SA-H2SO4). After 20 min of reaction at 25 °C, 1900 µL of 2 M NaOH 

was slowly added and the completed preparation was cooled down to 25 °C prior to 

light absorbance measurement at 410 nm against distilled water as blank. The 

detection of nitrate is highly sensitive already at low nitrate concentrations. The 
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calibration of absorbance data vs. aqueous KNO3 solutions shows linearity up to 

15 mM 

3NO . The data of the calibration is given in Fig. 14-2 that can be found in the 

appendix. 

 

Determination of protein release 

The Bradford assay is a spectrophotometric standard method, which was applied to 

determine the protein concentration within the aqueous medium [Bra76]. The test 

was carried as follows. A sample of 25 µL volume was added to 1 mL of Bradford 

reagent and well mixed to avoid inhomogeneties. The absorbance at 595 nm was 

measured after a reaction time of 2 min against the blank with distilled water. The 

assay is accurate up to a protein concentration of 0.5 mg/mL and related calibration 

data for NaCas as target protein is shown in Fig. 14-2 in the appendix as well. 

5.4.5 X-ray powder diffraction 

The characterization of solids often requires the X-ray diffraction technique as it 

delivers precise information about the positions of atoms in molecules and solids 

leading to the understanding of the degree of structural order [Dan00]. The X-ray 

diffraction pattern is characteristic for the material it was obtained from and is 

dependent of a high regularity in the molecular arrangement that is defined as 

crystallinity of the solid [Jen12]. In contrast to single-crystal experiments, the usage 

of powdered (polycrystalline) samples in the X-ray powder diffraction (XRPD) 

measurement has the advantage of more representative data for the substance and 

easier handling regarding sample quantity and preparation [Dan00, Gup02, Sko07]. 

 

 sinθ2dλn   (5-7) 

n integer   [-] 

λ wavelength   [m] 

d interplanar spacing  [m] 

θ diffraction angle  [°] 

 

The concept of X-ray diffraction is based on the interaction of X-rays with electrons in 

matter, thus affecting the scattering of an incident X-ray beam. The X-ray diffraction 

is decribed by Bragg’s law (eq. 5-7) to happen from electrons in defined layers 

[Bra13, Gup02]. The general set-up of an X-ray measurement device is shown in Fig. 

5-8 to consist of the sample stage to be tilted with angle 2θ by a 2-circle goniometer 

within X-ray tube and detector of the diffracted signal. 
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Fig. 5-8: Principle of the X-ray powder diffraction measurement technique [Dan00]. 

 

Experimental 

The structural differences of NaCas films with and without incorporated crystals were 

investigated by applying a Bruker D4 Endeavor diffractometer and further data 

evaluation by means of the DIFFRACplus EVA software. CuKα1 (λ = 1.5406 Å) 

radiation with intensity of 40 kV and 30 mA was used and patterns were recorded in 

the range of 2-60 ° 2-theta with a step width of 0.005 ° 2-theta and an acquisition 

time of 2 s per step. A film specimen of dimensions 15 x 15 mm was placed on a 

sample holder and covered with a polyimide film to prevent drying of the protein-

based film piece during the time of measurement. 

5.4.6 Electrophoresis 

With SDS polyacrylamide gel electrophoresis (SDS-PAGE) analysis, protein samples 

can be distinguished in their molecular weight distribution. Therefore, the method 

was suitable for verification of the enzymatic cross-linking of the protein molecules 

within the film forming solution. The SDS-PAGE is usually carried out under reducing 

conditions using an SDS-Tris-glycine discontinuous buffered system described by 

Laemmli [Lae70, Yil98]. In the first step of the sample preparation, the tertiary and 

quaternary structure of proteins is destroyed by treatment with 2-mercaptoethanol. 

Secondly, the surfactant SDS interacts with the surface of the proteins in order to 

obtain negatively loaded molecules that would migrate in a polyacrylamide gel 

exposed to an electric field [Ric03]. 
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Tab. 5-6: Composition of resolving gel and stacking gel (thickness 1 mm) in SDS-PAGE [Lae70]. 

Reagent 

 

2 resolving gels 

12.5 % T 

2 stacking gels 

4.5 % T 

Gel buffer 2.5 mL 1.25 mL 

Acrylamide / bisacrylamide 4.2 mL 0.75 mL 

dH2O 3.3 mL 3.00 mL 

TEMED 10 µL 10 µL 

APS (saturated solution) 20 µL 8 µL 

 

The preparation of the polyacrylamide gel as the embedding medium was carried out 

in a two-step process by first composing the resolving gel followed by casting of the 

stacking gel on top. The amounts of SDS-PAGE reagents used for the gel 

preparation are given in Tab. 5-6 and in Tab. 5-7, the compositions of the SDS-

PAGE reagents themselves are summarized. 
 

Tab. 5-7: Reagents for SDS-PAGE [Lae70]. 

Reagent Composition 

Resolving gel buffer 

181.8 g/L Tris 

20 mL of 20 % (w/v) SDS solution 

1 mL of 10 % (w/v) NaN3 solution 

pH 8.8 

Stacking gel buffer 

60.6 g/L Tris 

20 mL of 20 % (w/v) SDS solution 

1 mL of 10 % (w/v) NaN3 solution 

pH 6.8 

Acryl/bisacrylamide solution  

(30 % w/v) 

291 g/L acrylamide 

9 g/L bisacrylamide 

in dH2O 

APS (saturated solution) (NH4)2S2O8 dissolved in dH2O until crystallization 

Anode/cathode buffer  

(10 x concentrated) 

30.3 g/L Tris 

144 g/L glycin 

50 mL of 20 % (w/v) SDS solution 

1 mL of 10 % (w/v) NaN3 solution 

SDS sample buffer 

27.2 g/L Tris 

30 mL of 3 M HCl 

250 mL of 20 % (w/v) SDS solution 

500 mg bromphenole blue 

500 g glycerol 

pH 6.8 

Addition of 10 µL mercaptoethanol per 1 mL SDS sample 

buffer prior to usage. 
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Tab. 5-7 continued 

Reagent Composition 

Staining solution 

1 g/L Brilliant Blue G-250 

20 % v/v 2-propanol 

10 % v/v glacial acetic acid 

Color stripping solution 
20 % v/v 2-propanol 

10 % v/v glacial acetic acid 

Gel drying solution 
20 % v/v ethanol 

10 % v/v glycerol 

 

5.4.7 Transglutaminase activity assay 

Enzymes as biological catalysts accelerate the rate of a chemical reaction or first 

allow it to proceed [Aeh07]. Spectrophotometric assays are probably the most widely 

used procedures for the analysis of enzymatically catalyzed reactions, if a light 

absorbance shift can be observed [Eis02]. 

The activity of the transglutaminase (TG) enzyme (EC 2.3.13.2) is measured by the 

hydroxamate assay. In this test, the TG-mediated cross-linking of a glutamine 

substrate and a lysine substrate is transferred to an assay resulting in the formation 

of a ferrous color complex being photometrically detectable at 525°nm [Fol66]. 
 

MTG

Z-Gln-Gly

Fe3+ / H+

Detection at 
525 nm

Z-Gln-Gly

Z-Gln-Gly

NH2OH NH3

 
Fig. 5-9: Principle of the hydroxamate assay for determination of the MTG activity [Pat10b]. 

 

Hydroxyl amine serves as the lysine substrate of the TG that reacts with the 

dipeptide Z-Gln-Gly as the glutamine substrate. In Fig. 5-9, the reaction pathway of 

the assay is summarized and it can be seen that at first Z-γ-glutaminyl hydroxamate 

glycine is formed. This product then couples with the iron cations added in the 

second step of the assay. The amount of color complex is directly proportional to the 

enzymes performance and therefore, it is possible to conclude the transglutaminase 

activity considering the Lambert-Beer law [Hes05]: 
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 (5-9) 

Vtest test volume     [mL] 

tR reaction time     [min] 

VMTG volume of MTG dissolved in buffer [mL] 
 

Experimental 

The aqueous substrate solution consisted of 100 mM Z-Gln-Gly, 200 M Tris-acetate 

buffer pH 6.0, 10 mM GSH and 100 mM hydroxylamine. For the activity 

measurement of microbial transglutaminase, no additional calcium source was 

required as MTG is known to be Ca2+ independent [Non89]. The reaction of enzyme 

and substrates was carried out incubating 650 µL of substrate solution with 100 µL of 

MTG solution at 37 °C. After 10 min of incubation, the enzyme reaction was stopped 

by addition of 750 µL of FeCl3-trichloroacetic acid reagent that had been prepared by 

adding up equal volumetric parts of 3 M HCl, 12 % (w/v) trichloroacetic acid and 5 % 

(w/v) FeCl3*6H2O (dissolved in 0.1 M HCl) prior to the test. The completed test 

solution was eventually centrifuged for 2 min at 16100 x g until finally the absorbance 

of the solution was measured at 525 nm. 

The calibration shown in Fig. 14-1 was performed by similarly incubating γ-glutamyl 

hydroxamate solutions, revealing linear dependence up to 5 mM of the reaction 

product hydroxamate. 
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6. Results 

6.1 Production of protein-based films 

With the casting procedure being explained in chapter 5.1, homogeneous protein 

films have been produced and enzymatic cross-linking with microbial 

transglutaminase (MTG) was successfully applied. Films made of sodium caseinate 

(NaCas) had a translucent and slightly yellowish appeal, whereas films with gelatin 

(280 Bloom) were completely colorless and transparent. As defined by the applied 

casting molds, different film shapes and sizes were obtained and an average film 

thickness of 200 µm was achieved. During the film formation in the solvent 

evaporation step, crystallization of functional additives occurred throughout the film 

structure. The crystalline phase was found to be uniformly distributed within the 

protein matrix. The experimental part involved structural aspects, the impact of 

process parameters, especially regarding the film drying and the enzyme 

performance. Furthermore, methods for the control of the crystal habit and the 

release behavior by additives are described. The results are presented in the 

following. 
 

Other processing, packaging and labelling methods have been additionally 

successfully tested, but are not further specified here. These include the bag sealing 

and adhesive bonding of film on film and film on glass made by wetting one side of 

the protein-based material. Moreover, the protein-based films can be provided with 

labelling and pictures via conventional inkjet printing as well as by screen printing 

using natural dyes. Continuous dyeing of the whole material can be reached, e.g. by 

mixing edible food dyes into the film forming solution prior to casting. 

6.1.1 Identification of the crystalline phase within the material 

With XRPD analysis, the structure of the NaCas films was determined depending on 

enzymatic cross-linking as well as on the presence of a crystallizing additive. The 

XRPD measurement parameters are given in chapter 5.4.5. As shown in Fig. 6-1, the 

pattern for film A and B (+/- MTG, without crystallized additive) exhibit a large peak at 

20 ° 2-theta, clarifying the protein matrix to be completely amorphous irrespectively 

from MTG addition. In contrast, additional peaks are found in the XRPD pattern from 

the films C and D (+/- MTG, with KNO3). Comparing the peaks with a KNO3 pattern 

from the database, it can be stated that these are related to inner-film crystallized 

KNO3 that was detected within the amorphous NaCas films [Sto12a]. The absence of 

the peak in 20 ° 2-theta in pattern C may be explained by a shielding of the protein 

matrix by KNO3 crystals at the film surface. 
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Fig. 6-1: XRPD analysis of NaCas films with and without enzymatic cross-linking (+/- MTG) and 

detection of KNO3 as additive salt (in films C & D, + KNO3) [Sto12a]. 

6.1.2 Effect of drying parameters 

The solvent evaporation is an essential process step in the casting method to 

produce protein-based films. Therefore, the most important environmental 

parameters of the drying process, temperature and air humidity have been varied in 

order to measure their impact on both the mechanical properties of NaCas films and 

formation of the inner-film crystalline KNO3 phase as described in chapter 5.1 in 

detail. 

6.1.2.1 Mechanical performance 

Cross-linked and non-cross-linked films have been analyzed with a constant 

NaCas / KNO3 ratio of 6:1 as well as without any additive. The combined effect of the 

drying conditions was determined applying a 3(2-0) full factorial plan and evaluation by 

Distance Weighted Least Squares with stiffness factor of 0.25 as provided by 

Statistica 8.0 [Sta07]. The results for pure NaCas films A and B without crystallizing 

additive are summarized in Fig. 6-2. For both films A and B, the rise in drying 

temperature was observed to lead to an increase in tensile strength as a general 

trend. Such trend was not observed for films A dried at 75 % RH, where no 

significant increase in tensile strength was determined. 



Results 49 

 
Fig. 6-2: Tensile strength (●) and elongation at break (■) of NaCas films (A, B)) dependent on drying 

conditions (temperature, relative air humidity) and application of MTG for enzymatic cross-linking. The 

corresponding data is listed in Tab. 14-2 [Sto12a]. 

 

Regarding the effect of drying conditions on elongation with respect to films A, a 

precise trend was only observed for high temperatures leading to a slightly lower 

flexibility. The materials A and B behaved differently in their elongation when dried at 

a higher temperature and humidity. In case of films B, the MTG stabilized the protein 

matrix in a cross-linked network resulting in enhancement of the polymer’s flexibility. 

The highest values in elongation as well as tensile strength have been obtained for 

films B dried at 75 °C and 75 % RH. This can be resulted from an altered reactivity of 

the MTG as well as a thermally induced cross-linking of protein as it is discussed in 

chapter 7.1.2. Homogeneously distributed macroscopic particles of approximately 

500 µm in diameter have been observed in those films (composition B) that are 

assumed to have an effect on the overall mechanical performance. 
 

The mechanical properties are considerably changed due to the addition of KNO3 

into NaCas films as visualized in Fig. 6-3. For the tensile strength as well as 

elongation of films with compositions C, no significant effect of the drying conditions 

has been found. The cross-linked films D with incorporated KNO3 showed a trend in 

a tensile strength decrease with higher temperature and a rise of tensile strength with 

higher air humidity until 50 % RH. 

A 

B 
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Fig. 6-3: Tensile strength (●) and elongation at break (■) of NaCas films with incorporated KNO3 as 

crystalline additive (C, D) dependent on drying conditions (temperature, rel. air humidity) and 

enzymatic cross-linking (+/- MTG). Data to be found in Tab. 14-3 [Sto12a]. 

 

However, the highest investigated value of air humidity generally affected a decrease 

in the mechanical properties of both film compositions C and D. With respect to the 

air humidity, a proportional increase in elongation can be considered. However, the 

loss in the material’s quality and mechanical performance regarding both films C and 

D is to be attributed to a change in the morphology of the inner-film crystallized KNO3 

to acicular structure as shown in Fig. 6-5(II). 

6.1.2.2 Film drying and storage 

From the mechanical analysis with varied drying parameters, the usage of the 

standard temperature (25 °C) has been quantified to result in most homogeneous 

films and high mechanical performance, especially at 50 % RH. The water loss 

during the film formation process was therefore measured at drying conditions 

applying 25 °C and rel. air humidity ranging from 25 to 75 % RH. The drying step 

lasted 12 h, followed by the storage of the films at standard conditions defined in DIN 

EN ISO 527-3 [DIN03a]. Information on the drying process is provided in Fig. 6-4, 

where the time-dependent solvent evaporation is shown. Also the residual moisture 

contents of the films can be extracted from the equilibrium that occurs during storage 

C 

D 
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conditions. For all investigated film compositions A-D, on the one hand, a strong 

dependency of the evaporation rate on the air humidity has been verified. Selecting 

the drying at 50 % RH as a standard and analyzing data of films A-D at 12 h, the 

process of water evaporation and film formation is on average 63 % faster when a 

low air humidity was applied. The deceleration of the drying at higher air humidity 

averages 99 % compared to the standard conditions. 
 

      

   
Fig. 6-4: Water evaporation during drying at 25 °C until 12 h and varied air humidity in dependence of 

MTG-mediated enzymatic cross-linking. Storage conditions were kept constant at 25 °C and 50 % RH 

in order to equilibrate the films [Sto12a]. 

 

The influence of a crystallizing additive or an enzymatic cross-linking appeared not to 

be relevant. Small dissimilarities in the drying of the different film compositions might 

be due to measurement error not being determinable with the data acquisition by a 

single measurement. On the other hand, the difference in the residual water content 

was successfully equilibrated after 2 days to approximately 10 % w/w at the chosen 

storage conditions. Thus, the ongoing water loss during storage caused different 

supersaturation levels for the KNO3 which is an important factor for the crystallization 

and the stability of inner-film grown crystals in the films C and D as presented in the 

following. 

  

Film A Film B 

Film C Film D 
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6.1.2.3 Crystal morphology 

The crystalline structure of KNO3 within the film has been studied at film specimens 

taken from films C and D right after film drying and at the day of the tensile tests after 

2 days of storage. The results of the light microscopy analysis are assembled in Fig. 

6-5 that shows a representative extract of the data. At first, the dried films have a 

translucent and homogeneous appeal and a smooth touch. The microscopy 

exposures in Fig. 6-5 (I) show the KNO3 crystals to be homogeneously distributed in 

a microscale within the film. Apart from that, the crystal habit and size are strongly 

affected by the drying conditions. At 25 °C and 25 % RH, KNO3 crystals with a length 

of up to 20 µm were obtained and for higher temperatures, a structural change 

towards dendritic triangles with an average size of 60 µm occurred. Rising humidity 

as the second important process parameter had an impact on the crystallization 

towards smaller crystal sizes with up to 35 µm in length and a larger number of 

crystals. 

 

 

Fig. 6-5: Light microscopy exposures (top view) of NaCas films +/- MTG with the incorporated 

crystalline additive KNO3 dried under varied conditions. Films were optically analyzed directly after 

completion of the drying process (I). The same films were examined at the day of mechanical testing 

after 2 days of storage at 25 °C and 50 % RH according to DIN EN ISO 527-3 (II) [Sto12a]. 

 

MTG-induced cross-linking had only a minor effect on the crystallizing additive, 

resulting in more opaque films with slightly larger crystals at low air humidity during 

drying. In none of the film specimens, the orthorhombic crystal habit was visible. This 

habit is typical for the phase-II KNO3 which is the stable KNO3 polymorph at ambient 

conditions. Referring to the structure of other KNO3 polymorphs, the habit of the 

examined crystals is similar to the trigonal phase-III KNO3 that is metastable at 

normal pressure and room temperature [Dav63, Rol96, Fre09, Sto12a]. 

However, after equilibration of the films as preparation for material testing, the prior 

observed inner-film crystals had been altered regarding their distribution and habit. 

The corresponding information is given in Fig. 6-5 (II). Preferentially in those films 
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dried at high air humidity of 75 % RH, the crystal morphology had undergone a rather 

obvious transition from the trigonal habit to the orthorhombic shape. Here, a 

macroscopic acicular crystal network had been formed that even protruded the 

material surface. Furthermore, it was observed that the prior achieved crystal sizes 

were more stable in films dried at low air humidity and in a cross-linked protein matrix 

although these crystalline structures also appeared to be transferred to the 

orthorhombic phase-II KNO3. The phenomenon of Ostwald ripening was observed 

frequently in the specimens of film D (+KNO3; + MTG) and can be seen best in the 

exposure of the film D dried at 25 °C and 25 % RH of Fig. 6-5 (II) where crystals of 

approximately 100 µm had grown to the disadvantage of smaller crystals surrounding 

the larger particles [Mye02]. 

6.2 Control of the KNO3 crystal habit by secondary additives 

6.2.1 Additive screening 

The specific crystal growth of KNO3 was intended to be controlled in order to 

maintain a high material quality and functionality during a long term of storage and 

preferably in a wide range of environmental conditions. The needle-like morphology 

of the stable phase-II KNO3 is generally not desired in protein-based materials, since 

these elongated crystals exceed the film structure. This effect results in a surface 

roughness of the film and in the weakening of the mechanical stability. Therefore, it is 

aimed for a crystal habit with a rather small aspect ratio L1/L2 as well as crystal sizes 

less than the film thickness. 

An inhibition of the orthorhombic KNO3 crystal habit can be reached by a specific 

blocking of the crystal faces {001}, {011} and {112} by additives as being indicated in 

Fig. 4-5. The analysis of various substances and screening for crystal growth 

inhibitors was carried out as described in chapter 5.2. In the following, the crystal size 

distribution (CSD) regarding length of the KNO3 crystals, the deriving mean crystal 

length (DL50) as well as the aspect ratio of crystal length and width L1/L2 are 

compared to evaluate the effectiveness of crystal growth control. 

At first, glycerol, the Tris/HCl buffer and urea are considered as components of 

NaCas films which have been added to the KNO3 solution in ratios being equivalent 

to those in the film forming solution. The KNO3 crystallization from pure aqueous 

solution was set as reference which was repeated three times in order to evaluate 

the reproducibility of the experimental data. The pure KNO3 solution of 466 ganh/kgH2O 

was measured to have a pH 6.4 at 35 °C. The data of the reference and the 

crystallization batches with the components of the film forming solution are presented 

in Fig. 6-6. The crystal size distributions (CSD, based on length) are combined with 

exemplary microscopy exposures of crystal samples after filtration and drying. The 

mean aspect ratios from all the screening tests are summarized in Fig. 6-7. As to be 

seen in Fig. 6-6 and Fig. 6-7, the elongated crystal habit (average aspect ratio of 
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approximately 4:1) and the mean crystal length of 360 µm could be verified, which is 

known from literature [Hol75]. The repetition of the experiment revealed a reliable 

experimental setup with a maximum deviation of ± 8 % regarding CSD. 

 

 
Fig. 6-6: Crystal size distribution (CSD, cumulative) based on length for KNO3 crystals produced by 

batch cooling crystallization from a pure aqueous KNO3 solution (■) and in presence of components 

from the protein film forming solution, KNO3/component ratio is same as in film forming solution: 

0.86 M Tris/HCl buffer pH 7 ( ); KNO3/glycerol ratio of 1:3 (▲); KNO3/urea ratio of 1:2 (  ). Reference 

CSD: Three identical experiments, number of particle size measurements n > 100 for each experiment 

[Sto12b]. 

 

When crystallizing KNO3 in presence of components of the film, the components had 

been used in the KNO3 / component ratio referring to the film forming solution 

(described in chapter 5.1). Both the Tris / HCl buffer pH 7 as well as glycerol appear  

 

   
Fig. 6-7: Mean aspect ratio from KNO3 crystal growth in presence of components of the film forming 

solution (I) and secondary additives (II). Crystal dimensions L1 and L2 (length and width) as 

determined from D50 values in the related cumulative crystal size distribution. Dashed line represents 

the reference (KNO3 crystallization in pure water without additives). 

 

to decrease the mean crystal length DL50 to about 195 µm and 166 µm, respectively. 

Despite that, the glycerol affected the growth of needles with length greater 

than 400 µm amounting to 10 % in the CSD. This is possibly due to the hygroscopic 

I II 
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nature of glycerol leading to locally high supersaturation and could be the case for 

the effect of urea addition, too. In terms of aspect ratio, the corresponding data to 

Fig. 6-6 can be found in Fig. 6-7 (I) at highest additive concentrations, giving 

evidence for the crystal elongation effect of the plasticizing agents and the crystal 

growth inhibitory effect of the buffer system. 

 

   
 

   
Fig. 6-8: Crystallization of KNO3 in the presence of various secondary additives. Batch cooling 

crystallization was carried out and NH4NO3 was added in the molar additive/KNO3 ratios 1:10, 1:100 

and 1:1000. CSD based on crystal length was determined and compared to the CSD of KNO3 crystals 

obtained from the pure aqueous solution (■). Light microscopy exposures show the different crystal 

habits [Sto12b]. 

 

Among the secondary additives in the screening, the addition of ammonium nitrate 

has been identified as the most promising substance for the control of the inner-film 

crystal growth. As known from literature, the two nitrate salts build a NH4NO3-KNO3 

I II 

III IV 
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co-crystal system [Cad81, Dej00, Chi05a, Chi05b]. As Fig. 6-8 (I) points out, the 

crystal length decreased proportionally from > 1 mm to 222 µm with increase of the 

NH4NO3 / KNO3 ratio and a final crystal aspect ratio of 1.5:1 was achieved at highest 

amount of NH4NO3 added in the screening tests (Fig. 6-7). The reason for the 

formation of very large crystalline aggregates in case of both the NH4NO3 / KNO3 

ratio and Ca(H2PO4)2 / KNO3 ratio of 1:1000 remains unknown, but it is suggested to 

be caused by partly inhomogeneous mixing and therefore an irregular heat transfer 

into the liquid. 

The results for the effect of calcium dihydrogen phosphate are shown in Fig. 6-8 (II), 

revealing ambiguous information. Since the applied Ca(H2PO4)2
.H2O is formulated 

with a purity of > 85 % w/w, the inclosed impurities of the chemical may have an 

additional impact on the crystal growth of KNO3 for which no further quantification 

was carried out. 

The crystallization in presence potassium chloride affected the crystal growth of 

KNO3 significantly (p < 0.001). As seen in Fig. 6-8 (III), the addition of KCl decreased 

the mean crystal length to an optimum (193 µm) at KCl / KNO3 ratio of 1:1000 as 

verified by significance evaluation (p < 0.001) as well and corresponding to the 

smallest aspect ratio of 2.5:1 for lowest KCl concentrations as visualized in Fig. 6-7. 

Citric acid as potential face specific crystal growth inhibitor indeed decreased the 

mean crystal length to 100 µm and the aspect ratio to 2.2:1 when being added to 

reach an additive / KNO3 ratio of 1:100 (Fig. 6-8 (IV)). Aqueous Tris / HCl buffer was 

used as solvent in order to compensate a pH shift by addition of citric acid. A 

synergistic effect of citric acid and Tris can be considered that may be contributed by 

their configurational similarity. At highest citric acid content, the pH was decreased to 

pH < 3.8 (below measurement range of the pH strip), indicating that the buffer 

capacity had been exceeded. Needle growth resulting from a higher supersaturation 

level at presence of high amounts of citric acid is due to decrease of water solubility 

of KNO3 being slightly pH dependent. If HNO3 is considered as the acid of the anion, 

the comparison of the pKa values is pKa(HNO3) < pKa(citric acid) and therefore, it can be 

assumed that the citric acid as the weaker acid would influence the solubility 

equilibrium of KNO3 [Nyl96, Ker08]. 

The usage of sodium dodecyl sulfonate (C12H25NaO3S) had been recommended in 

the literature as potential additive in KNO3 crystal growth inhibition [Yua07]. However, 

Fig. 6-7 (II) shows that the C12H25NaO3S with a concentration of 20 mg/L increased 

the mean aspect ratio from 4:1 (KNO3 crystallization from pure solution) to 5:1 at the 

chosen experimental conditions. Any further investigation with this additive was 

limited by its poor water solubility. 
 

In the further screening procedure, the most promising secondary additives have 

been used to test their capability in presence of other components of the film forming 

solution (glycerol, Tris/HCl buffer). The final step of the additive screening was 
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determined to be the application of the screened additives in manufacturing of NaCas 

films. To simplify the process, no enzymatic cross-linking was involved here. After 

film formation, the material was stored at constant environmental conditions as 

defined by the standard of mechanical testing [DIN03A]. The monitoring of the 

crystallization and polymorphic phase transition is shown in Tab. 6-1, where 

representative exposures of the light microscopy analysis are summarized. 
 

Tab. 6-1: Non-cross-linked NaCas films (- MTG) with inner-film crystallized KNO3 (reference) and 

incorporation of KNO3 crystallized in presence of secondary additives. Films have been produced and 

stored for 7 days at constant environmental conditions (25 °C and 50 % RH) and light microscopy 

analysis was performed after distinct time intervals. Films contained glycerol in NaCas / glycerol ratio 

of 2:1 and 20 mM Tris/HCl buffer pH 7 was used as solvent, if not otherwise stated. 

Film After film drying 2 days storage 7 days storage 

Reference 

 

 

 

 

 

 

NH4NO3 / KNO3 1:10 

 

 

 

 

 

 

Ca(H2PO4)2 / KNO3 

1:100 

 

 

 

 

 

 

KCl / KNO3 

1:1000 

 

 

 

 

 

 

Urea / KNO3 

2:1 

Glycerol / KNO3 1:1 

 

 

 

 

 

 
 

The analysis of the exposures from the reference film in Tab. 6-1 reveals that prior to 

time-dependent formation of orthorhombic needles of KNO3, smaller crystalline 

particles with the trigonal morphology of the metastable phase-III KNO3 appeared. 

This phenomenon corresponds to the observations described in chapter 6.1.2 and is 

in accordance with the other film compositions including secondary additives (Tab. 

6-1). During the time of storage, the stable phase-II KNO3 was formed in the 

reference NaCas film, preferentially at the upper side of the material building a layer 
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of acicular crystals protruding the film surface. The NH4NO3 addition with the ratio of 

1:10 was recognized to decelerate the transition to the needle-like structure 

considerably. In a lesser amount, this is the case as well for the secondary additives 

Ca(H2PO4)2 and KCl used in ratios 1:100 and 1:1000, respectively. The KCl 

additionally affected the formation of agglomerates with a mean diameter of 110 µm 

as documented after 7 days. 

The partial substitution of glycerol by urea resulted in a very flexible, but sticky 

material. The tendency to the elongated KNO3 crystal habit was in agreement with 

the results from the batch crystallization (Fig. 6-7 (I)). Like in Fig. 6-5, the effect of 

Ostwald ripening was observed here as well [Mye02]. The phase transition and 

crystal growth were qualitatively analyzed to happen very fast within the first 2 days 

of storage. However, the appearance of crystalline needles was only observed in the 

core of the material and unlikely at the material surface. It is assumed that the film 

attracted considerable amounts of humidity due to the mix of the highly hygroscopic 

plasticizing agents. Therefore, inhomogenities in the saturation level have been 

barely present in the material as the water evaporation from the film surface was 

suppressed. 

 

The final rating of the applied secondary additives was carried out with respect to the 

inhibition efficiency in the KNO3 crystallization as well as to compatibility to the overall 

material composition and processing. Citric acid and Ca(H2PO4)2 monohydrate were 

found to precipitate the protein in the film forming solution when being added as 

solid. The addition of these chemicals diluted in aqueous solution was successful, but 

not desired in the process since large amounts of water lead to scale-up challenges 

and extend the time of film drying. Sodium dodecyl sulfonate (C12H25NaO3S) had no 

advantageous effect on the KNO3 crystallization and therefore, the sulfonate was 

rejected for further analysis also because of its lacking biocompatibility and potential 

toxicity [Rot12]. The usage of urea brought no minimization of the KNO3 aspect ratio, 

but as an advantage to product design, the material was protected from crystal 

growth upon the film surface. From the substances that had been analyzed via this 

screening procedure, NH4NO3 was determined as most efficient additional 

component to control the morphology of the inner-film crystallized structure. The 

aspect ratio of the co-crystals can be diminished proportionally with increase of the 

NH4NO3 content (Fig. 6-8 (I)). When applying NH4NO3 in the manufacturing of NaCas 

films, the presence of crystals with trigonal habit was prolonged and the formation of 

an acicular crystalline network was prevented to a considerable extent as studied 

over 7 days of storage. NH4NO3 as well as urea, KCl and Ca(H2PO4)2 monohydrate 

served the factor of functionality since these additives are traditionally used as 

nitrogen, potassium or phosphate sources in plant fertilization. 
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A change in material composition can affect the physicochemical properties of 

protein-based films. In the following chapters, the mechanical performance of the 

modified films and permeability aspects are presented with respect to enzymatic 

cross-linking as well. 

6.2.2 Influence of additives on the film’s mechanical properties 

6.2.2.1 Potassium / ammonium nitrate mix 

The mechanical analysis of NaCas films with an incorporated additive mix of KNO3 

and NH4NO3 revealed a combined effect of enzymatic cross-linking and addition of 

NH4NO3 on both materials quality and flexibility. In Fig. 6-9, tensile strength and 

elongation of NaCas films without any additive (0:0), with incorporated KNO3 (0:1) 

and in dependence of increased NH4NO3 content (1:10 to 1:1) are displayed. The mix 

of the two nitrate salts is expressed as molar NH4NO3 / KNO3 ratio. The overall salt 

content within a film was kept constant at a NaCas / salt mass ratio of 6:1 for better 

comparison of the differing additive mix. Therefore, the amount of KNO3 had to be 

decreased proportionally to NH4NO3 addition. Regarding the non-cross-linked films, 

the elongation property remained constant at approximately 100 % despite of using 

pure KNO3 or in the mix with NH4NO3 as secondary additive. The tensile strength first 

diminished from 1.2 MPa for pure NaCas films (0:0, - MTG) to an amount of 20 % 

when KNO3 had been incorporated in the NaCas / salt ratio of 6:1. This decrease has 

been compensated by NH4NO3 addition. However, already a small content has led to 

the slight tensile strength enhancement and no further optimization was reached by 

more balanced NH4NO3 / KNO3 ratios. 
 

   
Fig. 6-9: Additive mix of KNO3 and NH4NO3 (given in molar ratios) affecting tensile strength and 

elongation at break of NaCas films being non-cross-linked or cross-linked applying Activa MTG 

(containing 99 % w/w maltodextrin) or recombinant MTG from E. coli (pure enzyme) supplied by the 

working group Downstream Processing, Institute of Pharmacy, Martin Luther University Halle-

Wittenberg [Sto12c, Mar08]. 
 

As indicated in Fig. 6-9, the cross-linking of the protein matrix was performed by 

applying two transglutaminase sources. The Activa MTG is the enzyme preparation 

that is commonly used in the manufacturing of protein films. As described previously, 
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it contains 99 % w/w maltodextrin as filler that may affect the material properties. In 

order to study this influence, pure MTG from a recombinant E. coli strain was used 

which similarly catalyzes the cross-linking of proteins [Mar08]. The results from the 

enzymatically modified films point out, that cross-linking with Activa MTG is on the 

one hand generally beneficial to enhancement of the tensile strength (+ 35 %) of 

NaCas films. On the other hand, the film elongation had been improved up to 300 % 

which is a relative increase of 100 % compared to initial film compositions without 

any salt additive or cross-linked films. 

NaCas films cross-linked with pure MTG (E. coli) exhibited the same trends in 

mechanical analysis as the films containing Activa MTG, but in contrast with an 

elongation increase through variation of the NH4NO3 / KNO3 ratio closing at 230 % 

(Fig. 6-9). This difference is an effect of absent maltodextrin that would be present in 

the Activa TG formulation. In one NaCas film of the dimensions 20 x 20 cm and 

200 µm thickness, 1.5 g of Activa MTG is used in which 99 % (w/w) is maltodextrin. 

Referring to the protein content in a film, a NaCas/maltodextrin ratio of 4:1 was 

obtained. Maltodextrin as an oligosaccharide is highly hygroscopic and tends to bind 

water in the protein matrix. Thus, it acts as additional plasticizer in the material 

system [Cao09, Ugr07, Chr98]. 
 

The crystallization of NH4NO3 and KNO3 from aqueous solution is known to result in 

KNO3
.xNH4NO3 co-crystals as it has been described in chapter 4.4 [Dej00, Cad81, 

Hol75, Coa61]. Therefore, the study of different mixtures of NH4NO3 and KNO3 in 

NaCas films also involved the analysis of the crystal morphologies inside the protein 

matrix of the produced films. Related to the mechanical properties summarized in 

Fig. 6-9, representative light microscopy exposures of NaCas films with incorporated 

salt additive mixtures of 1:10, 1:2.5 and 1:1 are given in Tab. 6-2. The exposures of 

films with the ratios 1:7.5 and 1:5 are not included, because they show a crystal 

structure that is similar to the films with the mixture 1:10. In comparison to the 

screening results shown in Tab. 6-1, special attention was paid to the potentials of a 

further NH4NO3 increase and interactions with a cross-linked protein matrix. 

Regarding the primary nucleation and crystal growth right after film drying, the 

obtained crystal morphology and distribution in the material are visually the same as 

already observed in the additive screening. Starting from NH4NO3 / KNO3 ratio of 

1:2.5 and being obvious at ratio 1:1, the number of crystals has been qualitatively 

detected to be decreased until in the cross-linked NaCas film with NH4NO3 / KNO3 

ratio of 1:1, no nucleation had occurred any more. This is due to the altered water 

solubility of the co-crystal structure compared to pure KNO3 [Dej00]. During the time 

of storage, crystal growth and polymorphic phase transition from a metastable form to 

the thermodynamically stable crystal structure occurred. Especially, the crystal habit 

of NH4NO3 / KNO3 ratios 1:2.5 and 1:1 within the cross-linked films had a different 

appearance than the orthorhombic shape.  
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Tab. 6-2: Morphology and distribution changes of inner-film crystallized additive mixtures of KNO3 and 

NH4NO3 (molar ratio) during storage for 7 days at constant environmental conditions (25 °C and 

50 % RH). Light microscopy exposures from NaCas films (+/- MTG) are shown. The films have been 

produced using Activa MTG (cross-linked films), 20 mM Tris/HCl buffer pH 7 as solvent and a NaCas / 

glycerol ratio of 2:1. For results of the mechanical analysis see Fig. 6-9. 
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The morphologies are divers and plate-like triangles, agglomerates, tetrahedrons, 

cubes and needles were found. For the case of the NH4NO3
.xKNO3 binary system, 

Chien et al. [Chi05] described mixtures of two non-stoichiometric solid phases. 

Regarding the applied NH4NO3 / KNO3 ratios 1:2.5 and 1:1 would fit to the proposed 
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(ANK+ANZ) and (ANZ) solid solutions, if anhydrous conditions are assumed. 

Possibly, these polymorphic forms are present in the structure of NaCas films with 

NH4NO3 / KNO3 ratios 1:2.5 and 1:1 as well. 

For all films it can be stated that larger crystals were formed during the storage. This 

is described by Ostwald ripening and diffusion processes within the material [Mye02]. 

6.2.2.2 Effect of ammonium nitrate on the films mechanical performance 

In a further investigation, NH4NO3 was used as single functional additive in NaCas 

films and the effect on the material quality and mechanical performance was studied. 

As to be seen in Fig. 6-10, films with various NH4NO3 / NaCas mass ratios have been 

produced and analyzed. For none of the material compositions, inner-film 

crystallization of the salt additive was observed and films had a homogeneous, 

translucent and shiny appearance. Due to its high water solubility of 2146 ganh/kgH2O 

(25 °C), the NH4NO3 was expected to stay in solution as the films residual humidity is 

sufficient to guarantee the complete dissolution of NH4NO3 at the chosen 

environmental conditions (25 °C and 50 % RH) [Mer04]. 
 

   
Fig. 6-10: Ammonium nitrate as primary additive in NaCas films affecting tensile strength and 

elongation at break of the material. The additive content is given in NH4NO3 / NaCas mass ratio and 

enzymatic cross-linking was induced by Activa TG and recombinant MTG (E. coli), respectively. Films 

are dried 24 h at 25 °C and 50 % RH and stored at same conditions. 

 

In the mechanical properties obtained from the various film compositions, the 

NH4NO3 / NaCas ratios of 1:12 as well as 1:6 was found to be most beneficial in the 

enhancement of tensile strength and elongation when Activa MTG was additionally 

applied to cross-link the protein network. Furthermore, the tensile strength of NaCas 

films modified with MTG (E. coli) and non-cross-linked films was proven to be highly 

dependent on NH4NO3 addition. Their initial values decreased to about 25 % 

comparing the films with ratio 1:2 and the film composition without any additive. In 

case of the films cross-linked with Activa TG, the tensile strength was at first raised to 

2.7 MPa (ratio 1:12) and preserved at higher NH4NO3 content. At the NH4NO3 / 

NaCas ratio of 1:4, the tensile strength of the Activa TG cross-linked films then 
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dropped down to reach the same level at ratio 1:2 as the other analyzed film 

compositions. 

Regarding the elongation at break shown in Fig. 6-10, the performance of the non-

cross-linked films remained constant at 128 % in average. At the NH4NO3 / NaCas 

ratio of 1:4, the elongation was measured to start to decrease. In contrast, the films 

with cross-linking by Activa MTG / MTG (E. coli) reached their optima in elongation at 

the NH4NO3 / NaCas ratio of 1:6 and relative increases of 37 % and 26 % have been 

obtained, respectively. However, the elongation performance of the cross-linked 

materials has been shown to be adversely affected by higher NH4NO3 content as 

well. 

6.2.2.3 Potassium nitrate and urea additive mix 

Also the combination of KNO3 as primary additive and urea as secondary additive 

has been analyzed. Especially, the dependence of the mechanical properties of 

NaCas films on the urea content increase in presence of KNO3 was studied. In Fig. 

6-11, the data from the mechanical testing are presented, showing that urea acts as 

plasticizing agent since the tensile strength was proven to decrease continuously 

with higher urea content while the elongation of the material was enhanced. 
 

   
Fig. 6-11: Mechanical properties of NaCas films dependent on plasticizer and additive content and 

enzymatic cross-linking with Activa MTG (+/- MTG). The glycerol amount was diminished to the 

NaCas / glycerol ratio of 6:1 as urea was added in varied NaCas / urea ratios. The crystallizing 

additive KNO3 was incorporated in the NaCas / KNO3 ratio of 6:1 [Sto11]. 

 

Therefore, the amount of glycerol had to be reduced to the NaCas / glycerol ratio of 

6:1 in order to reach film formation [Fro10b]. The mix of functional additives was 

chosen to include a constant amount of KNO3 (NaCas / KNO3 mass ratio of 6:1) and 

variable urea content (NaCas / urea ratio from 6:0 to 6:2). The KNO3 crystal 

morphology and distribution was confirmed to be needle-like after 2 days of storage 

at 25 °C and 50 % RH independently of the urea amount added. This observation 

corresponds to the results of the additive screening tests with NaCas films shown in 

Tab. 6-1. The cross-linking the protein matrix by Activa MTG is advantageous 
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particularly with regard to the films mechanical performance. On the one hand, the 

tensile strength can be preserved to some extent. On the other hand, the flexibility of 

the films has been considerably enlarged, because an elongation increase was 

reached that is up to 90 % compared to the cross-linked NaCas film without urea. 

6.3 Mass transfer 

6.3.1 Water uptake and water vapor permeability 

The water absorption of particularly NaCas films was analyzed by means of the water 

uptake of the material being immersed into water as well as the water vapor 

absorption from a humid environment. The description of the experimental 

procedures is included in the chapters 5.4.2 and 5.4.3, respectively. 

Films with NaCas or gelatin as protein basis have been used for the analysis of the 

uptake of liquid water. All the film specimens had been cross-linked applying Activa 

MTG and differed in their additive content. The results for the water uptake of NaCas 

films presented in Fig. 6-12 (I) indicate a strong influence of the film composition. 

Additionally, the comparison to the data from the gelatin films in Fig. 6-12 (II) reveals 

a huge dependency on the choice of protein. 
 

   
Composition 

 

NaCas Gelatin 

k n k n 

+ MTG 264 ± 54 0.51 ± 0.06 121 ± 22 0.19 ± 0.05 

+ MTG + KNO3 148 ± 23 0.46 ± 0.04 40 ± 11 0.40 ± 0.08 

+ MTG + NH4NO3 / KNO3 1:1 54 ± 14 0.65 ± 0.07 48 ± 3 0.44 ± 0.02 
 

Fig. 6-12: Water uptake of enzymatically cross-linked protein films according to DIN EN ISO 62. 

Gelatin (280 Bloom) was supplied by Gelita, Eberbach (Germany). The ratio of NaCas / salt additive 

was kept constant at 6:1. The data are fitted by applying the power law equation Mt / M∞=k.tn and the 

calculated factors k and n are summarized in the corresponding table below the diagrams [Pep01, 

Gan10]. 

 

Whereas the studied gelatin films show a comparable water uptake with a maximum 

of approximately 250 % reached after 45 min of immersion, the cross-linked NaCas 

films exhibit a water uptake of up to 2000 % of their initial mass. The absorption of 

I II 
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water was determined to be decreased to 940 % or 700 %, when KNO3 or the 

additive mix of NH4NO3 / KNO3 of 1:1 had been incorporated into the films. 

The mechanism of diffusion in the protein network can be judged according to an 

empirical power law equation (eq. 2-1). The value of the diffusional exponent n is 

correlated to the type of transport by means of the classification that is given in Tab. 

2-3. For the cross-linked NaCas films as well as the gelatin films, still a Fickian 

diffusion was determined [Wan08]. The NaCas film with incorporated NH4NO3 / KNO3 

mix exhibited more an anomalous diffusion behavior. It is assumed that the amount 

of accessible hydrophilic peptides in the protein matrix effect the water absorption 

strongly. Salt additives in this case would have an effect on the protein structure and 

folding, leading to a ‘salting out’ and protein aggregation. The differing transport 

mechanisms are considered to affect the additive release from the NaCas materials. 

This is further discussed in chapter 7.5. 
 

The water vapor absorption ability of protein-based films was quantified dynamically 

by the DVWSG analysis with the sorption isotherm as the result shown in Fig. 6-13 

(I). The measurement data in Fig. 6-13 (II) are obtained by using constant 

environmental conditions. The protein-based material was detected to be sensitive to 

higher humidity without any dependency on the additive composition. As to be seen 

in Fig. 6-13 (I), the data fit was carried by the Guggenheim-Anderson-De Boer (GAB) 

model that provides generally the most accepted water sorption isotherm for foods 

[Van84, Gen94, Kim01, Sah06, Kri07, Fab10]. 

In the comparison of the sorption / desorption processes, a hysteresis can be 

observed. The Fig. 6-13 (I) shows only the water sorption in order to keep clarity, but 

the complete data set is given in Tab. 14-12. The storage of NaCas and gelatin films 

at constant conditions (25 °C; 50 % RH) resulted in an average residual material 

humidity of 15 % w/w. Herein, no significant difference was found that would derive 

from the protein raw material and choice of incorporated salts. Despite that, a trend 

to higher humidity content was visible for films containing the NH4NO3 / KNO3 salt 

mixture. 
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Fig. 6-13: Water sorption isotherm of two NaCas film compositions measured at 25 °C by DVWSG (I) 

and the residual humidity of protein films (II) stored at 25 °C and 50 % RH prior to drying at 50 °C for 

24 h. The water content in the films is quantified by mass loss during drying, n ≥ 15. The ratio of 

NaCas / salt additive was kept constant at 6:1. The water sorption data have been fitted by the 

Guggenheim-Anderson-De Boer (GAB) model, where EMC… equilibrium moisture content (dry basis); 

Wm… monolayer moisture content [g H2O / 100 g film]; C and K… adsorption constants [-]; aW… water 

activity [-] [Van84, Kim01, Sah06]. 
 

The hydrophilic nature of the protein-based polymers typically results in good water 

vapor permeability values. Considering that, the water vapor transmission rate of the 

produced NaCas films was tested with the gravimetric dish method explained in 

chapter 5.4.2. According to the data listed in Tab. 6-3, both non-cross-linked and 

cross-linked NaCas films are well permeable to water vapor, if no coating was 

applied.  

 

Tab. 6-3: Water vapor transmission rate (WVTR) of NaCas films +/- MTG and +/- beeswax coating, 

conditions: 25 °C, driving force 50 % RH (outside the cup) to 0 % RH (inside the cup); n = 3. 

Film composition 
WVTR 

[g/m²d] 

SD 

[g/m²d] 

NaCas film - MTG 1986 ± 349 

NaCas film + Activa MTG 1390 ± 150 

NaCas film – MTG + beeswax coating 29 ± 4 

NaCas film + Activa MTG + beeswax coating 43 ± 13 

 

Furthermore, the comparison of the WVTR data shows the ability of the cross-linked 

protein matrix to retain the water vapor to a higher extent than the non-cross-linked 

films (high significance, p < 0.001). However, the measurement with both the film 

compositions had to be interrupted after 36 h since the adsorption capacity of the 

desiccant was reached. With a beeswax coating on the top surface of the NaCas 

films, the high sensitivity of these protein-based materials can be controlled. By the 

coating method, the WVTR was decreased by 45 times. The thickness of the coating 

amounted to about 100 µm. Variations in the WVTR of the coated films are seen to 

be related rather to inhomogenities in the coating than to a material property of the 

protein films. 

0.9710):K(1

0.0410):C(1

4.2310):(1W

0.993R

aKCaK1

aKCW
EMC

m

2

WW

Wm














 

I II 

0.961):K(1

0.031):C(1

4.701):(1Wm





  



Results 67 

6.3.2 Dissolution and release 

The protein-based materials have been analyzed according to the release of the 

incorporated functional additives. In chapter 5.4.4, the experimental set-up is 

described. Summarizing the method, film specimens have been put into tubes filled 

with water. The tubes have been placed in an environment of controlled temperature 

and have been rotated. Over time, samples have been withdrawn from the solvent 

and analyzed for the nitrate content and protein amount. The nitrate analysis is 

representative for the total dissolution and release of the functional additives. Protein 

dissolution into the aqueous medium has been expected to happen, when non-cross-

linked NaCas films were studied. The results then have been normalized taking the 

estimated amounts of the measured components into account. 

 

The test films were chosen to be non-cross-linked and Activa MTG cross-linked 

NaCas films, without any additive or with a salt additive content in NaCas / salt ratio 

of 6:1. KNO3 or the mixture of KNO3 and NH4NO3 in molar ratio of 1:1 was added in 

the film manufacture. In Fig. 6-14, the nitrate release from these films is shown. First 

of all, the films without additive (NaCas +/- MTG) have been determined to contain no 

nitrate that could have been brought in by impurities of the films raw materials. 

Therefore, the detection of the additive release was proven not be disturbed by 

entrapments by the matrix material. Comparing the time-dependent release of the 

functional additives, it is clear that the protein-based carrier played a minor role in the 

retention of the mass transfer. However, a slight temperature dependency of the 

release kinetics is pointed out by Fig. 6-14 (IV), where the estimated linear release 

rates are plotted. When the protein matrix had been cross-linked, the temperature 

dependent release rates show a polynomial trend that remains unsolved on the part 

of the physical background. However, the faster release of the salt additive mix 

compared to pure KNO3 is attributed to the lower degree of the additives crystallinity 

within the films as described in chapter 6.2.2.1. 

Higher measurement deviations and equilibrium data deviating from 100 % are likely 

to result from inhomogenities in the additives inner-film distribution. Furthermore, the 

measurement error from the photometric data acquisition is known to count up to 

20 % in average. Considering the possible occurrence of random errors, the triple 

measurement of the data was necessary and revealed an adequate reproducibility of 

the results. 
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Fig. 6-14: Active ingredient release (KNO3 / NH4NO3) from NaCas films determined from the nitrate 

concentration in the solvent; measurement in triplicate. The linear nitrate release rate (IV) is 

determined from the asymptotic data fits (I-III) and estimates the nitrate release after 1 min of the 

tests. 
 

During the additive release tests, the protein-based carrier typically undergoes a 

water uptake, swelling and (partial) dissolution as it was pointed out in the previous 

chapter 6.3.1. Therefore, the protein concentration in the liquid medium was 

monitored. The results of the protein release analysis can be gathered from Fig. 

6-15. 

 

 
Fig. 6-15: Protein loss from the polymer matrix during active ingredient release tests; measurement in 

triplicate. 

 

The cross-linking of the inner-film protein matrix was indeed observed to counteract 

the water solubility of the NaCas (+ MTG), leading to total insolubility. The cross-

III 

I II 

IV 
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linked protein behaved differently in films containing incorporated KNO3 and NH4NO3, 

respectively. At room temperature and after 30 min of the test, approximately 10 % of 

the NaCas was released from the material when KNO3 was present in the matrix. For 

films with incorporated KNO3 and NH4NO3 mix, even 20 % of the total protein was 

determined to be dissolved in the medium. Herein, a decrease in the temperature 

decelerated the protein dissolution and release. 

Regarding the non-cross-linked NaCas films, the protein content was completely 

dissolved after the end of the test at 25 °C. A sigmoidal curve progression was 

assumed in the data fit (Fig. 6-15), since the polymer tends to swell by water 

absorption. Finally, the protein molecules dissolve and are released from the network 

[Sie12]. With decreased temperature, the NaCas release characteristics have been 

measured to specify according to the material composition of the film specimens. The 

reference NaCas film (- MTG) dissolved completely at all temperatures applied. In the 

contrary, the films with KNO3 still dissolved at 15 °C, but appeared to reach a 

solubility equilibrium at approximately 80 %, when the test was carried out at 5 °C. A 

similar trend was observed for those non-cross-linked films with incorporated 

NH4NO3 / KNO3 mixture: an equilibrium of 40 % of the total protein was detected at 

15 °C. At 5 °C, the share of dissolved protein was again diminished towards less than 

5 % of the total amount. These tendencies correspond to the results achieved in the 

analysis of the water uptake provided in Fig. 6-12. 

6.4 Effect of additives on the reaction kinetics of microbial 

transglutaminase 

The solubility of the materials protein-based network was found to be dependent on 

the presence and type of a functional (salt) additive as seen in chapter 6.3.2. 

Therefore, the applied additives have been assumed to influence the enzyme activity 

of the Activa MTG. Also the reactivity of the protein molecules in the cross-linking 

reaction can undergo changes. Here, the additives interfere with the interactions in 

the protein folding and lead to conformational changes. The study on the MTG 

reaction kinetics was carried out using the photometric hydroxamate assay as well as 

the SDS-PAGE method. Information on the methods is given in the chapters 5.4.7 

and 5.4.6. The studied additives have been chosen by means of their application as 

inner-film crystallizing component or as potential face specific crystal growth inhibitor. 
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Fig. 6-16: Dependency of Activa MTG reaction kinetics on additives (inorganic / organic) and additive 

concentrations. The transglutaminase activity was measured by hydroxamate assay described in 

chapter 5.4.7. The MTG activity (100 %) without influence of additives is represented by the dashed 

line and grey field marking the measurement error of the reference. C12H25NaO3S is sodium dodecyl 

sulfonate. 

 

The obtained data and trends are visualized in Fig. 6-16 and clearly reveal the 

specific influence of the chosen inorganic and organic substances. The specific 

additives have been found to act as either activators or inhibitors of the 

transglutaminase catalysis function. In a film forming solution with NaCas / salt ratio 

of 6:1, the molar ratio of enzyme and inorganic additive (MTG / salt) is typically 

1:21.250 (in case of KNO3) and differs depending on the molecular weight of the salt 

to be used. Within the hydroxamate assay, an enzyme concentration of 1.5 µM was 

used throughout the tests. Thus, an additive concentration of approximately 30 mM 

(in case of KNO3) is suitable to reach the MTG / salt ratio being comparable to the 

film forming solution. The results from the hydroxamate assay can be therefore 

transferred to the assessment of the additive effect in the protein film manufacturing. 
 

Among the activating agents, KCl, urea and citric acid have been identified. Herein, 

the enzyme activity is highly dependent on the additive concentration. For KCl, the 

MTG activity was detected to reach a maximum (+ 55 %) at about 50 µM. Regarding 

the usage of citric acid, the MTG activity was observed to have an optimum (+ 46 %) 

at lowest citric acid content with subsequent decrease of the enzyme activity at 

higher citric acid concentrations. To a small extent, also KNO3 can positively 

influence the MTG activity, if applied at higher concentration. The Ca(H2PO4)2
.H2O 

was only applicable at low concentrations in the activity assay, as this additive is 

poorly soluble in aqueous solutions. 

The Fig. 6-16 also provides information on enzyme inhibitors that have been 

determined to be both the ammonium salts NH4NO3 and (NH4)2SO4 that lead to 10 % 

activity loss at 50 mM. Furthermore, the sodium dodecyl sulfonate (C12H25NaO3S) 

strongly inhibits the MTG activity. In the test, the sulfonate was applicable until 
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10 mM, because of its poor water solubility. However, the MTG was inactivated to an 

extent of 90 % at the highest sulfonate concentration used. 
 

The presented study on the MTG reaction kinetics gives quantitative information on 

the sensitivity of the enzymatic cross-linking on several potential additives in protein-

based material. The substrates and reaction conditions of the hydroxamate assay are 

not identical to the real process, but still the data is highly valuable for a first 

evaluation of an additive’s influence on the MTG. 

Since KNO3 and NH4NO3 are seen as the most important additives in this work 

regarding functionality, product design and inner-film crystalline structure control, the 

effect of these salts on the MTG reaction kinetics have been further examined. The 

NaCas film forming solution was used as batch reaction. From the solution, samples 

have been taken and subsequently analyzed by SDS PAGE (Fig. 6-17). The 

determination of the cross-linking reaction progress inside the film forming solution 

summarizes all eventual influencing factors. These can be interactions within the 

whole material composition including the protein and plasticizer, all steps of making 

the solution as well as the dilution of substrates, enzyme and additive in the solvent. 

 

In the SDS PAGE gels in Fig. 6-17, the ongoing cross-linking reaction is visually 

detectable by the time-dependent disappearance of the NaCas substrate. The 

NaCas fractions are originally visible as bands with high color intensity like in lane 2 

representing the reaction batch right before MTG addition. The three distinct NaCas 

bands are derived from the individual NaCas fractions αS-, β- and κ-casein (from top 

to bottom). The highly diluted MTG is hardly to be seen in the gel. Additionally to the 

intensity loss of the substrate bands, the most prominent evidence for cross-linking is 

the formation of high molecular weight protein aggregates that exceed the gels pore 

size. These aggregates stick to the boundary of the resolving gel or stay within the 

stacking gel. In order to quantify the SDS PAGE differences of film forming solutions 

without additive, with KNO3 and with NH4NO3, a densitometric gel analysis was 

carried out. The data have been added to the diagram in Fig. 6-17. The SDS PAGE 

result points out that the MTG reacted with the ‘monomeric’ NaCas substrate as well 

as with the already cross-linking aggregates as long as reactive sites in the protein 

structure are available to the MTG.  

Therefore, the consideration of the NaCas bands intensity loss supplies an 

incomplete result, but still serves well for the comparison of the MTG activity in 

presence of the chosen salts. Corresponding to the photometric measurements in 

Fig. 6-16, the NH4NO3 was proven to act as inhibitor to the MTG activity since the 

reaction with NaCas substrate was considerably slowed down and a competitive 

enzyme inhibition is assumed. After 120 min of reaction time, 55 % of the initial 

NaCas content had been cross-linked by the MTG and according to the asymptotic 

curve progression.  

D 

A 

B 
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Fig. 6-17: Investigation of cross-linking kinetics affected by salt additives as visualized by SDS PAGE 

and densitometry analysis of the NaCas bands intensity (bands within range of 25 – 35 kDa) showing 

the decrease in the original NaCas content by enzymatic cross-linking. Samples were withdrawn from 

film forming solutions containing NaCas and Activa MTG. The NaCas / salt mass ratio amounted to 

6:1 for both salts KNO3 and NH4NO3. 

 

It is estimated that the reaction should have been finished at a consumption of about 

60 % of the NaCas protein. This might be due to an additional effect of heat 

inactivation of the enzyme. The Activa MTG exhibits a relatively high instability at the 

reaction temperature of 50 °C (see chapter 4.3). Furthermore, the folding of the 

NaCas protein might have changed and the reactive amino acid residues of the 

protein substrate could have been sterically blocked to the MTG. 

Also the results of the KNO3 containing film forming solutions showed good 

agreement with the previous activity tests (Fig. 6-16). The NaCas content was 

determined to be consumed until a residual amount of approximately 10 % after 

120 min of reaction. The progress is similarly to the reference data from the film 

forming solution without functional additive. Visible differences in the reaction 

progression have been possibly caused by inhomogenities in the solutions while 

sample drawing, random errors in the preparation of the SDS PAGE gel and 

inaccuracies regarding the densitometry.  

Lane no. 
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6.5 Application of protein-based seed carriers 

In this study, the well-known radish (Raphanus sativus var. sativus) and lettuce 

(Lactuca sativa var. capitata) have been seeded with different techniques as 

described in chapter 5.3. Regarding both model plants, the protein-based seed tapes 

and sheets resulted in best performance considering plant growth and biomass 

production. 

 

 

 

A 

 

 

B 

 

C 

 

D 

Fig. 6-18: Plant growth of Raphanus sativus var. sativus determined as final biomass (wet matter) 

dependent on various seeding techniques: (A) bulk seed, (B) paper seed tape, (C) protein-based 

seed-tape, (D) protein-based seed tape + KNO3. The photographs show the radish plants after 

30 days of cultivation right before harvesting.  

 

The plant growth of radish from protein-based seed tapes has been compared to the 

yield in biomass obtained from bulk seed and commercially available paper-based 

seed tape. The biomass of the harvested radish plants was taken as the final 

measurement data. From Fig. 6-18, the effects of the distinct seeding technique can 

be extracted. The biomass of the whole plant and the root mass are distinguished. 

In the case of the radish plants, the protein-based seed tape with the incorporated 

additional fertilizer (D) led to the highest biomass of in average 16.6 g in total and 

4.9 g of the root. The root is the relevant part of the radish plant. Considering that, 

the application of protein biopolymer and KNO3 resulted in a 3.2 times higher mass of 

the root compared to bulk seed (A). Furthermore, a 50 % higher mass was achieved 

than with the protein-based seed tape without any additional fertilizer (C). NaCas 

itself and generally all proteins serve as nitrogen sources when biologically degraded 

in the soil [Wid60]. Therefore, the protein-based seed tape (C) itself positively affects 

the conditions for seed germination and plant growth as it benefits fertilization and 

humidifying of the soil. Thus, the protein material helped to strengthen the plants 

against dehydration in the rather inconvenient environmental conditions in the green 

house. 
 

In contrast to the seed tapes with radish, the protein-based sheets for the seeding of 

lettuce have been prepared as two-layer material with the seeds fixed in between the 

films. The advantage of this prototype is based on the improved product handling. 
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The radish seed tapes had been found to lose the attached seed easily. In Fig. 6-19, 

the seed germination data and biomass of the lettuce as well as pictures from the last 

cultivation day are summarized. 
 

 

     
I II IV V VI 

Fig. 6-19: Dependence of seed germination of Lactuca sativa var. capitata on different seed 

techniques and average biomass (wet matter, per plant) after cultivation time of 30 days. (I) loose 

seed – germination: 13 of 16 seeds; (II) pilled seed – 3 of 4 seeds; (III) paper-based seed-tape – 2 of 

12 seeds (stunted growth of seedlings, dead during cultivation time); (IV) protein-based seed-tape – 6 

of 16 seeds; (V) protein-based seed-tape + KNO3 – 10 of 16 seeds; (VI) protein-based seed-tape + 

urea – 2 of 16 seeds. Pictures below present the appearance of the salad plants right before harvest. 

 

The plant growth test pointed out, that the seeding with bulk seed (I) and pilled seed 

(II) has been most successful regarding the germination level. At minimum 75 % of 

the seeds has been observed to germinate and to form seedlings. 

However, the protein-based seed sheets showed a trend to an optimum ability in 

biomass production, in particular considering the sheets (IV) without any extra 

fertilizer with which in average 30 g of wet biomass have been produced. The 

incorporation of KNO3 (V) or urea (VI) was determined to accelerate the plant growth 

leading to a final biomass being 20 % and accordingly 53 % increased compared to 

bulk seed (I), whereas the protein-based sheet without additive (IV) resulted in a 

biomass increase amounting to 61 %. The higher germination level of (V) compared 

to (IV) is possibly due to the formation of micro-pores resulting from the dissolution of 

the KNO3 crystals in the seed sheet (V). It is known that protein-based materials 

typically exhibit efficient gas barrier properties. The pores are considered to 

accelerate the air transfer to the seed [Che95a, Car04, Jim12]. Therefore, the 

germination from the protein-based seed sheets is assumed to be limited by the two-

layer protein carrier leading to poor air supply to the germinating seeds. 
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7. Discussion 

7.1 Production process 

The manufacturing of protein-based materials by the wet process was proven to be a 

simple and stable lab-scale method that can be easily adapted to changes in the 

material composition and modifications within the process parameters. As described 

in the chapters 6.1 and 6.5, respectively, homogeneous films and products have 

been produced with different shapes and application of functional additives aiming for 

novel product design purposes. As briefly described in chapter 6.1, the protein-based 

films have been further processed to ensure their capability in packaging applications 

and carrier for a labeling and / or an advertisement to attract the consumer’s interest. 

7.1.1 Material structure 

The XRPD analysis of the freshly produced protein-based films was successfully 

applied for the identification of the proteins degree of structural order as well as for 

the verification of crystallinity regarding the KNO3 particles incorporated into the 

material. The data are presented in chapter 6.1.1 with additional attention to the 

effect of cross-linking. The pattern of the NaCas films without additives (Fig. 6-1) 

revealed a completely amorphous structure of the protein network irrespective of 

enzymatic cross-linking. Caseinates are known to contain mostly random coil chain 

segments [Sie99, Kri07]. The formation of a non-ordered NaCas structure in the 

material therefore was expected. Furthermore, the peaks of the inner-film KNO3 are 

in good accordance with the KNO3 pattern from the database. The specification of 

KNO3 polymorphs is possible by comparing literature data from the pure polymorphs 

phase-II and phase-III KNO3 in the region of 20 – 40 °2θ. 
 

   
Fig. 7-1: Detail view on XRPD pattern of NaCas films (+/- MTG) with incorporated crystallized KNO3 

(original graphs in Fig. 6-1) and comparison of phase-III KNO3 and phase-II KNO3 in their XRPD 

signal, obtained from literature. SEM image shows rhomboid-shaped phase-III KNO3 [Fre09]. 

 

The Fig. 7-1 underlines that mainly the peaks of phase-III KNO3 had been detected 

[Fre09]. Since smaller peaks in the range of 30 – 40 °2θ had been found as well as a 
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peak shift in the C pattern, it can be stated that phase-II as well as phase-III KNO3 

have been detected inside the samples. Therefore, it is assumed that the phase 

transition to the thermodynamically stable form was ongoing and it is likely that the 

XRPD would not give evidence for the crystals lattice periodicity of the orthorhombic 

phase-II KNO3, because of the formation of macroscopic acicular crystal network that 

has been observed e.g. in the additive screening, chapter 6.2. 

7.1.2 Drying as a crucial step 

The solvent removal by drying is an important step in the manufacturing of protein-

based materials both in the solvent process as to be seen in chapter 6.1.2 and in the 

scale-up to the industrial process involving extrusion techniques. In the traditional 

polymer industry working with thermoforming of a polymer melt, the cooling of the 

prior extruded or injection molded products is the equivalent process step and major 

issues are expected to occur in the processing of proteins as well. Besides thermal 

and orientation shrinkage effects, the material properties can undergo a change in 

the mechanical performance and barrier function as well as quality reduction in the 

organoleptic characteristics. Only few data concerning the modification of the drying 

conditions can be found in literature. In case of peanut protein, the increase of the 

drying temperature was shown in the literature to lead to a decrease in film solubility, 

water vapor and oxygen permeability. At the same time, the tensile strength as well 

as the elongation of the films have been enhanced significantly. It behaved differently 

for soy protein films and protein-containing amaranth flour films. The soy protein films 

have been determined to exhibit differing dependencies of the mechanical 

parameters on the drying conditions, with the method of protein extraction as the 

most important factor. For amaranth flour films, the tensile strength was evaluated to 

be highest at low air humidity and room temperature and the elongation values have 

been shown to decrease proportionally to the drying temperature increase. The 

divergent information gives rise to the assumption that the optimization of the drying 

process is indeed first a matter of the protein system [Ebe00, Jan99, Tap05, Nen06, 

Thr08, Den09, Fro10b]. 

 

For NaCas based materials, no specific characterization of the drying process had 

been published before. Therefore, a first study on the mechanical properties of 

NaCas films was carried out in order to provide information on the tendencies in 

effects of the drying conditions variation for further process design [Sto12a]. As 

shown in Fig. 6-2 regarding the non-cross-linked NaCas films without crystallized 

additive (A), the materials tensile strength was enhanced at increased temperature if 

low or medium air humidity was applied. The elongation of the films A was measured 

to be stable at varied drying conditions, but generally decreased at the highest drying 

temperature applied. 
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In Fig. 6-3, tensile strength and elongation values of KNO3 containing NaCas films C 

and D (+/- MTG) are provided. Considering the cross-linked NaCas film B and the 

KNO3 containing films C and D (+/- MTG) as well, partly the same trend of stiffness 

increase at high drying temperature was observed. This trend can be related to heat-

induced cross-linking within the protein during film formation. Thermal treatment is 

known as a cross-linking method and thus, it promotes the covalent association of 

protein molecules independently of a cross-linking catalyst as mentioned in chapter 

2.3.3. The specific reaction mechanism of a physical cross-linking is dependent on 

the treated protein. In case of caseinate, a self-aggregation property is characterized 

to form isopeptide bonds under heat influence [Gen96, Ali97, Mil97, Rhi00, Sab01, 

Gho09, Als12, Ger12]. 

The heat-induced stiffness increase is higher in particular regarding the enzymatically 

cross-linked films B and D (when dried at 25 / 50 % RH). A synergistic effect of the 

Activa MTG (containing 99 % w/w maltodextrin) and heat treatment can be assumed. 

This consideration is based on the described polymerization mechanism of casein 

that has been reported to occur on heating and being due to molecules deriving from 

β-elimination reactions. However, in presence of a sugar compound these molecules 

are mainly Maillard reaction products that react rather unspecific with a variety of 

amino acid residues of the protein sequence [Klo77, Kle80, Pel99, Als12, Ger12]. 
 

The heat treatment is a traditional post-processing method in polymer technology as 

well as in metallurgy to modify the materials properties, e. g. for hardening and to 

affect relaxation of internal stresses (tempering) [Ala06, Zha10]. This heat curing can 

be an advantageous method in the manufacture of protein-based materials as well 

and was already applied as final production step for cast films aiming for increased 

stress, decreased strain as well as decreased water solubility and water vapor 

permeability [Ali97, Zha10, Pop11, Pel12]. Concluding from the own results from the 

manufacturing of NaCas films, the curing happens simultaneously to film drying and 

the combination of the two time-consuming processes can be therefore 

advantageous to make the overall production process more efficient. 

 

The mechanical performance of the NaCas films A-D has to be discussed separately 

in case of drying at 75 % RH, since the time for formation of the protein network and 

structure re-arrangement had been considerably increased by the high air humidity 

and therefore longer drying time and in case of the MTG addition (films B, D), the 

cross-linking reaction might have continued . Indeed, the films reached a minimum 

residual material humidity of 10 % not until the storage conditions of 25 °C and 

50 % RH were adjusted. This effect was confirmed by the analysis on water loss of 

the film forming solution during the drying at different air humidity (see Fig. 6-4). On 

the one hand, this process modification has led to a higher data scattering and an 
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overall decline of the mechanical performance regarding the non-cross-linked films A, 

C and D. 

Herein, the films C and D with incorporated KNO3 have been most affected by the 

transition of the inner-film crystalline structure to the needle-like orthorhombic 

morphology as demonstrated by the light microscopy exposures shown in Fig. 6-5. 

The elongated crystals exceeded the film thickness, protruded the film surface and 

weakened the protein film mechanically. This phenomenon is possibly due to both an 

incomplete crystallization after the drying process as well as the transition of the 

trigonal to the orthorhombic form, preferentially for films dried at high air humidity 

(75 % RH). Therefore, the macroscopic acicular network weakened the non-cross-

linked films, leading to inferior mechanical performance. As briefly described in 

chapter 4.4, KNO3 crystals can occur as different polymorphs that can be 

distinguished by their crystal lattice and habit. By microscopical analysis of the inner-

film crystals over time, it was found that first the metastable phase-III KNO3 

crystallized with a trigonal structure. This phenomenon is explained by the Ostwald’s 

rule of stages and the determination of the distinct polymorph is supported by the 

XRPD result discussed the section before [Thr03]. The phase transition to the 

thermodynamically stable phase-II KNO3 is assumed to be solvent-mediated, 

because the acicular network has been observed to appear faster with increased 

drying time (and thus higher residual moisture in the material due to increased air 

humidity). 

Hence, the control of the inner-film crystalline structure is possible by monitoring of 

the drying parameters, but seems to be restricted to low air humidity during film 

drying in order to avoid the time-dependent formation of acicularity. The metastable 

phase-III form was demonstrated previously to be stabilized by atomization at RT and 

low air humidity [Fre09]. In fact, inner-film crystallized KNO3 was observed to affect 

the mechanical properties positively when films were dried at 25 °C and 50 % RH. 

For NaCas films, the application of pressure during production can be embedded into 

the production process, if extrusion techniques are considered. The kinetics of 

transition is also seen to be inhibited by fast drying and storage at air humidities 

below 50 % RH, because of a diffusion effect. Nevertheless, the solvent-mediated 

polymorphic phase transition is a thermodynamic process and can be retarded, but 

not completely suppressed. 
 

NaCas films derived from film forming solutions containing Activa MTG dried at 

50 / 75 °C and 75 % RH deserve special attention since the mechanical analysis 

revealed an exceptional increase of both tensile strength and elongation up to 

3.8 MPa and 245 %, respectively (Fig. 6-2/B). At first sight, this result appears to be 

contradictory since heat treatment combined with a cross-linker should act both 

towards a higher stiffness of the material [Pel12]. Although the precise mechanism of 

the own investigation remains unclear, it can be stated that the relatively longer 



Discussion 79 

drying time at high air humidity supported most probably the diffusion of the MTG to 

the reactive amino acids of the protein molecules. Therefore, a higher cross-linking 

degree is assumed and could be verified in the future, e. g. by firstly a visual SDS-

PAGe analysis and by quantifying the cross-links. As another factor, the thermal 

treatment is assumed to affect partial un-folding of the protein molecules, exposing 

the reactive sites of the protein. This effect may have led to a higher cross-linking 

level compared to films dried at 50 / 75 °C and lower air humidity. Heat-induced 

cross-linking could have played a role resulting from the built-up of lysinoalanine 

(LAL) as one reactive component being involved in the formation of isopeptide 

bonds. Pellegrino et al. [Pel99] found that the LAL would have mediated the covalent 

linkage more on the intramolecular level of β-casein in presence of glucose during a 

thermal treatment at 110 °C for 6 h. A corresponding effect of sodium caseinate, 

maltodextrin and heat treatment may be assumed, which is a motivation for an 

investigation in the future. Additionally, heat-affected intermolecular cross-links have 

been possibly inhibited by the slower water evaporation resulting in molecule 

disintegration of the dissolved or humidified protein. Therefore, the cross-linked 

protein matrix within the material is suggested to have mesh characteristics with 

flexible protein stabilized in the secondary structure by non-covalent interactions and 

intermolecular isopeptide bonds induced by enzymatic cross-linking. Considering the 

macroscopic particles seen in the films B dried at higher temperature and high air 

humidity, protein aggregates are assumed to be junction points of the mesh that had 

been possibly formed by cross-linkage within the molecules during the heat 

treatment. 

7.2 Inner-film crystallization 

The crystallization of additive salts within the structure of polymer materials is a 

relatively new field of research, if the purpose with respect to material science is 

considered. The overall principle is similar to the crystal growth of a substance in a 

(hydro-) gel which is typically a lab-scale method rarely applied in research as briefly 

summarized in chapter 2.5. Up to now, the most important goal of the diffusion-

limited crystallization in a gel is to obtain high quality crystals with a desired particle 

size for structure analysis of the crystallizing target. 

The idea to provide controlled release of plant fertilizers from polymer carriers is not 

entirely new, but without a special attention to the crystallization of additives [Kan68, 

Smi91, Mis04]. Frohberg et al. [Fro10a, Fro10b] first showed the beneficial synergy 

of protein-based materials and inner-film crystallizing additives as a key factor for 

modification and optimization purposes regarding product functionality as well as 

material performance. 

Here, the methods for crystal growth control are discussed to identify ways for mainly 

the material quality maintenance by assuring a defined mean crystal size and a 
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specific crystal shape. The challenges in the KNO3 crystallization have already been 

touched in the previous chapter on the effects of variations in the drying process. The 

stable phase-II KNO3 generally exhibits an elongated, needle-like morphology and 

the phase transition from the more compact shaped phase-III KNO3 was proven to be 

solvent-mediated. Thus, no long-term stabilization of the phase-III KNO3 and no 

influence on the morphology of the orthorhombic phase-II KNO3 is possible by 

adjusting different supersaturation levels during the drying of the material. 
 

In particular, the field of industrial crystallization provides knowledge on the face 

specific crystal growth inhibition of a target substance by the use of additives (as the 

inhibitors) in the crystallization process [Kip97, Mee02, Ulr04]. The aim of inhibition is 

usually the controlled modification of a plate-like or elongated crystal habit to a shape 

that should ideally be cubic or spherical. This fits the need in optimization of the 

inner-film crystallized KNO3 in NaCas films in order to avoid quality and performance 

loss due to orthorhombic needle growth. As presented in chapter 6.2, various 

secondary additives have been screened for their ability to influence the final crystal 

habit of the stable phase-II KNO3 during storage of the protein-based material at 

environmental conditions of 25 °C and 50 % RH. An inhibition of the elongated 

crystal habit of KNO3 can be reached by the specific blocking of e.g. the crystal faces 

{001}, {011} and {112} being indicated in Fig. 4-5. Furthermore, the crystal growth 

can be substantially affected by those chemicals that enhance or diminish the KNO3 

water solubility and thus change the supersaturation. 

7.2.1 Influence of film components on KNO3 crystal growth 

Considering the batch crystallizations and Fig. 6-6, it has been shown that mainly 

glycerol, but also urea as potential film components strongly promote the growth of 

orthorhombic KNO3 needles. These plasticizing agents of protein-based films own 

high hygroscopic property and it is assumed that glycerol as well as urea had bound 

large amounts of free water via non-covalent hydrogen bonding [Chr98, Fel06]. 

Considering this effect, it is supposed that the local supersaturation in the solution 

resulted in the formation of crystals with a length greater than 400 µm amounting to 

10 % and 50 % of the CSD for glycerol and urea addition, respectively. The high 

content of fines in the batch crystallization of KNO3 in presence of glycerol might be 

due to attrition in the magnetically stirred system and during separation of the 

crystals from the mother liquor, leading to breakage of the thin crystal needles. 

On the contrary, the application of Tris buffer as solvent in the batch crystallization 

instead of distilled water resulted in the desired decrease of the KNO3 crystals mean 

aspect ratio possibly due to stabilization of the pH in the suspension, thus shifting the 

Colulomb interactions being dominant in the crystallization of ionic salts [All02, 

San07]. However, the positive effect of the buffer system is interfering with the 



Discussion 81 

necessary glycerol content in a NaCas film. Thus, other secondary additives as face 

specific crystal growth inhibitor had to be screened. 

7.2.2 Potential secondary additives 

The calcium dihydrogen phosphate Ca(H2PO4)2
.H2O is a superphosphate serving as 

both calcium and phosphate source in the plant fertilization purpose. The 

hydrogenated derivate of the phosphate rock Ca3(PO4)2 is soluble in water [Fai02]. 

The monohydrate form was chosen, because of further increased water solubility. 

Still, the applicability of the chemical is limited in the manufacturing of protein-based 

films as only traces of Ca(H2PO4)2
.H2O can be incorporated, not only as a 

consequence of the poor water solubility, but also restricted by the salting out of 

NaCas and protein precipitation already at molar Ca(H2PO4)2 / KNO3 ratio of 1:100, 

being here a NaCas / Ca(H2PO4)2 mass ratio of approximately 256:1 in the material. 

The salting out is driven by ionic cross-linking of the caseins phosphoseryl residues 

with calcium ions [Sou85, Men10]. Due to named facts, highly inhomogeneous films 

have been obtained since the film forming solution could not casted evenly into the 

mold. Therefore, a Ca(H2PO4)2 solution would have to be prepared prior to addition 

of the salt into that would further dilute the film forming solution. As to be seen in Fig. 

6-7 and Fig. 6-8 (II), on the one hand the mean aspect ratio L1/L2 of the KNO3 

crystals has been diminished to 2.3:1 with an average crystal length of 131 µm by 

addition of the calcium salt in the Ca(H2PO4)2 / KNO3 ratio of 1:100. On the other 

hand, the usage of lower and higher ratios of 1:1000 and 1:10 resulted in an opposite 

effect on the crystal size distribution. The reason for this fluctuation remains unclear, 

but it is assumed that the Ca(H2PO4)2 and its impurities (sulphate ≤ 1000 mg/kg, 

chloride ≤ 50 mg/kg) may exhibit a contradictory interrelation on the crystal growth of 

KNO3. Summarizing the benefits and drawbacks of Ca(H2PO4)2 as secondary 

additive and inhibitor, it can be stated that the fertilizer functionality of protein-based 

films could be considerably enhanced by mixing KNO3 and the phosphate source. 

The phase-II KNO3 shape in a NaCas film has been controlled to a certain extent, but 

the processing revealed challenges. These could be overcome by usage of the high-

pressure film extrusion instead of the casting method, because protein precipitation 

after calcium addition can be beneficial for the material stabilization against water 

solubility and sensitivity. Furthermore, calcium phosphate crystals have been 

reported to occur in a protein precipitate showing high potential in bone tissue 

engineering in the medical field [Guo03, Gu11, Pos12, Str12]. 
 

Potassium chloride has great importance as fertilizing agent as well, being typically 

the main component in potash fertilizer mixtures [Uni98, Pru06, Che08]. Regarding 

the batch crystallization of the target salt KNO3, the KCl was found to act as face 

specific crystal growth inhibitor already in traces since the mean aspect ratio L1/L2 

was diminished from 4:1 (reference) to 2.5:1 in case of KCl usage in KCl / KNO3 of 
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1:1000. Detailed information can be extracted from Fig. 6-6 (III) and Fig. 6-7 (I), 

respectively. The growth inhibition of specific crystal faces with the inhibitor 

substance in low concentration suggests the KCl to be a multi-functional impurity 

within the KNO3 crystallization, interfering the ionic interactions [Mye02, Ulr04, 

San07]. In the NaCas film with incorporated KCl and KNO3 in ratio 1:1000, however, 

the inhibitor effectiveness of KCl resulted in the formation of crystalline agglomerates, 

but is insufficient to prevent needle growth in the complex multi-component system of 

the material (Tab. 6-2). 

 

A study from Yuan et al. [Yua07] dealt with the batch crystallization of KNO3 from 

solution and among the applied potential face specific crystal growth inhibitors, citric 

acid as well as sodium dodecyl sulfonate, C12H25NaO3S have been tested. 

Surfactants like the anionic sulfonates are well known to act in the crystal habit 

modification mainly by adsorption of monomeric species on crystalline faces. 

Therefore surprisingly, the beneficial effect of C12H25NaO3S on the KNO3 crystal habit 

shown by Yuan et al. [Yua07] was not confirmed in the own work, although 

comparable conditions in the batch crystallization had been chosen [Teo73, Can93, 

Cha03]. On the contrary, the addition of 20 mg/L C12H25NaO3S resulted in a further 

increase of the mean aspect ratio of the KNO3 crystals as presented in Fig. 6-7 (II). 

Additionally, the usage of polymeric surfactants is not desired in the product design 

for the agri-/ horticultural purpose, because of environmental and health concerns 

[Rot12]. Thus, the further research with C12H25NaO3S as additive in the KNO3 

crystallization was stopped. 

The results for the batch crystallization with addition of citric acid instead are quite in 

accordance with the data from Yuan et al. [Yua07]. As described in the literature, the 

KNO3 crystal growth in presence of a high amount of citric acid results in very thin 

needles with a high aspect ratio. 

7.2.3 Potassium / ammonium nitrate solid solution 

The addition of NH4NO3 and KNO3 into the film forming solution was shown to be 

most efficient regarding the control of the crystallizing additive within a NaCas film. In 

the literature, the binary system of KNO3 and NH4NO3 is well described to crystallize 

as a solid solution of an NH4NO3
.xKNO3 structure [Whe48, Coa61, Hol75, Cad81, 

Dej00, Chi05a, Chi05b]. A solid solution is a crystal structure of at minimum two 

solid-state compounds being mixed in one homogeneous phase [Mul01]. The 

stoichiometric composition of the solid solution and the occurrence of a variety of 

different phases are dependent on both the temperature and the mass fractions of 

the single compounds. A recent phase diagram of the NH4NO3
.xKNO3 solid solution 

was supplied by Chien et al. [Chi05a]. It is reproduced in Fig. 7-3. Here, the region of 

interest is defined by the preference of 25 °C for the film drying and the ratios of the 

NH4NO3 and KNO3 salt additive used in the manufacturing of NaCas films. 
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Furthermore, the solubility isotherm of the ternary KNO3 – NH4NO3 – H2O system is 

provided in Fig. 7-2. The effect of water on the solid solution has to encountered, 

since the NaCas films contain residual moisture at the chosen environmental 

conditions of 25 °C and 50 % RH. 

In the following, the application of the NH4NO3 / KNO3 mix in non-cross-linked and 

cross-linked NaCas films is discussed. The NH4NO3
.xKNO3 solid solution is 

supposed to crystallize within the protein-based material structure during the drying 

process. Thus, special attention is paid to a potential interrelation of solid solution, 

specific crystal growth and the material performance. The corresponding results from 

the screening procedure can be obtained from Fig. 6-8 (I) and Fig. 6-7 as well as 

from Tab. 6-1. Regarding the further investigation of the additive mix in the NaCas 

films, Tab. 6-2 summarizes the observed changes in the crystal morphology. An 

insight in the mechanical parameters is provided in chapter 7.3.1. 
 

In the batch cooling crystallization, the needle growth of KNO3 was successfully 

prevented when NH4NO3 was applied in the molar NH4NO3 / KNO3 ratio of 1:10. 

Within the screening, ratios of 1:1000, 1:100 and 1:10 have been applied and with 

increasing an NH4NO3 amount, the trend to minimization of the crystal length and 

aspect ratio has been recognized to be highly significant (p < 0.001). When the 

NH4NO3 was added in the ratios 1:100 and 1:1000, very large crystals with a mean 

length of more than 420 µm have been grown. The formation of macroscopic crystal 

aggregates in the batch with the NH4NO3 / KNO3 ratio of 1:1000 might be attributed 

additionally to an inhomogeneous heat transfer during the cooling or secondary 

nucleation. However, an elongated KNO3 crystal shape was determined for the 

batches that included NH4NO3 in the ratios 1:100 and 1:1000. The shape was similar 

to the orthorhombic crystal habit of phase-II KNO3 that had been observed previously 

in the reference batches with the pure KNO3 solution. In these batches with NH4NO3 / 

KNO3 ratio of 1:100 and 1:1000, the salt composition amounted to more than 

95 % w/w KNO3 and less than 5 % w/w NH4NO3, if anhydrous conditions are 

assumed. For this composition range, the binary phase diagram in Fig. 7-3 supports 

the assumption that the pure phase-II KNO3 (or KN-II) has been crystallized in the 

presence of NH4NO3 traces. 
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Fig. 7-2: The solubility isotherm of the KNO3 – NH4NO3 – H2O system at 25 °C and comparison to the 

said system in a film forming solution and within a dried NaCas film. The phase diagram is based on 

mass fractions, representing the molar NH4NO3 / KNO3 ratios varied from 1:10 to 1:1 in NaCas films 

+/- MTG (see Fig. 6-9). The solubility data is given by Dejewska et al. [Dej00]. 

 

On the contrary, the NH4NO3 / KNO3 ratio of 1:10 in the salt additive compound 

corresponds to a binary composition of 92 % w/w KNO3 and 8 % w/w NH4NO3 for 

which a solid solution of the two nitrate salts is expected. Chien et al. [Chi05b] 

characterized the related solid phase as ANZ+KN II. The mixed crystals were 

determined to consist primarily of the phase-II KNO3 crystal lattice and of a not 

further specified non-stoichiometric NH4NO3 solid phase ANZ. The entrapment of 

NH4NO3 in the KNO3 crystal may have led to a hindrance in the crystal growth of the 

faces {001}, {011} and {112}, respectively. Since otherwise these crystal faces would 

favor the length growth of KNO3, now a small crystal aspect ratio of 1.5:1 was 

achieved. The mean crystal length was analyzed to be 222 µm that is in the range of 

the NaCas film thickness. Therefore, the probability of a surface roughness by 

protruding crystals is less likely than with the original non-controlled elongated habit. 

According to that, the screening aim was fulfilled and the positive screening results 

have been confirmed finally by the analysis of NaCas films with the incorporated 

additive mixture. 
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Fig. 7-3: The binary phase diagram of NH4NO3 / KNO3 solid solutions and their polymorphic forms 

modified from Chien et al. [Chi05b]. The filled triangles (▲) correspond to the NH4NO3 / KNO3 solid 

solutions 1:1, 1:2.5, 1:5, 1:7.5, 1:10 (from left to right, see Fig. 7-2) that have been added to NaCas 

films (anhydrous). Within this work, the following polymorphs are in the focus: KN II… phase-II KNO3; 

ANZ and ANK… proposed non-stoichiometric solid phases (no detailed structural information 

available). 

 

The NH4NO3 content in NaCas films has been further increased from the molar 

NH4NO3 / KNO3 ratio 1:10 up to 1:1 in order to analyze the impact on the crystal habit 

and crystal size distribution within the films. With respect to the overall salt content in 

the material, the mass ratio of NaCas and salt additive was always kept constant at 

6:1. Furthermore, the additional influence of enzymatic cross-linking and the time-

dependent stability of the crystals have been studied. In Tab. 6-2, the light 

microscopy exposures of the NaCas films (+/- MTG) with the NH4NO3 / KNO3 mix in 

the ratios 1:10, 1:2.5 and 1:1 are assembled. Also the ratios 1:7.5 and 1:5 have been 

examined, but the crystal morphology within the films exhibit a similar appearance 

like the NH4NO3 / KNO3 mix of 1:1. The similarity in the crystal structure is proposed 

to be due to the formation of the same NH4NO3-KNO3 solid solution. This is the 

ANZ+KN II phase as indicated in the binary phase diagram in Fig. 7-3. 

The effect of the protein matrix itself on the additive crystallization is seen to be 

negligible since the molecular weight of the protein molecules and the dissociated 

salt ions differ strongly. The protein mostly acts a filler material of the crystallizing salt 

and only effects the deceleration of the crystal growth by diffusion limitation. 

Additionally, protein and glycerol are hygroscopic film components that bind water to 

the material. Within the monitoring of the drying process shown in Fig. 6-3, the 
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residual moisture content in a NaCas film was determined to be approximately 

10 % w/w at the chosen storage conditions of 25 °C and 50 % RH. 

Thus, the crystallization of the functional additives can be discussed independently of 

the carrier material and is simplified to the ternary KNO3 – NH4NO3 – H2O system. 

The water content derives from the material moisture that has to be considered in the 

system. In a film of the dimensions 200 x 200 mm, 10 % w/w material moisture 

corresponds to an absolute water content of 1 g. The amount of salt in a film is the 

same and therefore, salt additive and water are assumed to be present in equal 

proportions. 

This is depicted in Fig. 7-2, where the different NH4NO3-KNO3 mixtures ( ) are 

compared with the solubility isotherm of the ternary system. Obviously, all prepared 

NH4NO3-KNO3 compositions tend to crystallization, but starting from differing levels in 

driving force. Here, the supersaturation is 20 % higher in case of the NH4NO3 / KNO3 

mix of 1:10 than the supersaturation of the salt mix with ratio 1:1. 

The theoretical view on the solid solution solubility is validated by the results from the 

optical analysis of the NaCas films with the incorporated NH4NO3-KNO3 compositions 

(Tab. 6-2). The crystals had grown immediately during the film drying within the films 

with the NH4NO3 / KNO3 content of ratio 1:10. Irrespectively of the enzymatic cross-

linking, homogeneously distributed crystals with an average crystal size of 50 µm and 

large number have been visible. During the time of storage, a phase transition 

possibly occurred and large crystals or crystalline aggregates of up to 200 µm have 

formed that appear to exhibit the orthorhombic crystal habit. Additionally, the growth 

of larger crystals and disappearance of the smaller crystals is favored by the 

phenomenon of Ostwald ripening [Mye02]. Comparing these observations with the 

exposures of the NaCas films with the NH4NO3 / KNO3 mix of 1:1, a completely 

different result is found. Right after the film drying, the number of crystals was lower 

within the non-cross-linked films than in the films with the additive mix of 1:10. In the 

cross-linked films with the salt mix 1:1, no crystalline particles had been present at 

that time. The further diminished crystal growth rate in the cross-linked film is 

possibly due to the maltodextrin content in the Activa TG formulation. In the contrary, 

a similar composed film formed crystals of large crystal number already after the film 

drying, when pure MTG without maltodextrin was applied instead of Activa MTG. The 

maltodextrin in the NaCas film is proposed to fill the pores in the protein matrix. 

Therefore, the diffusion might be further limited in the cross-linked films. Here, the 

first few crystals had been observed after 2 days of storage and were found to have 

continued growth after 7 days. The crystals had grown with a low particle density in 

the protein material and a variety of crystal habits had been found. In the non-cross-

linked as well as in the cross-linked specimens, a triangle shape, cubes, tetrahedrons 

and needles have been visible that differ considerably from the orthorhombic 

morphology. 
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The changes in the crystal morphology from the NH4NO3 / KNO3 composition of ratio 

of 1:10 to the ratio of 1:1 can be explained by the formation of differently structured 

NH4NO3-KNO3 solid solutions within the NaCas films. To clarify the distinct phases of 

the solid solutions, anhydrous conditions have to be assumed. The filled triangles in 

both phase diagrams in Fig. 7-2 correspond to the theoretical case of completely dry 

material ( ). With the assumption of the binary NH4NO3
.xKNO3 solid solution; it is 

revealed that salt mixture of 1:2.5 results in the ‘ANK+ANZ’ phase. In the same 

context, the salt mixture of 1:1 grows as the ‘ANK’ phase of the mixed crystal. Both 

phases do not follow stoichiometric considerations and are not further specified in the 

literature [Chi05b]. 

7.3 Impact of the additive mix on the mechanical performance 

In agriculture, mulching is the most commonly used technique in protected cultivation 

and is a particularly promising application for biodegradable polymers [Pla06, Kap08, 

Mar11, Kas12, Ber13]. The material parameters of mulching films have been 

standardized according to their type and main application in the European standard 

DIN EN 13655. Among the mechanical properties, the flexibility of the polymers is 

generally crucial for every kind of mulching film. The reason is the automated laying 

of the mulching films on the ground which allows only polymer films resisting more 

than 250 % of elongation [DIN03b]. The Fig. 7-4 summarizes typically applied 

polymer films for the mulching purpose and compares their mechanical performances 

with the data for protein-based materials. Furthermore, the standard values of a 

‘normal use’ mulching film are added into Fig. 7-4 for an evaluation of the 

corresponding parameters. 

 

   
Fig. 7-4: Tensile strength and elongation at break of protein-based materials and commercial 

polymers compared to the minimum requirements for the application as mulching films (normal use) 

according to DIN EN 13655. Films based on enzymatically cross-linked NaCas (200 µm thickness): 

1… no additive, drying at 75 °C and 75 % RH (Fig. 6-2); 2… NaCas / KNO3 6:1, drying 25 °C and 

50 % RH (Fig. 6-3); 3… NH4NO3 / KNO3 1:1 (Fig. 6-9); NaCas / NH4NO3 6:1 (Fig. 6-10); NaCas / 

glycerol / KNO3 / urea 6:1:1:1 (Fig. 6-11) [DIN03b, Bau07, End09, Fku12a, Fku12b, Bas13a, Bas13b, 

Bas13c]. 
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From the protein-based films, the compositions with enzymatic cross-linking have 

been chosen for the discussion related to the mulching technique. The cross-linking 

of the material’s protein basis results in insolubility in water, a decelerated 

biodegradation and enhanced mechanical performance. Thus, the method is highly 

beneficial for the optimization of the mechanical stability, but even more beneficial for 

the prolongation of the materials lifetime on the soil. The Fig. 7-4 clearly reveals that 

the protein-based films fulfill the requirements in the elongation property, with the 

additional benefit of the incorporated fertilizer within the films. Functional additives 

and enzymatic cross-linking have been found to have a synergistic effect on the 

materials mechanical stability. The following subchapters 7.3.1 to 7.3.3 highlight this 

phenomenon. Still, the drawback of low tensile strength values limits the application 

of the 100 % bio-based NaCas-based material. This can be overcome by blends with 

other protein systems or the use of the extrusion technology that is described to 

contribute to the stiffness of protein films as well as it is recommended for the large 

scale production [Dan09, Fro10b]. 
 

Seed tapes and sheets are designed as final goods that the consumers are expected 

to use manually in the gardening. Therefore, a long shelf life and a low water uptake 

are more important factors of the protein-based carrier material than optimized 

mechanical properties. 

7.3.1 Application of KNO3 doped with NH4NO3 

The effect of the additive mix NH4NO3 / KNO3 on the crystalline structure within the 

NaCas films has already been discussed in chapter 7.2.3. It was described that 

different phases of the NH4NO3-KNO3 solid solution occur, when the amount of 

NH4NO3 was increased within the molar ratio to KNO3 from 1:10 up to 1:1. The 

variations in the crystal morphology and crystal number play an important role for the 

mechanical performance of the NaCas films as shown in Fig. 6-9. 

The second key factor is the enzymatic cross-linking of the protein molecules in the 

material structure. Compared to non-cross-linked films, an increase in the tensile 

strength of approx. 20 % was observed in all cases, whereas film elongation was 

enhanced to up to 300 % by a synergistic effect of both the MTG activity and the 

concentration increase of NH4NO3. In an assumption, the structure formation of the 

NaCas molecules was modulated by the dissociated ammonium within the film 

forming solution [Gra12]. The MTG-induced cross-linking may have preserved the 

conformational changes that resulted in the higher film flexibility proportionally to the 

NH4NO3 increase in the salt composition. 

An inhibition of the MTG activity by the ammonium salt was expected, as with the 

NH4NO3 / KNO3 mixtures of ratios 1:2.5 and 1:1, the critical NH4NO3 concentration of 

25 mM in the film forming solution was exceeded. The Fig. 6-16 shows the 
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corresponding study on the MTG reaction kinetics in presence of different additives 

measured by the hydroxamate assay. However, no particular evidence for an MTG 

inhibition had been found in the mechanical parameters of the films with the 

NH4NO3 / KNO3 mix. Therefore, the results from the MTG activity assay have to be 

interpreted carefully. The assay is performed with an idealized reaction solution in 

which the substrates and conditions are not entirely similar to the film forming 

solution. Thus, the film manufacturing process has to be comprised into the 

discussion. It is most likely that within the film forming solution, the ammonium was 

bound to the NaCas proteins by ionic interactions. The MTG enzyme molecules then 

have been protected from the ammonium. The further examination of NaCas films 

with NH4NO3 as single additive gives rise to the assumption that a higher amount of 

the salt is necessary to inhibit the Activa MTG. The corresponding trends are 

presented in Fig. 6-10. 

A potential influence of the maltodextrin content in the Activa MTG on the mechanical 

properties of the films was assessed by the measurement of NaCas films that had 

been cross-linked with pure MTG S2P. The commercially available Activa WMTM 

contains maltodextrin in an amount of 99 % w/w as a filler and stabilizer for the 

enzyme. A pure MTG with comparable parameter profile was obtained from the 

recombinant expression in E. coli [Mar08]. Shown in Fig. 6-9, the mechanical 

analysis revealed that the maltodextrin content has no effect on the tensile strength 

values of the NaCas films treated with Activa MTG and MTG S2P, respectively. The 

maltodextrin is proposed to have caused an increase of the flexibility of the protein-

based material. This is visible in terms of deviations in the elongation at break that 

are possibly due to the water uptake by the hydroscopic maltodextrin [Chr98]. 

 

Regarding the non-cross-linked NaCas films, the tensile strength was at first 

decreased by about 20 % when KNO3 has been added to the material. This effect 

was described previously to happen due to volume increase by the KNO3 and its 

crystals inside the protein arrangement of the material structure. Therefore, the 

crystallizing additive acts as a plasticizer and the mechanism relates to the free 

volume theory [Mar04, Fro10]. However, the addition of NH4NO3 compensates the 

plasticizing effect of KNO3 possibly by further modification of the three-dimensional 

protein folding. 

7.3.2 Ammonium nitrate as single functional additive 

The potential benefit of NH4NO3 as the primary functional additive within NaCas films 

was examined by a further increase of only the NH4NO3 content instead of a salt 

mixture with KNO3 as indicated in Fig. 6-10. In contrast to KNO3, the inner-film 

crystallizing of the NH4NO3 is generally suppressed. This is caused by the high water 

solubility of 2146 ganh/kgH2O (25 °C) and the material’s residual moisture that was 
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measured to be approximately 10 % w/w in an environment of 25 °C and 50 % RH 

[Mer04]. 

In tensile strength and elongation at break, an optimum film composition was found 

at a NaCas / NH4NO3 mass ratio of 6:1. Especially, the enzymatically cross-linked 

material with that salt content reached a tensile strength of 2.6 MPa and an 

elongation of 297 % as shown in Fig. 6-10. Indeed, similar trends in the mechanical 

performance have been observed as for the literature data that refer to NaCas films 

with incorporated KNO3 [Fro10]. For the non-cross-linked films, a loss in tensile 

strength was determined that proportionally follows the increase of the NH4NO3 

content. Furthermore, the non-cross-linked films tend to break at lower strain, when 

the NaCas / NH4NO3 mass ratio is higher than 6:1. The rise of the mechanical 

instability is a sign for the disintegration of the protein molecules and the material’s 

protein network. Thus, the highly concentrated NH4NO3 interferes the film formation 

within the NaCas material. 

The application of the Activa MTG in the manufacturing of the NaCas films has been 

proven to counteract the protein destabilization until the optimum ratio of 6:1. 

Subsequently, a considerable loss in the mechanical performance of the cross-linked 

films has been recognized that is attributed to the partial inhibition of the MTG 

activity. The high concentration of ammonium in the material is additionally assumed 

to have resulted in the aggregation of the NaCas molecules. In a protein with altered 

conformation, the enzyme’s sterical access to the protein’s reactive amino acid 

residues is possibly blocked. The Fig. 6-16 relates to the inhibition kinetics of the 

Activa MTG that has revealed a negative effect of NH4NO3 in a concentration of 

higher than 25 mM. The SDS-PAGE analysis of film forming solutions confirms the 

result of the MTG’s inhibition kinetics and is discussed in chapter 7.6. The 

corresponding data can be obtained from Fig. 6-17. 

The usage of soluble ammonium salts as additives in protein-based films is a 

relatively new approach in this field of research. Up to date, only the incorporation of 

ammonium sulfate has been described in the literature [Fro10b]. The influence of 

NH4NO3 and (NH4)2SO4 on the mechanical properties of the NaCas films can be 

directly compared, because the film manufacturing and the tensile measurements 

have been carried out in the same manner. Regarding the non-cross-linked films as 

well as for the films treated with Activa MTG, it was found that the protein network 

was destabilized to a higher extent by (NH4)2SO4. The beneficial effect of ammonium 

salt and enzymatic cross-linking was confirmed only for the NaCas / salt mass ratio of 

6:1. The further increase of the (NH4)2SO4 content was shown to lead to a very weak 

protein network independently of MTG addition. 

However, the trends in the modification of the mechanical film stability by the nitrate 

salts KNO3 and NH4NO3 are quite comparable [Fro10, Sto12b]. The influence of the 



Discussion 91 

inorganic additive salts therefore can be summarized in a first hypothesis: the 

stability of in particular an enzymatically cross-linked NaCas film is determined by: 
 

 ionic interaction with the protein molecules in the material structure 

- choice of the anion as the important factor 
 

 modification of the MTG reaction kinetics 

- inhibition / activation 
 

 solubility of the additive salt in water 

- supersaturation level determines mean crystal size and crystal number 
 

 additive mixture: occurrence of a solid solution 

- altered solubility and phase transitions 
 

The choice of the MTG source for the enzymatic cross-linking appears not to be 

crucial for the controlled modification of the films mechanical properties. Also in case 

of the NH4NO3 addition, the maltodextrin content of the Activa MTG is beneficial. The 

enzyme is stabilized the maltodextrin and a further enhancement of the mechanical 

performance of the NaCas film can be reached. Thus, the Activa MTG is still 

recommended instead of the pure MTG S2P not only because of advantages in the 

film manufacturing. In scale up of the production process of protein-based materials, 

the continuous availability of the MTG would be crucial. Hence, the Activa MTG 

would be preferred as it is produced in an established industrial scale, which is not 

yet the case for the recombinant, pure MTG. 

7.3.3 Effect of the KNO3 mix with urea 

The product design of NaCas films and sheets with incorporated urea and KNO3 

aims in general for the application as nitrogen fertilizer mixture with an additional 

potassium source. The crystal morphology of KNO3 cannot be modified by the 

addition of urea, but urea was analyzed to counteract the growth of the KNO3 

needles outside the material. The alignment of the KNO3 crystals inside the film 

structure was explained in chapter 6.2.1. 

Regarding the material composition, the plasticizing effect of urea on the protein-

based films has to be considered [Sto11]. The mechanical stability of NaCas films 

with varied urea content is shown by the tensile strength and elongation trends in Fig. 

6-11. In the study of this additive mix, the mass ratio NaCas / KNO3 was kept 

constant at 6:1 and the urea content was increased continuously. The decrease of 

the tensile strength and the simultaneous increase of the elongation clearly indicate 

that urea acts as a plasticizer. Prior to the manufacturing of urea containing films, 

also the glycerol amount in the material composition has been reduced. The NaCas / 

glycerol mass ratio of 6:1 was suitable to ensure the film formation, especially, in 

those films with an urea content higher than the ratio NaCas / urea of 6:1. 
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The plasticizing property of urea in NaCas materials is attributed to a combined effect 

of increased volume in the material structure, hygroscopicity of the additive and 

partial denaturation of the NaCas proteins by the interaction with urea. It is common 

knowledge that additives like urea are able to increase the flexibility of polymer 

chains according to the free volume theory. Urea additionally attracts water due to its 

hygroscopic nature. The moisture increase acts plasticizing by making the polymer 

chains more flexible. The water itself works as a plasticizer, not only in NaCas films, 

but in every hydrophilic material [Mar04, Gal09, Rai11, Vie11]. 

Furthermore, urea is actually a frequently used protein denaturant and is able to 

widen and to change the protein’s folding. The mechanism of urea’s action in the 

protein folding is still controversially discussed. Here, the urea-induced decrease in 

the water-water interactions and hydrogen bond strength is a widely accepted 

explanation [Ben03, Das09, Can10]. 

The enhancement of the films mechanical parameters by the addition of Activa MTG 

indicates that the enzyme remained active in the presence of urea. The assumption 

is confirmed by the test of urea in the inhibition kinetics of MTG that is shown in Fig. 

6-16 and discussed in chapter 7.6. Indeed, urea was determined to activate the 

Activa MTG by 30 % irrespectively of the urea concentration. In a film forming 

solution, already 1.5 µM urea may be suitable to reach a considerable enhancement 

in the mechanical performance of cross-linked protein films. The integration of urea in 

the material composition therefore is a new and promising optimization parameter to 

increase the tensile strength of highly flexible and cross-linked protein films. 

7.4 Barrier properties 

The vapor barrier properties and water resistance of polymer films are of high 

importance for every field of application and product design. The demands for the 

polymers barrier performance are of course based on the specific product and use. In 

the following, some examples are intended to briefly explain the diverse optimization 

goals:  

In agriculture, e.g. the mulching films are typically applied on the agricultural fields 

and are subjected to changeable environmental conditions. Thus, the mulching films 

are desired to exhibit a very high stability in a humid environment at least over the 

plant cultivation period. The water vapor transfer of these films should be as low as 

possible in dry regions, since the mulching is needed to reduce the water evaporation 

from the soil. In humid landscapes, the transmission of moisture of less than 

120 g/m²d is usually accepted in order to avoid the growth of mildew and moulds 

[Shr97, Sco02, Sin09, Wya12, Bas13c]. 

The design of food packaging material involves a similar discussion to create a 

protective environment for the specific food product. Regarding the water vapor 

transport, a compromise between the product’s water loss as well as sweating and 
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decay of the food has to be found [Gen97, Par99, Gui05, Lin07, Roj07, Roj09, 

Rob10, Dem12]. 

On the contrary, high water vapor transmission is usually required for synthetic 

tissues. This application is further discussed in chapter 7.4.2. 
 

Protein-based materials are hydrocolloids that typically contribute to a high water 

vapor transmission rate. Furthermore, the most effective plasticizers are known to 

enhance the polymer’s sensitivity to water and moisture due to their hydrophilic 

nature. On the contrary, protein-based films have been extensively characterized to 

provide high barrier properties against oxygen, lipids and aroma [Khw04a, Khw04b, 

Buo05, Ugr07, Bru08, Kow11, Per11, Bai13, Wih13]. 

7.4.1 Moisture uptake 

The isothermal moisture sorption of cross-linked NaCas films with varied KNO3-

NH4NO3 solid solution was detected dynamically in a closed environment with 25 °C 

and the humidity ranging from 5 to 95 % RH. In Fig. 6-13 (I), the water activity aw 

represents the relative air humidity in order to match the parameter to existing water 

sorption models. The data were precisely fitted with the Guggenheim-Anderson-De 

Boer (GAB) equation that is commonly used for the modeling of sorption isotherms of 

foods. The GAB model delivers a sigmoidal curve progression by means of the 

Langmuir and BET theories of physical adsorption as the theoretical background. 

Various authors have recently described that the GAB model is well suitable for 

biopolymers deriving from proteins of plant and animal origin. The fitting to the own 

data from the NaCas films confirmed this knowledge [Van84, Gen94, Kim01, Sah06, 

Kri07, Fab10, Soa11, Son11]. 

The ratio of KNO3 and NH4NO3 within the salt mixture appeared not be relevant for 

the overall moisture uptake of the tested NaCas films (Fig. 6-13 (I)). Additionally, the 

average material moisture of NaCas and gelatin films at 25 °C and 50 % RH was 

analyzed and the data are presented in Fig. 6-13 (II). The effect of the protein basis 

on the material moisture was negligible and also the trend of the slightly increased 

material moisture in presence of the KNO3- NH4NO3 mix was not significant. Thus, it 

can be assumed that the content of the hydrophilic plasticizer governs the moisture 

sorption behavior of the protein-based materials to the greatest extent [Cou00, 

Kim01, Pom05, Fab10, Ver10]. 

7.4.2 Water vapor transfer of NaCas films 

Also the water vapor transmission of the protein-based materials is ruled by the 

protein’s hydrophilic property and the applied plasticizer. The water vapor barrier of 

the protein-based films is generally very poor [Lim99, Per99, Khw04b, Buo05, 

Cha06, Bru08, Per11, Bai13]. This was proven for the own NaCas films as well, but 

can be modified by the enzymatic cross-linking. This is possibly due to the linking of 
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polar amino acid residues and due to a smaller pore size in the cross-linked protein 

matrix. However, a reliable measurement of the materials porosity is not available by 

the state-of-the-art techniques because of the compressibility of the protein-based 

material structure. The apparent mesh size of a protein hydrogel still can be 

estimated by the Flory-Rehner method that gives rise to the previous assumption 

[Red06, Bet12]. 
 

 
Fig. 7-5: Water vapor transfer of polymer films. Comparison of protein-based films with 200 µm film 

thickness, other biopolymers and blends as well as petrol-based polymers (thickness 50 µm). Analysis 

was carried out at 25 °C and 50 % RH. Additional material data from the literature [End09]. 
 

The water vapor transmission rate (WVTR) of the NaCas films was diminished in 

particular by the coating of the film surface with a hydrophobic substance like bees 

wax. The wax coating is already well known in the literature and the design of multi-

layer systems is suggested to combine the high gas barrier of protein films with the 

low water vapor transmission of other polymers [Wel98, Chi02, Soh06, Riv09, 

Zha10]. 

 

A biomedical application of protein-based films is the synthetic wound dressing, 

where the WVTR needs to fulfill the requirement of 2000-2500 g/m²d. The high 

WVTR is adapted from the corresponding values of burned skin wounds [Que87, 

Pel12]. The own NaCas films already fit into this WVTR range, although the cross-

linked films have to be further customized. The measured data are listed in Tab. 6-3. 

7.5 Protein-based carrier for controlled release 

7.5.1 Additive release 

Protein-based materials have been proven to act as a polymeric carrier for active 

ingredients and are suitable for controlled-release systems. The incorporation of e.g. 

the nitrate salts KNO3 and NH4NO3 as functional additives aimed for the continuous 

fertilizer supply in agricultural applications. The examination of the additive release 

behavior was thus conducted in a humid environment to simulate a heavy rain 
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situation. The results in chapter 6.3.2 make clear that the NaCas films have only a 

small effect on the retention of the nitrate salt diffusion into the surrounding solvent. 

For the purpose of protein-based seed tapes and sheets, the fast release of the 

fertilizers can be beneficial. Here, a dilution of the additives into the soil would 

enhance the seed germination, because it avoids a local excess fertilizer 

concentration at the seeds. 

In terms of cover films for agricultural fields, the fertilizer release is desired to be 

linear and continuous during the whole time of plant cultivation. The salad cultivation 

is an example of the horticultural use of the protein-based films. However, salad and 

other vegetables still need to grow for three months although this cultivation period is 

already short compared to other plants. Up till now, this aim cannot be reached with 

the protein-based carriers regarding both the controlled additive release and the 

environmental stability of the protein matrix. 
 

The above given examples point out that mainly the field of application governs the 

design of the release characteristics of the polymeric carrier. Hence, the product 

goals usually define the material requirements. The product development with 

controlled-release systems is of huge interest not only for the agricultural sector. The 

results also from the presented product and process design can be transferred to a 

variety of applications. Protein hydrogels typically form from the protein-based 

materials by absorbing large amounts of water. They find interesting applications in 

encapsulation and delivery of active ingredients within the pharmaceutical, cosmetic 

and nutrition fields [Gan10, Bet12]. In general, the development and optimization 

further include the following key factors: 
 

 choice of protein and processing parameters [Mil03, Agu10, Ver10, Che11] 

- control of material shelf life through heat-induced cross-linking, 

hydrophobicity and molecular weight of the protein 
 

 usage of plasticizers [Pom05, Fab10, Ver10] 

- additional hygroscopicity and polymer chain relaxation 

- reduction of the water sensitivity by hydrophobic plasticizers 
 

 cross-linking of the material’s protein network 

- dissolution versus biodegradation and / or erosion 

- control of the mesh size in protein hydrogels [Bet12] 
 

 choice of functional additives for the controlled release 

- solubility at the defined release conditions 

- protein – additive interactions 
 

 protection 

- prolongation of the material’s shelf life by hydrophobic coating 
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The three-dimensional polymer network of such a hydrogel is physically and / or 

chemically stabilized. A hydrophilic polymer matrix therefore resists the dissolution in 

the surrounding medium, but undergoes swelling during water absorption. The 

maximum amount of the material moisture is governed by the properties of the 

polymeric material which forms the hydrogel. In case of the proteins, the resulting 

hydrogels consist of polyampholytic polymer chains that contain ionisable polar 

amino acids. In this respect, the additive release from the protein hydrogels is ruled 

by the hydrophilicity of the ionisated proteins. The diffusion mechanism, water uptake 

and swelling of the protein-based materials are known to be sensitive to pH and ionic 

strength of the solvent [Tok91, Mis04, Gan10, Son10, Elz11, Bet12, Zhu12]. These 

hydration interactions of polymer and solvent as well as the ionic interference of 

polymer and additives are discussed in the following. 

7.5.2 Water absorption and swelling kinetics 

Biopolymers like the enzymatically cross-linked NaCas films typically show a swelling 

behavior during the water uptake that is due to the volume increase and polymer 

chain separation. The swelling and sorption kinetics are known to correlate strongly 

with the specific intermolecular chain interactions. The cross-linked polymers can 

absorb large amounts of the solvent as well, but the additional covalent bonds 

stabilize the swollen polymer network against dissolution [Mei99, Mil03, Bra05, 

Nan05, Dip06, Agu10]. 

The water sorption of hydrophilic polymers represents the solvent’s diffusion into the 

polymer that can be classified according to kinetics of the mass transfer. The 

knowledge about the hydration of the material is used in development of polymeric 

carrier systems. In pharmaceutical applications and likewise in agriculture, the 

controlled release of active ingredients is ruled by the characteristics of the polymer 

matrix [Vla01, Gan10]. 

The protein films water uptake behavior at 25 °C is shown in Fig. 6-12 by using 

enzymatically cross-linked NaCas and gelatin films as examples. As defined in the 

DIN EN ISO 62 standard, the analysis was carried out by immersing film specimens 

into water and gravimetric determination of their mass change [DIN99]. The film 

compositions have been further altered with respect to the incorporation of the salt 

additives. Potassium nitrate or the mixture of KNO3 and NH4NO3 in the molar ratio of 

1:1 have been added in order to analyze the potential effect of salts on the water 

uptake of the protein-based films. 
 

Indeed, it was found that the hydration of the analyzed material is mostly governed 

by the protein basis. The water uptake of the cross-linked NaCas films was 

determined to be eight times higher than the corresponding data of the gelatin film 

with the overall similar film composition. Therefore, the water uptake has to be 

related to the molecular structure of the specific protein. Here, the research is still at 
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the beginning, but qualitative considerations can be made to explain the proposed 

correlation: 

Sodium caseinate consists of the four casein fractions that are all described to miss a 

distinct secondary structure and only the αS2- and κ-caseins are stabilized by 

disulphide bonds. The intermolecular interactions of the caseins are mostly of weak, 

non-covalent nature [Bou06, Men10]. The flexible molecular structure and loose 

assembly of the protein network of the caseinate is therefore assumed to contribute 

to the high water absorption. 

Gelatin instead is known to partly regenerate the triple-helix structure of the collagen 

from which the gelatin was produced from. This phenomenon was observed during 

the gelling of aqueous gelatin solutions below 40 °C. Recently, it was proven that 

disulphide bonds maintain the native structure of the chains even in the denatured 

state [Big04, Gor08]. The conditions of the gelatin’s helix-coil transition have been 

fulfilled in the manufacturing of the films. Thus, it can be stated that the cross-linked 

gelatin network within the films was stabilized by strong, covalent interactions that 

resulted in low intermolecular volume and porosity. The gelatin structure is seen to 

have low flexibility and so influenced the absorption of water molecules negatively. 
 

The hydration of the protein-based polymers can be further modified by inorganic 

salts. This effect was proven to be dependent on the protein origin as well. In Fig. 

6-12 (I) and Fig. 6-12 (II), the water uptake of the NaCas-based films and of the 

gelatin-based films is shown, respectively. Whereas the water uptake of the gelatin 

films was not changed by the incorporated salt additives, the NaCas films exhibited a 

distinct synergy with the nitrate salts within the films. The water absorption capacity 

of the NaCas films was therefore considerably decreased and a change from the 

Fickian diffusion behavior to an anomalous transport mechanism was determined. 

The magnitude of water uptake decrease was furthermore influenced by the salt 

composition and namely by the choice of cations in the mixed salt. A similar trend 

was observed by Mikkelsen [Mik94], who described that particularly the cation of a 

soluble salt has an important effect on the polymer expansion of cross-linked 

polyacrylamide. The restriction of the polymer expansion was discussed in the 

literature by using two hypotheses that are applicable to protein polymers as well. On 

the one hand, it is proposed that the cations of a soluble salt may form ionic bridges 

between the polymer’s carboxyl groups [Bow90]. On the other hand, Salem et al. 

[Sal91] assumed that the salts interfere with the amide groups of the polymer. Thus, 

the formation of hydrogen bonds with the water molecules was explained to be 

inhibited. 

7.5.3 Protein dissolution 

The dissolution of non-cross-linked polymers involves two transport processes. 

These are the solvent diffusion from the bulk liquid into the polymer and the chain 
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disentanglement of the polymer molecules from the material structure. The 

mechanism of polymer dissolution is commonly described with a surface layer 

formation that is schematically drawn in Fig. 2-2 [Mil03]. 

When a NaCas film is subjected to an aqueous solvent, the protein disintegration is 

highly expected in particular for films that had not been cross-linked with MTG. 

Therefore, the protein dissolution was measured during the additive release tests. 

The Fig. 6-15 summarizes the results for all tested NaCas film compositions and 

indicates the temperature dependency of the protein release. The dissolution 

characteristic of the protein matrix has been determined to follow a sigmoidal profile. 

The lag times represent the water uptake and swelling, before the protein 

disentanglement caused the disintegration of the protein network [Mil03, Zem07, 

Agu10, Sie12]. 

Interestingly, it was found that the dissolution of the non-cross-linked films was 

dependent both on the temperature and on the presence of nitrate salts within the 

films. The NaCas film structure with the NH4NO3 / KNO3 mix has been found to be 

rather insoluble at 5 °C during 30 min of exposure to water. Also the protein release 

of the NaCas films with KNO3 was diminished to 80 % at that temperature, whereas 

the NaCas film specimens have been dissolved completely at all the applied 

temperatures. This phenomenon of partial insolubility can be similarly due to the ionic 

interactions of salt and protein molecules that are assumed for the cross-linked films 

in chapter 7.5.2 [Bow90, Sal91, Mik94]. 

7.6 Transglutaminase in process design: Activity vs. additive 

The usage of the microbial transglutaminase (MTG) and other functional additives 

has been shown to be highly beneficial to the mechanical properties of NaCas films. 

This was proven for the addition of e.g. KNO3, NH4NO3 and mixed crystals of those 

nitrate salts as presented in Fig. 6-9 as well as in Fig. 6-10 and in the previous 

literature [Fro10a]. However, the synergistic effect of the salts and the enzymatic 

cross-linking was observed to be limited to a critical salt concentration within the 

protein films. The limitation can be partly explained by an excess crystal size inside 

the films that have led to a mechanical instability of the materials. Indeed, this 

assumption is not applicable to the application of NH4NO3 that would not crystallize 

within the NaCas films at the given environmental conditions. 

In order to have a complete insight into the effect of additives on the film formation, 

additional considerations have been made. Here, a correlation of MTG application 

and potential side effects on the enzyme kinetics by the other functional additives is 

proposed. Regarding the protein film manufacturing, this approach is seen to be an 

entirely new strategy for the customization of the final material’s performance. 

The information on activating compounds and inhibitors of the MTG from the 

Streptomyces mobaraensis organism is actually limited. A summary of the literature 
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review can be found in Tab. 14-1 where the focus was put mainly on interactions with 

salt ions. Furthermore, a variety of enzyme origins has been considered. The 

literature data are quite divergent when it comes to the influence of one particular 

substance. Therefore, the chosen functional additives have been examined and the 

activation and inhibition kinetics are to be found in Fig. 6-16. 

All the examined inorganic salts are neutral to the transglutaminase reaction as the 

enzyme molecule does not own a co-factor site for those dissociated ions [Kas02]. 

The activation effect of KNO3 and in particular of KCl can be explained by 

conformational changes of the MTG enzyme. A similar trend was previously found by 

Nozawa et al. [Noz99] for a scallop tissue transglutaminase that had been positively 

affected by NaCl and NaNO3. 

The inhibition of the MTG activity by the ammonium salts is due to a competitive 

inhibition of the MTG. The reaction pathway in Fig. 4-3 points out that ammonia is a 

side product of the MTG reaction. The excess concentration of ammonium ions 

therefore prevents the reaction progress considerably. This effect was already 

described to be useful to control the activity of mammal transglutaminases. 

Regarding the addition of (NH4)2SO4 in enzymatically cross-linked protein-based 

films, Frohberg [Fro10b] observed a sudden drop of the mechanical performance at a 

critical salt concentration. It is likely that the inhibitory effect of the ammonium 

governed the decrease of the films mechanical properties [Tak86, Uek96]. 

The enhancement of the MTG activity by urea is possibly due to a relaxation of the 

enzyme’s molecular structure that may have resulted in a better access of the 

reaction site. It is assumed that the MTG would be inactivated at urea concentrations 

higher than 50 mM, since urea generally acts as denaturing agent for proteins 

[Rai11]. However, the trends in Fig. 6-11 show that the enzyme stayed active and 

thus, the critical amount of urea was not reached in the protein film manufacturing. 

The contribution of citric acid as an activating compound may result from a pH 

dependency of the enzyme followed by the activity decrease in a more acidic 

medium. Being a surfactant, the sodium dodecyl sulfonate (C12H25NaO3S) is 

assumed to interact with the outer surface of the MTG molecules and causes the 

enzyme inactivation already at low concentration like the almost similar SDS [Mug93, 

Moj13]. 

 

The SDS-PAGE analysis of the MTG induced NaCas film forming solution 

demonstrate that KNO3 and NH4NO3 are suitable additives although particularly the 

NH4NO3 decelerates the MTG reaction. Here, the Fig. 6-17 showed an incomplete 

cross-linking due to combined effect of competitive inhibition by NH4NO3 and heat 

inactivation. It has to be noted that the heat effect is avoided in the real process, 

because the film forming solution is homogenized for only 10 min after MTG addition 

and is subsequently poured into the casting molds. The MTG indeed remained active 

at a higher level than expected from the SDS-PAGE. This is proven by the protein 
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solubility as well as by the beneficial effect of the Activa MTG on the mechanical 

properties of NH4NO3 containing NaCas films. The NaCas release as a measure of 

the cross-linking degree is presented in Fig. 6-15 and the mechanical analysis of 

NaCas films with incorporated NH4NO3 is summarized in Fig. 6-10. 

7.7 Plant cultivation with protein-based carriers 

The NaCas films with incorporated fertilizer have been successfully applied in the 

product design of functional seed carrier systems. An evaluation on both the seed 

tapes with radish seed and the seed sheets as carrier for lettuce seed is given in 

chapter 6.5. Based on the product tests with the first prototypes, the following key 

factors have been determined for an optimization of the protein-based carrier 

material in plant seeding: 

 

 plant nutrition balance and local fertilizer concentration 

- matching of fertilizer content by plant specification with respect to a critical 

fertilizer amount 
 

 material moisture and water vapor barrier 

- avoidance of seed germination during storage by low material moisture 

- appropriate water vapor transfer to minimize rotting 
 

 gas barrier [Che95a, Car04, Jim12] 

- oxygen supply for the seed and germ viability 
 

The biodegradability of the carrier material is another important parameter for further 

development and marketing of the final products. In this regard, the usage of protein-

based materials is beneficial, since the protein itself serves as a nitrogen source for 

the plant growth. This has been shown with both model plants, radish and lettuce, 

and the corresponding results are compared in Fig. 6-18 and Fig. 6-19. Additionally, 

the plant growth and the final yield of particularly radish have been considerably 

enhanced by the supply of other fertilizing agents that had been incorporated into the 

carrier material. Therefore, the protein-based seed tapes and sheets combine the 

advantages of the traditional paper-based seed carrier and the simultaneous 

application of fertilizer that is known from pilled seed. 

 

Once the tested prototypes will reach the commercial launch, their material 

parameters and environmental impact have to be approved according to the national 

regulations. In Germany as well as in Europe, the certification and application of bio-

based polymers is regulated the standard DIN 13432 on which the national 

regulations on packaging material and bio-waste relate on [BioAbfV13, DIN00, 

VerpackV09]. For this particular application of a new seeding technique, another 

point of view instead of the biopolymer material is possible: the protein basis of the 

material as well as the incorporated functional additives acts as food source for the 
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plants. The protein-based carrier therefore is substantial for the plant fertilization. 

Other substances like the plasticizer are neutral to the environment and can be 

considered as minor components. Hence, the author recommends to seek the 

licensing of the protein-based seed carrier as a method of fertilization. The 

composition of fertilizers is determined in the German regulation on the fertilizing 

agents in agriculture [DüMV12]. 
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8. Conclusions and new approaches 
 

Crystallization as feature for protein-based materials 

The NaCas films are amorphous by the structure of their protein network. Functional 

additives can be rather easily incorporated into the protein matrix of the material and 

the crystallization of the additive within the film may occur. However, the nucleation 

and the beneficial effect are strongly dependent on the solubility of the additive in 

water, the material moisture as well as the thermodynamically favored crystal habit. 

Based on the work with crystallizing and non-crystallizing additives, the following 

general considerations on the integration of additive crystallinity within protein films 

can be made: 

 

 Choice of additives // additive vs. enzymatic cross-linking 

The functionality and additional benefit of an additive is clearly in the focus. A 

sufficiently low solubility of the additive contributes to the inner-film crystallization, 

but is no primary goal in the product design. The combination of additive and 

enzymatic cross-linking offers a synergistic effect, if the additive acts as activating 

compound for the enzyme. 
 

 Crystal size and shape of inner-film crystallized additives 

In particular the mechanical performance requires a rather isotropic crystal habit 

and a mean crystal size of less than the film thickness. The formation of 

acicularity has to be avoided by a suitable control mechanism. 
 

 Retention of additive release 

Compact crystallized particles of suitable size decelerate the additive release 

kinetics from the protein-based carrier. 
 

 Enhancement of the gas transfer 

The additive release is typically faster than the disintegration of the protein carrier. 

The dissolution of the additive is assumed to result in higher porosity of the 

protein-based material that results in an increased O2 and CO2 transmission. 
 

Thus, the advantage of inner-film crystallization is first of all a matter of the desired 

product and material requirements. The control of the additive release is still 

restricted, but may be optimized in the future work by e.g. material shapes of higher 

thickness, the usage of hydrophobic proteins as raw material and the application of a 

hydrophobic coating. 
 

Environmental conditions govern the material performance and quality 

The distinct hydrophilicity of the protein-based films makes them prone to mechanical 

failures particularly at extreme values of air humidity. The usage of plasticizer aims 

for the elasticity control within a range of temperature and relative air humidity. Here, 



Conclusions and new approaches 103 

the measurements of moisture uptake and water vapor transfer indicate that the 

commonly used hydrophilic plasticizers even enhance the material’s sensitivity to 

water. Therefore, it is recommended to store the protein films at constant ambient 

conditions in order to keep their quality. When crystallized additives had been 

incorporated into the films, the crystalline phase has to be monitored because a 

solvent mediated phase transition of the crystal lattice may occur. This finding 

explains the time and humidity dependent formation of needle-like orthorhombic 

KNO3 out of a trigonal morphology. 

 

In the manufacturing of the protein-based material by the wet process, the drying 

step also involves a proper control of the environmental conditions. The KNO3 

containing NaCas films generally have to be dried at or below 50 % RH, but no 

particular trend on temperature variation was found. It behaved differently for pure 

NaCas films, where the mechanical properties can be controlled by the drying 

conditions and enzymatic cross-linking: 
 

NaCas

non-cross-linked

(- MTG)

NaCas

cross-linked

(+ MTG)

high TS

moderate EB

25 - 75 °C

50 % RH

moderate TS

moderate EB

high TS

high EB

25 - 75 °C

25 % RH

75 °C

75 % RH

high TS

moderate EB

25 - 75 °C

50 % RH

25 °C

25 – 75 % RH

 
Fig. 8-1: Recommendations for the control of the mechanical properties of NaCas films by the drying 

conditions. TS… tensile strength; EB… elongation at break. 

 

Enzyme activity control by functional additives 

During this work, a variety of substances has been proven to change the enzyme 

kinetics of the microbial transglutaminase Activa MTG. The polymer additives had 

been chosen mostly because of their fertilizer functionality and to have included 

neutral inorganic salts and organic substances. The activating or inhibiting effect of 

the additives and the MTG activity results mainly in the increase or decrease of the 

reaction rate. The cross-linking level is usually not altered. Thus, enzyme activation 

or inhibition plays a minor role in the wet process, but is seen to have a huge impact 

in the scale up. The dry process, e.g. the extrusion technique is commonly used and 

the reactive extrusion is strongly dependent on the enzyme kinetics. Particularly the 

residence time can be diminished by MTG activation. Another way of process control 

may be the counteraction against high pressure issues by deceleration of the MTG 

reaction. Therefore, the synergy of enzymatic cross-linking and functional additives is 

seen to be a completely new approach in the control of the film extrusion process. 
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9. Summary 

In the present work, the caseinate-based films and sheets have been successfully 

applied as carrier materials and release systems for functional additives. Therefore, 

the 100 % biodegradable films are highly suitable for the product design of 

ecologically valueable goods that fit to the aim of sustainability. The additional benefit 

of this product design has been explained and demonstrated by an example from the 

agricultural and horticultural purpose: mulch films and seed tapes. 
 

For the first time, a deep insight is given on the crystallization of functional additives 

such as the fertilizer salt KNO3 within caseinate films and the application of 

enzymatic cross-linking by microbial transglutaminase. The characterization and 

control of the additive’s crystal habit is pointed to be essential for the preservation of 

the material appearance and mechanical performance. In the non-controlled case, 

KNO3 crystallizes first as a metastable polymorph within the protein matrix. Following 

Ostwald’s Rule of Stages, this crystal polymorph is described to undergo a phase 

transition to elongated orthorhombic crystals. These needle-like crystals may 

protrude the film surface and lead to mechanical instability due to a macroscopic 

defect structure. This thermodynamic process can be decelerated, but not stopped 

by the monitoring and adjustment of the drying process within the protein film 

manufacture or the control of the storage environment. 
 

The hugh impact of the drying process on caseinate films has been analyzed for the 

first time also with respect to incorporated crystalline additives and an enzymatic 

cross-linking. It has been shown that the mechanical properties, e.g. the tensile 

strength and the elongation can be increased up to 3.4 MPa and up to 245 %, 

respectively. This is achieved by the choice of the environmental conditions, 

temperature and air humidity during the water evaporation after the film casting. 
 

Known from industrial crystallization, the use of secondary additives is a highly 

suitable tool for the long-term control of the face-specific crystal growth. Among the 

screened substances, the combination of KNO3 and NH4NO3 was found to benefit 

best to both mechanical properties and the desired, self-regulating compact crystal 

shape. The NH4NO3-xKNO3 solid solution was observed to form several different co-

crystal habits in the protein-based carrier that can be correlated to the composition of 

the solid solution and the varied water solubility. Compared to caseinate films with no 

crystallized additive, the elongation of the films was increased to 300 % meanwhile 

the tensile strength was maintained in a synergisitic effect with enzymatic cross-

linking. The use of NH4NO3 as single fertilizer additive was determined to be limited 

because of the activity inhibition of the transglutaminase enzyme. 
 

All the screened additives and known KNO3 crystal growth inhibitors have also been 

tested on their influence on the reaction kinetics of the cross-linking enzyme. This is 
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clearly a matter of process design and the choice of the functional additive and 

crystal growth inhibitor might have a huge effect on the processing time and the 

overall material properties in a later process scale-up. 
 

During the final application of mulch films and particularly plant seed carriers, the 

protein-based carrier is meant to absorb water or water vapor, dissolve and /or 

degrade dependent on the presence of cross-links in the material. Simultaneously, 

the incorporated additive is to be released. The diffusion and release of the nitrate 

salt additives have been determined to be only slightly restricted by a cross-linked 

protein matrix. However, the moisture sorption, water uptake and swelling 

characteristics of the caseinate polymer are reported to be influenced by the additive 

salts to a great extent. In case of caseinate, the interaction with the dissociated salt 

ions resulted in a hydrophobization of the protein and therefore in a by 70 % 

diminished water uptake. 
 

The final product tests with protein-based plant seed carriers have clearly revealed 

the huge fertilization capacity of the protein itself as well as the seeding and plant 

growth tests showed the great potentials of tailor-made functionality. The amount of 

fertilizer in the seed carrier can be adjusted according to the specified plant nutrition 

balance. Using the protein-based carrier material, the biomass of the two model 

vegetable plants, radish and lettuce, was increased by up to 70 %. 
 

Aiming for a closer look on the material optimization and product benefit, a 

completely new field of interdisciplinary research was opened that combines the 

knowledge from biopolymer engineering, industrial crystallization and product design 

as well as life cycle analysis approaches. Furthermore, the work points to the various 

interactions of protein-based carrier, functional additives, covalent modification and 

environmental aspects that summarize to the final physico-chemical material 

properties and additional value.  
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10. Zusammenfassung 

Protein-basierende Materialien und insbesondere Caseinatfolien wurden in der 

vorliegenden Arbeit als Trägermaterial verwendet. Die zu 100 % biologisch 

abbaubaren Folien eignen sich deshalb für das Produktdesign ökologisch wertvoller 

Güter, die dem Nachhaltigkeitsgedanken Rechnung tragen. Der zusätzliche 

Mehrwert dieses Produktdesigns wurde beispielhaft an Hand von Mulchfolien und 

Saatbändern mit der Anwendung in Landwirtschaft und Gartenbau erklärt und 

erfolgreich demonstriert. 
 

Erstmals wurde zudem ein tiefer Einblick in die Kristallisation funktionaler Additive 

wie z. B. das Düngemittel KNO3 gegeben, das in Folien aus Caseinat eine kristalline 

Phase bildet. Auch die Möglichkeit der Anwendung der enzymatischen 

Quervernetzung der Proteinmatrix durch mikrobielle Transglutaminase und die 

Beeinflussung der Enzymaktivität durch die verwendeten Additivsalze wurden 

untersucht. Die Charakterisierung und die Kontrolle des Kristallhabitus wird als 

essentiell für den Erhalt sowohl des Erscheinungsbildes des Materials als auch der 

mechanischen Stabilität angesehen. Würde das Kristallwachstum von KNO3 nicht 

kontrolliert werden, kristallisiert das Salz zunächst als ein metastabiles, trigonales 

Polymorph innerhalb der Proteinstruktur aus. Der Ostwald’schen Stufenregel folgend, 

wandelt sich dieses kristalline Polymorph dann in längliche, orthorhombische Nadeln 

um. Diese nadelförmigen Kristalle können die Folienoberfläche durchbohren und 

führen durch die makroskopische Defektstrukur zu mechanischer Instabilität. Der 

thermodynamische Prozess der Phasenumwandlung kann durch die Einflussnahme 

auf die Trocknungsbedingungen während der Folienherstellung und die 

Lagerbedingungen zwar verlangsamt, aber nicht verhindert werden. 
 

Der große Einfluss des Trocknungsprozesses auf Caseinatfolien wurde erstmals 

bestimmt, auch in Bezug auf eingelagerte, kristalline Additive und auf eine 

enzymatische Quervernetzungsreaktion. Es wurde gezeigt, dass die mechanischen 

Eigenschaften, beispielsweise die Zugfestigkeit und die Bruchdehnung auf bis zu 

3.4 MPa und auf bis zu 245 % gesteigert werden können. Dies geschieht durch die 

Wahl der Umweltbedingungen Temperatur und Luftfeuchtigkeit während der 

Verdunstung des Lösungsmittels Wasser nach dem Gießen der Folie. 
 

Wie aus der industriellen Kristallisation bekannt ist, kann das phasenspezifische 

Kristallwachstum einer Substanz durch sekundäre Zuschlagstoffe beeinflusst und 

kontrolliert werden. Aus einem Screening heraus wurde die Kombination von KNO3 

und NH4NO3 als am besten geeignet bewertet, da einerseits die mechanischen 

Eigenschaften der Folie positiv beeinflusst und andererseits selbst-regulierend die 

gewünschte, kompakte Kristallform erhalten wurde. Die Mischkristalle NH4NO3-

xKNO3 bildeten verschiedene Morphologien aus, die in Zusammenhang mit der 
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Zusammensetzung des Mischkristalls und der Veränderung der Wasserlöslichkeit 

stehen. Verglichen mit Caseinatfolien ohne eingelagertes Additiv wurde die 

Dehnbarkeit der Folien auf 300 % erhöht, während die Zugfestigkeit durch einen 

Synergieeffekt mit der enzymatischen Quervernetzung auf gleichem Wert bebehalten 

werden konnte. Die Nutzung von NH4NO3 als alleinigem Düngemittel-Additiv ist 

hingegen nur eingeschränkt möglich, da das Ammoniumsalz in hoher Konzentration 

die Enzymaktivität der Transglutaminase inhibiert. 
 

Alle untersuchten sekundären Additive und bekannte Kristallwachstumsinhibitoren 

von KNO3 wurden auf ihre Wirkung auf die Reaktionskinetik des quervernetzenden 

Enzyms hin untersucht. Dies ist ein bedeutender Faktor hinsichtlich des Prozess-

designs, da die Wahl des funktionalen Additivs und entsprechendem Kristallwachs-

tumsinhibitor einen entscheidenden Einfluss auf die Verarbeitungs- und Verweilzeit 

sowie die resultierenden Materialeigenschaften bei einem späteren Scale-up des 

Produktionsprozesses haben kann. 
 

In der Anwendung als Mulchfolien oder Saatgut-Träger nehmen Proteinfolien 

Feuchtigkeit auf, lösen sich auf und / oder werden entsprechend ihrem 

Quervernetzungsgrad abgebaut. Währenddessen ist die Freisetzung des 

eingelagerten Additivs beabsichtigt. Die Diffusion und Freisetzung von Nitratsalzen 

wird nur bedingt durch die Quervernetzung der Proteinmatrix verzögert. Dennoch 

konnte gezeigt werden, dass die Feuchtigkeits- und Wasseraufnahme sowie das 

Quellverhalten der Caseinatfolien in hohem Maße von den verwendeten 

Additivsalzen abhängen. Im Fall von Caseinat bewirkte die Wechselwirkung mit den 

dissoziierten Salzionen eine Hydrophobisierung des Proteins, die zu einer bis zu 

70 % geringeren Wasseraufnahme führte. 
 

Die Produkttests mit dem protein-basierenden Saatgut-Träger stellten klar die hohe 

Düngekapazität des Proteins selbst heraus. Außerdem zeigten die Aussäh- und 

Pflanzenwachstumsversuche die großen Potentiale der maßgeschneiderten Funkt-

ionalität auf. Die Menge des Düngemittels im Saatgut-Träger kann der 

Nährstoffbilanz der jeweiligen Pflanze gezielt angepasst werden. So konnte die 

Biomasse der beiden Modellpflanzen, Radies und Kopfsalat, bis zu 70 % erhöht 

werden. 
 

Aus der kombinierten Betrachtung von Materialoptimierung und Produktnutzen ist so 

ein völlig neues, interdisziplinäres Forschungsgebiet entstanden, das fundamentale 

Aspekte aus der Entwicklung von Biowerkstoffen, industrieller Kristallisation und so-

wohl Produktdesign als auch Ansätze zur Lebenszyklusanalyse vereint. Des 

Weiteren weist diese Arbeit auf die verschiedenen Wechselwirkungen von protein-

basierendem Trägermaterial, funktionalen Additiven, kovalenter Modifikation und 

Umwelteinflüssen hin, die zusammengefasst die physikalisch-chemischen 

Materialeigenschaften und den Mehrwert beeinflussen. 
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11. Abbreviations and symbols 

11.1 Abbreviations 

 

ACS  American Chemical Society 

API  Active pharmaceutical ingredient 

APS  Ammonium persulfate 

ASTM  American Society for Testing and Materials 

CSD  Crystal size distribution 

DoE  Design of experiments 

DWVSG Dynamical water vapor sorption gravimetry 

EB  Elongation at break 

EN  European Organization for Standardization 

eq.  Equation 

Gly  Glycerol 

GMO  Genetically modified organism 

HDPE  High density polyethylene 

ISO  International Organization for Standardization 

LDPE  Low density polyethylene 

M  Marker 

MTG  Microbial transglutaminase 

MW  Molecular weight 

NaCas Sodium caseinate 

PE  Polyethylene 

PEG  Polyethylene glycol 

pKa  Logarithmic acid dissociation constant 

PP  Polypropylene 

PTFE  Polytetrafluorethylene 

PVC  Polyvinyl chloride 

SD  Standard deviation 

SDS  Sodium dodecylsulfate 

SDS-PAGE Sodium dodecylsulfate polyacrylamide gel electrophoresis 

TEMED Tetramethylethylene diamine 

TG  Transglutaminase 

TRIS  Tris(hydroxymethyl)aminomethane 

TS  Tensile strength 

UV, Vis Ultraviolet, visible light 

v, w  volume, weight 

WVP, WVTR Water vapor permeability, water vapor transmission rate 
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11.2 Symbols 
 

A0  [mm²]  Initial cross-sectional area 

d  [m]  interplanar spacing 

Et  [MPa]  Youngs’s module 

F  [N]  Force 

h  [mm]  Height 

k  [s-n]  Swelling front factor 

L0  [mm]  Initial length 

m  [g]  Mass 

MW  [g/mol; Da] Molecular weight 

M  [mol/L] Molarity 

Mt  [mol/L] Additive concentration released at an incremental time t 

M∞  [mol/L] Additive concentration at equilibrium state 

n  [-]  Release exponent 

n  [-]  Number of measurements per data point 

n  [-]  Integer in Bragg’s law 

p  [-]  Probability 

r  [mm]  Radius 

R²  [-]  Coefficient of determination 

rpm  [min-1]  Rotations per minute 

s  [-]  absolute standard deviation 

srel  [%]  relative standard deviation 

t  [s]  Time 

T  [%]  Total acrylamide concentration 

T  [°C]  Temperature 

Tg  [°C]  Glass transition temperature 

U  [µmol/min] Enzyme units 

w  [mm]  Width 

Y  [ganh/kgH2O] Solubility (mass of solute per mass of solvent) 

x   [-]  Mean value 

 

εB  [%]  Elongation at break 

εM  [%]  Maximum elongation 

θ  [°]  Diffraction angle 

λ  [m]  Wavelength 

σB  [MPa]  Tensile strength at break 

σM  [MPa]  Maximum tensile strength 
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14. Appendix 

Tab. 14-1: Activation / inhibition of the transglutaminase activity by additional compounds. The general 

Ca2+ dependency of the eukaryotic transglutaminases is not further considered in the review. 

Substance Enzyme origin Effect Ref. 

NH4Cl Caenorhabditis elegans 

(worm) 

Inhibition: 5 mM NH4Cl  64 % res. activity [Mád98] 

NH4Cl 

(NH4)2SO4 

Rattus norvegicus 

(laboratory rat) 

Inhibition: > 1 mM NH4Cl / > (NH4)2SO4  

no enzyme activity 

[Sei91] 

KCl Oreochromis niloticus 

(tilapia fish) 

Inhibition: 1 M KCl  38 % res. activity [Wor05] 

KCl Patinopecten yessoensis 

(scallop) 

Activation: 0.8 M KCl  8 fold higher 

activity 

[Noz05] 

Zn2+ 

 

Ba2+, Ca2+, 

Co2+, Cu2+, 

Fe2+, Mg2+, 

Mn2+, Na+ 

Streptoverticillium 

mobaraense 

Inhibition: 1 mM ZnCl2  20 % res. activity 

 

No effect on enzyme activity 

[Lu03] 

NaCl 

NaBr 

NaI 

NaNO3 

NaSCN 

 

Na2SO4 

Patinopecten yessoensis 

(scallop) 

Activation: 0.8 M NaCl  12 fold increase 

Activation: 0.8 M NaBr  11 fold increase 

Activation: 0.5 M NaI  7 fold increase 

Activation: 1 M NaNO3  8 fold increase 

Activation up to 0.25 M NaSCN, followed by 

inhibition at higher concentration 

Inhibition: 0.5 M Na2SO4  3 fold activity 

loss 

[Noz99] 

NaCl Various tissues of fish and 

aquatic invertebrates 

Activation: 1 M NaCl  5-10 fold higher 

activity 

[Noz01] 

NH4Cl Human factor XIIIa Inhibition: 10 mM NH4Cl  total inactivation [Uek96] 

(NH4)2SO4 Bos Taurus 

(from bovine plasma) 

Inhibition: 5 mM (NH4)2SO4  total 

inactivation 

[Tak86] 

 

 
Fig. 14-1: Calibration of the hydroxamate assay for spectrophotometric determination of 

transglutaminase activity at 525 nm. 
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Fig. 14-2: Calibration of nitrate determination by spectrophotometric measurement at 410 nm (left) 

and calibration of the Bradford assay at 595 nm (right). 

 

Tab. 14-2: Films A, B (NaCas non-cross-linked / cross-linked): Tensile strength and elongation at 

break of dependent on temperature (T) and relative humidity (RH) during drying process; n = 5. 

Test 
T 

[°C] 

RH 

[% RH] 

A B 

σM 

[MPa] 

εB 

[%] 

σM 

[MPa] 

εB 

[%] 

1 25 25 1.63±0.16 115±4 2.21±0.13 178±8 

2 25 50 2.21±0.04 159±5 1.74±0.06 199±8 

3 25 75 1.97±0.16 158±13 2.02±0.11 176±9 

4 50 25 2.46±0.06 152±10 2.05±0.47 132±16 

5 50 50 3.06±0.07 149±11 3.39±0.18 161±7 

6 50 75 2.07±0.10 184±15 2.86±0.33 192±15 

7 75 25 2.39±0.12 93±12 2.11±0.08 103±9 

8 75 50 3.41±0.37 131±18 2.96±0.29 146±13 

9 75 75 2.01±0.11 112±6 3.76±0.14 245±5 

 

 

Tab. 14-3: Films C, D (NaCas + KNO3 non-cross-linked / cross-linked): Tensile strength and 

elongation at break dependent on temperature (T) and rel. humidity (RH) during drying process; n = 5. 

Test 
T 

[°C] 

RH 

[% RH] 

C D 

σM 

[MPa] 

εB 

[%] 

σM 

[MPa] 

εB 

[%] 

1 25 25 1.43±0.04 140±7 2.16±0.19 201±11 

2 25 50 1.71±0.03 187±12 2.83±0.22 200±25 

3 25 75 0.92±0.14 121±11 1.61±0.04 181±12 

4 50 25 1.27±0.07 132±8 1.68±0.21 120±25 

5 50 50 1.39±0.04 165±7 2.68±0.10 178±9 

6 50 75 1.24±0.02 193±13 1.96±0.14 184±3 

7 75 25 1.25±0.04 100±9 1.08±0.03 66±13 

8 75 50 1.22±0.06 141±12 2.44±0.28 209±21 

9 75 75 0.83±0.06 114±8 1.38±0.11 146±16 
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Tab. 14-4: Water loss during drying and film formation of NaCas films at 25 °C and varied air humidity. 

Drying conditions were kept constant for 12 h, then shift to storage conditions as defined in DIN EN 

ISO527-3 (25 °C and 50 % RH); n = 1. 

Material t [h] 
Residual water content [%] 

Drying at 25 % RH Drying at 50 % RH Drying at 75 % RH 

Film A - KNO3 0 100 100 100 

 - MTG 6 36.1 49.2 75.2 

  12 15.4 27.5 53.3 

  24 7.8 8.0 16.5 

  36 7.8 8.0 8.1 

  60 7.9 8.0 8.0 

Film B - KNO3 0 100 100 100 

 + MTG 6 47.9 56.0 78.8 

  12 23.0 32.9 60.3 

  24 9.0 9.2 29.8 

  36 9.0 9.1 9.1 

  60 9.0 9.1 9.3 

Film C + KNO3 0 100 100 100 

 - MTG 6 51.4 62.1 81.4 

  12 19.1 28.4 64.6 

  24 8.7 9.0 33.8 

  36 8.8 8.9 8.9 

  60 8.8 8.9 8.9 

Film D + KNO3 0 100 100 100 

 + MTG 6 35.4 47.9 73.4 

  12 14.5 24.8 47.9 

  24 9.7 10.1 19.1 

  36 9.6 9.9 9.9 

  60 9.7 9.9 9.9 

 

Tab. 14-5: Cumulative crystal size distribution based on length for KNO3 crystals produced by batch 

cooling crystallization from pure aqueous solution (reference) and in presence of components from the 

film forming solution. Data refers to Fig. 6-6. 

Size fraction  

 

[µm] 

Reference 

KNO3 in d-H2O 

[%] 

KNO3 in Tris / 

HCl buffer pH 7 

[%] 

Glycerol / KNO3 

3:1 in d-H2O 

[%] 

Urea / KNO3 2:1 

in d-H2O 

[%] 

0 0.00 ± 0.00 0.00 0.00 0.00 

0-50 0.00 ± 0.00 0.00 1.00 0.00 

50-100 0.52 ± 0.35 3.89 20.70 2.58 

100-150 6.40 ± 0.94 21.11 37.66 9.79 

150-200 15.40 ± 2.84 46.31 52.87 16.49 

200-250 24.38 ± 3.14 64.75 65.34 21.65 

250-300 33.29 ± 4.02 77.46 76.06 29.38 

300-350 44.87 ± 5.67 85.25 79.55 40.72 

350-400 54.82 ± 6.33 91.80 84.04 48.45 

400-450 61.83 ± 7.31 96.31 86.28 54.12 

450-500 70.65 ± 8.05 98.36 88.03 60.31 
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Tab. 14-5 continued 

500-550 77.28 ± 6.50 98.98 89.28 64.43 

550-600 81.26 ± 7.44 99.18 90.02 71.13 

600-650 87.10 ± 2.78 99.59 91.27 77.32 

650-700 89.00 ± 2.34 99.59 92.27 80.93 

700-750 90.89 ± 1.89 99.59 92.77 82.99 

750-800 92.53 ± 1.28 99.59 92.77 85.05 

800-850 94.76 ± 0 34 99.80 93.27 89.18 

850-900 96.82 ± 0.15 100.00 94.01 93.81 

900-950 97.51 ± 0.14 100.00 94.51 94.85 

950-1000 97.94 ± 0.16 100.00 94.76 95.36 

>1000 100.00 ± 0.00 100.00 100.00 100.00 

 

Tab. 14-6: Mean aspect ratios from KNO3 crystal growth experiments, referring to Fig. 6-7. 

Additive 

 

Additive / KNO3 

 

Conc. 

[mM] 

D50 (length) 

[µm] 

D50 (width) 

[µm] 

Aspect ratio 

[-] 

(Reference) - 0 351.35 85.09 4.13 

Tris - 20 349.34 71.07 4.92 

Tris - 50 514.51 131.13 3.92 

Tris - 860 195.2 70.07 2.79 

Glycerol 1:1000 3.8 367.36 114.11 3.22 

Glycerol 1:100 38.4 324.32 134.13 2.42 

Glycerol 1:10 384.1 329.32 138.13 2.38 

Glycerol 3:1 12650.67 166.21 30.03 5.53 

NH4NO3 1:1000 3.8 n.b. n.b. n.b. 

NH4NO3 1:100 38.4 419.66 59.06 7.11 

NH4NO3 1:10 384.1 221.54 150.15 1.48 

KCl 1:1000 3.8 193.91 77.08 2.52 

KCl 1:100 38.4 229.82 101.1 2.27 

KCl 1:10 384.1 207.25 69.07 3.00 

Ca(H2PO4)2 1:1000 3.8 n.b. n.b. n.b. 

Ca(H2PO4)2 1:100 38.4 130.78 57.06 2.29 

Ca(H2PO4)2 1:10 384.1 340.61 52.05 6.54 

C12H25NaO3S 1:52612 0.07 497.50 98.10 5.07 

Urea 2:1 12931.51 405.40 66.07 6.14 

Citric acid  

in Tris buffer 

1:1000 

 

3.8 

860 

254.25 

 

36.04 

 

7.05 

 

Citric acid  

in Tris buffer 

1:100 

 

38.4 

860 

100.10 

 

46.05 

 

2.17 

 

Citric acid  

in Tris buffer 

1:10 

 

384.1 

860 

201.20 

 

19.02 

 

10.58 
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Tab. 14-7: Mechanical properties of NaCas films with varied additive mix of KNO3 and NH4NO3 (given 

in molar ratios) also in dependence of enzymatic cross-linking by different MTG sources (σM … tensile 

strength; εB … elongation at break); n = 5; data referring to Fig. 6-9. 

NH4NO3 / 

KNO3 

- MTG + Activa MTG + MTG (E. coli) 

σM [MPa] εB [%] σM [MPa] εB [%] σM [MPa] εB [%] 

0:0 1.21 ±0.04 105 ±2 2.11 ±0.09 185 ±9 n.d. n.d. n.d. n.d. 

0:1 0.93 ±0.01 108 ±4 1.83 ±0.05 209 ±6 1.84 ±0.09 185 ±6 

1:10 1.34 ±0.05 103 ±5 2.00 ±0.11 226 ±10 2.03 ±0.06 209 ±5 

1:7.5 1.30 ±0.03 103 ±5 2.00 ±0.16 246 ±8 n.d. n.d. n.d. n.d. 

1:5 1.38 ±0.02 106 ±3 2.04 ±0.08 265 ±8 1.97 ±0.04 231 ±4 

1:2.5 1.36 ±0.03 110 ±3 1.85 ±0.04 272 ±7 n.d. n.d. n.d. n.d. 

1:1 1.36 ±0.02 112 ±3 1.99 ±0.06 298 ±6 1.85 ±0.04 226 6 

 

Tab. 14-8: Mechanical properties of NaCas films with varied ammonium nitrate content, non-cross-

linked and treated with MTG (Activa or recombinant); n = 5; data referring to Fig. 6-10. 

NaCas / 

NH4NO3 

- MTG + Activa MTG + MTG (E. coli) 

σM [MPa] εB [%] σM [MPa] εB [%] σM [MPa] εB [%] 

1:0 2.58 ±0.13 127 ±6 2.11 ±0.09 185 ±9 2.97 ±0.17 174 ±11 

12:1 2.01 ±0.09 125 ±6 2.68 ±0.09 281 ±6 n.d. n.d. n.d. n.d. 

6:1 1.48 ±0.08 132 ±6 2.59 ±0.06 297 ±3 1.83 ±0.11 234 ±10 

4:1 0.85 ±0.03 116 ±5 2.12 ±0.11 226 ±9 n.d. n.d. n.d. n.d. 

2:1 0.64 ±0.02 87 ±5 0.9 ±0.05 153 ±13 0.6 ±0.04 133 ±9 
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Tab. 14-9: Cumulative crystal size distribution based on length from the KNO3 crystallization in presence of secondary additives for screening face specific crystal 

growth inhibitors. Data refers to Fig. 6-8. 

Size fraction 

 

[µm] 

NH4NO3 / KNO3 

1:1000 

[%] 

NH4NO3 / KNO3 

1:100 

[%] 

NH4NO3 / KNO3 

1:10 

[%] 

Ca(H2PO4)2 / KNO3 

1:1000 

[%] 

Ca(H2PO4)2 / KNO3 

1:100 

[%] 

Ca(H2PO4)2 / KNO3 

1:10 

[%] 

0 0.00 0.00 0.00 0.00 0.00 0.00 

0-50 0.00 0.00 0.00 0.00 1.57 0.00 

50-100 0.00 2.02 1.93 0.00 22.11 3.18 

100-150 0.00 6.06 13.13 0.00 48.92 10.51 

150-200 0.00 12.12 33.20 0.00 68.88 21.02 

200-250 0.00 20.20 54.83 0.00 85.32 30.89 

250-300 0.00 28.79 70.66 0.00 92.95 38.54 

300-350 0.00 36.87 81.08 0.00 96.28 46.82 

350-400 0.00 45.45 86.87 0.00 97.46 56.37 

400-450 0.00 52.53 90.73 0.00 98.63 64.33 

450-500 0.00 58.08 92.66 0.00 99.22 71.02 

500-550 0.00 64.14 95.37 0.00 99.80 75.48 

550-600 0.00 67.17 97.30 0.00 100.00 78.98 

600-650 0.00 68.18 98.07 0.00 100.00 84.08 

650-700 0.00 69.70 99.23 0.00 100.00 85.67 

700-750 0.00 72.73 99.61 0.00 100.00 87.58 

750-800 0.00 74.24 99.61 0.00 100.00 88.85 

800-850 0.00 77.27 99.61 0.00 100.00 91.72 

850-900 0.00 79.29 99.61 0.00 100.00 92.99 

900-950 0.00 82.32 99.61 0.00 100.00 93.63 

950-1000 0.00 84.34 99.61 0.00 100.00 93.63 

>1000 100.00 100.00 100.00 100.00 100.00 100.00 
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Tab. 14-9 continued 

Size fraction 

 

[µm] 

KCl / KNO3 

1:1000 

[%] 

KCl / KNO3 

1:100 

[%] 

KCl / KNO3 

1:10 

[%] 

Citric acid / KNO3 

1:1000 

[%] 

Citric acid / KNO3 

1:100 

[%] 

Citric acid / KNO3 

1:10 

[%] 

0 0.00 0.00 0.00 0.00 0.00 0.00 

0-50 0.31 0.00 0.00 1.84 3.04 0.90 

50-100 7.84 9.86 11.75 10.66 35.57 8.36 

100-150 27.59 23.94 28.42 23.16 65.73 24.78 

150-200 45.14 38.03 43.99 34.93 82.43 41.79 

200-250 60.50 50.35 55.74 46.32 91.54 57.31 

250-300 72.41 60.21 64.21 55.51 97.18 73.13 

300-350 82.45 69.37 75.14 62.50 98.48 84.48 

350-400 88.71 78.52 81.42 69.12 99.35 93.13 

400-450 94.04 81.34 86.34 73.53 99.57 98.21 

450-500 96.24 87.68 92.62 78.68 99.78 99.10 

500-550 97.18 89.44 95.63 82.35 99.78 99.40 

550-600 98.43 91.20 96.17 86.40 100.00 100.00 

600-650 99.06 95.07 96.99 87.87 100.00 100.00 

650-700 99.69 97.54 97.81 91.91 100.00 100.00 

700-750 100.00 97.54 98.91 93.75 100.00 100.00 

750-800 100.00 98.24 99.45 94.49 100.00 100.00 

800-850 100.00 98.59 99.73 95.22 100.00 100.00 

850-900 100.00 98.94 99.73 97.06 100.00 100.00 

900-950 100.00 98.94 99.73 97.79 100.00 100.00 

950-1000 100.00 99.65 99.73 98.53 100.00 100.00 

>1000 100.00 100.00 100.00 100.00 100.00 100.00 
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Tab. 14-10: Mechanical properties of NaCas films with constant glycerol and KNO3 content as well as 

varied urea amount with and without cross-linking; n = 5; data referring to Fig. 6-11. 

NaCas / glycerol / KNO3 / urea 

 

- MTG + Activa MTG 

σM [MPa] εB [%] σM [MPa] εB [%] 

6:1:1:0 14.99 ±0.24 70 ±3 13.43 0.35 18 ±5 

6:1:1:0.5 5.11 ±0.15 81 ±6 6.83 0.51 119 ±8 

6:1:1:1 3.99 ±0.47 81 ±2 4.87 0.2 148 ±5 

6:1:1:1.5 1.31 ±0.09 95 ±10 3.98 0.06 196 ±4 

6:1:1:2 0.81 ±0.05 107 ±0.5 3.18 0.07 192 ±5 

 

Tab. 14-11: Water uptake of enzymatically cross-linked films according to DIN EN ISO 62. NaCas / 

salt ratio constant at 6:1; n = 3; data refers to Fig. 6-12. 

Protein film: 

Water uptake (Δm) [%] 

NaCas + Activa MTG Gelatin (280 Bloom) + Activa MTG 

t [min] - + KNO3 

+ NH4NO3 / 

KNO3 1:1 
- + KNO3 

+ NH4NO3 / 

KNO3 1:1 

0 0 ±0 0 ±0 0 ±0 0 ±0 0 ±0 0 ±0 

2 195 ±28 140 ±6 105 ±4 -- -- -- -- -- -- 

5 511 ±41 319 ±54 127 ±8 155 ±5 77 ±34 95 ±11 

10 873 ±54 420 ±51 192 ±7 -- -- -- -- -- -- 

15 1263 ±81 515 ±81 288 ±62 202 ±34 100 ±26 160 ±3 

30 1459 ±245 812 ±55 569 ±59 261 ±9 180 ±6 218 ±30 

45 1950 ±128 822 ±24 667 ±103 267 ±37 190 ±14 247 ±42 

60 2003 ±105 939 ±10 706 ±23 242 ±11 194 ±8 292 ±14 

 

Tab. 14-12: Data from dynamic water vapor sorption gravimetry. Cross-linked NaCas films + Activa 

MTG have been measured; sorption isotherm to be found in Fig. 6-13 (I). 

Rel. air humidity 

[% RH] 

Δm [%] 

NH4NO3 / KNO3 1:10 NH4NO3 / KNO3 1:1 

0.48 -11.67 -10.92 

10.05 -11.33 -10.39 

20.04 -9.94 -8.80 

30.02 -7.75 -6.68 

40.00 -5.17 -4.11 

49.99 -1.79 -0.71 

60.02 3.75 4.82 

70.05 13.42 13.96 

75.11 20.55 21.08 

80.15 29.32 29.71 

85.11 42.80 42.67 

90.40 60.04 59.08 

95.00 87.21 83.81 

94.89 98.90 95.64 
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Tab. 14-13: Residual humidity of protein films stored at constant environmental conditions 25 °C and 

50 % RH determined by weight loss after drying at 50 °C, 24 h. Data refer to Fig. 6-13 (II). 

Material Residual humidity [%] Mean deviation [%] 

1 NaCas + MTG 13.9 4.4 

2 NaCas + MTG + KNO3 13.4 3.7 

3 NaCas + MTG NH4NO3 / KNO3 1:1 16.2 3.0 

4 Gelatin + MTG 13.5 2.4 

5 Gelatin + MTG + KNO3 13.6 1.7 

6 Gelatin + MTG NH4NO3 / KNO3 1:1 18.0 7.6 

 

Tab. 14-14: Nitrate release from NaCas films with inner-film crystallized nitrate salt in NaCas / salt 

ratio of 6:1, non-cross-linked and treated with Activa MTG; n =3 if not otherwise stated; Data as 

visualized in Fig. 6-14. 

t 

 

[min] 

Nitrate release (nitrate in the solvent) [%] 

NaCas - MTG NaCas - MTG + KNO3 

5 °C 15 °C 25 °C 5 °C 15 °C 25 °C 

0 0 n.d. 0 n.d. 0 n.d. 0 ±0 0 ±0 0 ±0 

2 0 n.d. 0 n.d. 0 n.d. 65.7 ±15.5 78.2 ±1.2 93.4 ±5.0 

5 0 n.d. 0 n.d. 0 n.d. 102 ±8.7 94 ±0.6 100 ±5.1 

10 0 n.d. 0.1 n.d. 0 n.d. 114.8 ±2.5 104 ±11.9 104.2 ±106 

15 0 n.d. 0 n.d. 0 n.d. 111.5 ±1.1 101.5 ±10.1 104.2 ±0.6 

30 0 n.d. 0.1 n.d. 0 n.d. 96.9 ±5.0 99.5 ±0.8 104 ±8.0 

t 

[min] 

NaCas – MTG + NH4NO3 / KNO3 1:1 NaCas + MTG 

5 °C 15 °C 25 °C 5 °C 15 °C 25 °C 

0 0 ±0 0 ±0 0 ±0 0 n.d. 0 n.d. 0 n.d. 

2 87.6 ±13.8 95.7 ±12.3 104 ±8.3 0 n.d. 0 n.d. 0 n.d. 

5 118.7 ±12.7 120.8 ±8.5 111.4 ±15.6 0 n.d. 0.2 n.d. 0 n.d. 

10 114.3 ±29.6 120.7 ±12.9 117.8 ±8.6 0 n.d. 0.2 n.d. 0 n.d. 

15 133.5 ±13.3 122.8 ±14.0 116.6 ±4.4 0 n.d. 0.4 n.d. 0 n.d. 

30 121.8 ±18.0 112.8 ±3.8 111 ±1.8 0 n.d. 0.7 n.d. 0 n.d. 

t 

[min] 

NaCas + MTG + KNO3 NaCas + MTG + NH4NO3 / KNO3 1:1 

5 °C 15 °C 25 °C 5 °C 15 °C 25 °C 

0 0 ±0 0 ±0 0 ±0 0 ±0 0 ±0 0 ±0 

2 55.4 ±6.2 61.4 ±5.3 83 ±1.5 79.4 ±15.7 72.7 ±1.1 85.7 ±3.5 

5 92 ±13.0 76.2 ±6.1 90.3 ±1.8 105.1 ±15.4 96.3 ±6.3 91.2 ±1.7 

10 100.2 ±4.2 101.5 ±6.3 91 ±1.4 107.9 ±7.9 109.2 ±3.5 97.9 ±1.3 

15 114.2 ±6.5 110.5 ±4.3 93.5 ±1.8 118.7 ±4.8 124.1 ±3.4 98.1 ±1.1 

30 112.8 ±7.7 111.5 ±3.9 90.4 ±2.8 116.3 ±13.6 121.7 ±13.6 99.8 ±2.6 
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Tab. 14-15: Protein release from the NaCas film structure determined by Bradford analysis of the 

protein concentration in the solvent medium; n = 3 if not otherwise stated. Measurement within the 

active ingredient release tests, data corresponding to Fig. 6-15. 

t 

 

[h] 

Protein release (protein in the solvent) [%] 

NaCas - MTG NaCas - MTG + KNO3 

5 °C 15 °C 25 °C 5 °C 15 °C 25 °C 

0 0 ±0 0 ±0 0 ±0 0 ±0 0 ±0 0 ±0 

2 0 ±1.4 13.3 ±5.1 23.7 ±0.9 0.4 ±0.1 6.8 ±1.0 9.3 ±3.0 

5 7.5 ±1.8 21.3 ±5.6 47.3 ±0.2 2.6 ±0.1 21.6 ±4.0 12.8 ±3.1 

10 86.4 ±2.2 47 ±8.7 48.3 ±7.2 14.2 ±3.7 47.5 ±6.8 40.1 ±14.2 

15 107.5 ±12.1 71.5 ±3.6 58.7 ±7.4 29.1 ±4.3 76.8 ±7.9 84.1 ±5.6 

30 110.6 ±12.8 87.7 ±6.6 79.3 ±6.9 72.7 ±16.9 100.2 ±6.4 121.8 ±1.8 

t 

[h] 

NaCas – MTG + NH4NO3 / KNO3 1:1 NaCas + MTG 

5 °C 15 °C 25 °C 5 °C 15 °C 25 °C 

0 0 ±0 0 ±0 0 ±0 0 n.d. 0 n.d. 0 n.d. 

2 0 ±0.6 1.9 ±0.9 11.6 ±4.5 0 n.d. 0 n.d. 0 n.d. 

5 0 ±0.8 4.2 ±1.5 24 ±7.8 0 n.d. 0.1 n.d. 0 n.d. 

10 0 ±1.5 6.3 ±1.9 63.7 ±5.5 0 n.d. 0.2 n.d. 0 n.d. 

15 0.7 ±0.1 17.3 ±1.8 95.8 ±12.1 0 n.d. 0.4 n.d. 0.1 n.d. 

30 2 ±0.2 39.9 ±4.4 104.2 ±9.6 0 n.d. 0.5 n.d. 0.4 n.d. 

t 

[h] 

NaCas + MTG + KNO3 NaCas + MTG + NH4NO3 / KNO3 1:1 

5 °C 15 °C 25 °C 5 °C 15 °C 25 °C 

0 0 n.d. 0 n.d. 0 n.d. 0 n.d. 0 n.d. 0 n.d. 

2 0 n.d. 2.6 n.d. 0 n.d. 0 n.d. 0.1 n.d. 0 n.d. 

5 0 n.d. 9.8 n.d. 0 n.d. 0 n.d. 0.5 n.d. 0.5 n.d. 

10 0 n.d. 8.9 n.d. 0 n.d. 0 n.d. 2.1 n.d. 2.1 n.d. 

15 0 n.d. 5.4 n.d. 2.5 n.d. 0 n.d. 5.1 n.d. 9.6 n.d. 

30 0 n.d. 9.4 n.d. 9.3 n.d. 6.5 n.d. 10.8 n.d. 19.1 n.d. 

 

Tab. 14-16: Enzyme activity of microbial transglutaminase from Activa TG WM, Ajinomoto, tested with 

the hydroxamate assay. The activity is expressed in relative units, showing the dependency on the 

presence of other substances (enzyme activator / inhibitor) in the solution. Data corresponding to Fig. 

6-16. 

Additive 

[mM] 
KNO3 KCl NH4NO3 (NH4)2SO4 

0 100 ±2.2       

0.0015 98.4 ±0.8 99.6 ±2.6 111.5 ±5.2 101 ±1.0 

1.5 109.2 ±4.4 99.4 ±5.1 106 ±10.4 97.3 ±0.3 

5 105.3 ±2.7 124.5 ±13.2 100.4 ±0.8 96.3 ±3.9 

10 101.1 ±1.2 127.5 ±6.3 104.9 ±9.3 98.5 ±2.7 

25 103.7 ±5.1 142.3 ±17.9 96.6 ±2.2 94.2 ±7.6 

50 106.5 ±3.5 154.6 ±6.4 88.6 ±4.3 90.2 ±0.9 
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Tab. 14-16 continued 

Additive 

[mM] 
Ca(H2PO4)2 Urea Citric acid C12H25NaO3S 

0.0015 97.4 ±3.5 137.1 ±18.3 145.5 ±3.8 123.9 ±14.9 

1.5 99.7 ±2.1 138.4 ±11.3 130.3 ±13.3 70 ±23.9 

5 n.d. n.d. 133.9 ±11.3 125.7 ±6.4 11.7 ±1.1 

10 n.d. n.d. 132.5 ±16.5 127.1 ±6.2 11.4 ±10.4 

25 n.d. n.d. 129.7 ±5.0 110.7 ±6.1 n.d. n.d. 

50 n.d. n.d. 128.2 ±3.9 100.6 ±5.7 n.d. n.d. 

 

Tab. 14-17: Seed germination and plant growth tests for different seeding techniques including 

protein-based seed carriers. The biomass was determined gravimetrically right after harvest. Data 

refers to Fig. 6-18 and Fig. 6-19. 

Radish (Raphanus sativus var. sativus) 

Method 
Biomass (whole plant) 

[g] 

Biomass (root) 

[g] 

A Bulk seed 4.8 ± 0.6 0.7 ± 0.1 

B Paper based seed tape 6.2 ± 0.9 1.6 ± 0.2 

C Protein-based seed tape 10.8 ± 0.5 2.6 ± 0.1 

D Protein-based seed tape + KNO3 15.6 ± 1.5 4.9 ± 0.5 

Lettuce (Lactuca sativa var. capitata) 

Method 
Seed germination 

[%] 

Biomass (whole plant) 

[g] 

i Bulk seed 81.3 11.8 ± 4.1 

ii Pilled seed 75.0 23.2 ± 3.8 

iii Paper based seed tape 16.6 (seedlings died) 

iv Protein-based seed sheet 37.5 30.0 ± 2.3 

v Protein-based seed sheet + KNO3 62.5 14.8 ± 9.3 

vi Protein-based seed sheet + urea 12.5 25.0 ± 10.5 
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