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ABSTRACT
The increasing environmental concern has reawakened an interest in materials
based on renewable resources as replacement for petroleum-based materials. The
main objective of this thesis was to explore plant proteins, more specifically
wheat gluten, as a binder in wood adhesives intended for typical solid wood
applications such as furniture and flooring.
Alkaline and acidic dispersions of wheat gluten were used as wood adhesives
to bond together beech wood substrates. Soy protein isolate was used as a
reference. The tensile shear strengths of the substrates were measured for
comparison of bond strength and resistance to cold water. AFM in colloidal probe
mode was used to investigate nanoscale adhesion between cellulose and protein
films. Wheat gluten was divided into the two protein classes; glutenins and
gliadins, and their adhesive performance was compared with that of wheat
gluten. Heat treatment and mild hydrolysis were investigated as means for
improving bonding performance of wheat gluten. The treated wheat gluten
samples were analysed by SE-HPLC and 13C-NMR to correlate molecular size
distribution and structural changes with bonding performance.
Soy protein isolate is superior to wheat gluten, especially in regards to water
resistance. However, the bond strength of wheat gluten is improved when
starved bond lines are avoided. The AFM analysis reveals higher interfacial
adhesion between soy protein isolate and cellulose than between wheat gluten
and cellulose. These results partly explain some of the differences in bonding
performance between the plant proteins. Soy protein isolate contains more polar
amino acid residues than wheat gluten and possibly interacts more strongly with
cellulose. Furthermore, the bond performances of wheat gluten and glutenin are
similar, while that of gliadin is inferior to the others, especially regarding water
resistance. The extent of penetration of the dispersions into the wood material has
a large impact on the results. The bonding performance of gliadin is similar to the
others when over-penetration of the dispersion into the wood material is avoided.
Moreover, the bond strength of the wheat gluten samples heated at 90°C was in
general improved compared to that of wheat gluten. A small improvement was
also obtained for some of the hydrolyzed wheat gluten samples (degree of
hydrolysis: 0-0.6 %). The improvements in bonding performance for the heat
treated samples are due to polymerization, while the improvements for the
hydrolyzed samples are due to denaturation. The 13C-NMR analysis of the treated
samples confirms some degree of denaturation.

SAMMANFATTNING
Med ökande hänsyn till miljön har ett intresse återuppväckts för material
baserade på förnyelsebara resurser som ersättning för petroleumbaserade
material. Huvudsyftet med denna avhandling var att undersöka växtproteiner,
närmare bestämt vetegluten, som bindemedel i trälim vilka är avsedda för solida
träapplikationer som möbler och golv.
Alkaliska och sura dispersioner av vetegluten användes som bindemedel för att
binda samman substrat av bok. Sojaproteinisolat användes som referens.
Substratens drag- och skjuvhållfasthet bestämdes för att jämföra bindningsstyrka
och beständighet mot kallt vatten. AFM i kolloidal prob-konfiguration användes
för att undersöka vidhäftning i nanoskalaområdet mellan cellulosa och filmer av
proteinerna. Genom extraktion separerades vetegluten i de två proteingrupperna
gluteniner och gliadiner, och deras bindningsegenskaper jämfördes med den hos
vetegluten. Värmebehandling och mild hydrolys har studerats som medel för att
förbättra veteglutens bindningsegenskaper. De behandlade veteglutenproverna
13C-NMR
analyserades
med
SE-HPLC
och
för
att
korrelera
molekylstorleksfördelning och strukturella förändringar med egenskaperna.
Sojaproteinisolat är överlägset vetegluten, speciellt med avseende på
vattenbeständighet. Emellertid kan bindningsstyrkan hos vetegluten förbättras
om alltför tunna limfogar undviks. AFM-analysen visar på högre adhesion i
gränsytan mellan sojaproteinisolat och cellulosa än mellan vetegluten och
cellulosa. Dessa resultat kan delvis förklara skillnaderna i bindningsegenskaper
mellan
växtproteinerna.
Sojaproteinisolat
innehåller
mer
polära
aminosyragrupper än vetegluten, vilket möjligen kan förklara dess starkare
interaktion med cellulosa. Vidare är bindningsegenskaperna för vetegluten och
glutenin likartade, medan den hos gliadin är sämre, särskilt med avseende på
vattenbeständighet. Omfattningen av dispersionemas penetration in i träytan har
en stor inverkan på resultaten. Gliadins bindningsegenskaper är jämförbara med
de andras när överpenetrering av träytan undviks. För övrigt kan
bindningsstyrkan hos vetegluten förbättras genom värmning till 90 °C. En liten
förbättring erhölls också för några av de hydrolyserade veteglutenproverna
(hydrolysgrad: 0-0,6%). Förbättringarna i bindningsprestanda för de
värmebehandlade proverna beror på polymerisering, medan förbättringarna för
de hydrolyserade proverna beror på denaturering. 13C-NMR-analys av de
behandlade proverna bekräftar en viss grad av denaturering.
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Purpose of the Study

1.PURPOSE OF THE STUDY
Plant proteins, such as soybean protein and wheat gluten, constitute attractive
raw materials for manufacturing of environmental friendly and sustainable
adhesives. Soybean protein has been used as a wood adhesive, but most
petroleum-based products are superior in strength and water resistance. A
significant amount of research has therefore been performed in recent years to
improve bonding performance of soybean protein. Nevertheless, since the
soybean plant is not grown worldwide, it is of interest to also study proteins from
other plants.
The overall purpose with this thesis was to explore the wood adhesive
performance of wheat gluten. More specifically, one objective was to investigate
potential differences in bonding performance between wheat gluten and soy
protein isolate on multiple scales. Both alkaline and acidic dispersion systems
were used as adhesives. A combination of techniques was used: tensile shear
strength measurements, optical microscopy and AFM. Colloidal probe AFM
adhesion measurements were performed on model protein surfaces to better
understand the interfacial behavior between the plant proteins and the cellulose
component of wood at the nanoscale.
Moreover, extensive research has shown that the gliadin and glutenin fractions of
wheat gluten possess very different properties.1-6 The aim was therefore to
investigate if these differences would also result in different adhesive
performance. Wheat gluten was divided into gliadin and glutenin, and the
fractions were studied separately. The aim was also to investigate the influence of
application method on bonding performance.
Furthermore, an additional objective was to investigate heat treatment or
enzymatic hydrolysis as means of improving the bonding performance of wheat
gluten. The changes in structural appearance and molecular size distribution of
wheat gluten were correlated with changes in adhesive performance.

1

Introduction

2. INTRODUCTION
2.1

WOOD

Wood has been, and still is, an extensively used material because of its unique
and useful properties. It is recyclable and biodegradable, and renewable.7 Today,
wood is used in many different products, such as paper, tools, buildings,
furniture, flooring, particleboard, music instruments and packaging.
Wood can be divided into softwoods (gymnosperms), such as pine (Pinus) and
spruce (Picea), and hardwoods (angiosperms), e.g. beech (Fagus) and birch
(Betula).8,9 It can be regarded as a biopolymer composite with a complex structure
composed of different cell types.8 Wood is mainly composed of cellulose,
hemicelluloses and lignin. Wood also consists of smaller amounts of extractives
and inorganic material.10 Its structure and properties varies largely between
different species. In this thesis beech wood were used for the bonding
experiments. The composition of beech (Fagus sylvatica) is: cellulose (~39 %),
hemicellulose (~29 %), lignin (~25 %), other polysaccharides (~4 %), extractives (~1
%), and residual constituents (~1 %).11
From a transverse perspective, the trunk of a tree can be divided into six layers,
from inside to outside (Fig. 1): The pith in the very centre of the trunk is a residue
of tissues from the first year of growth.8 The heartwood is the non-conductive
part of wood and is often more dark-coloured than the sapwood, while the
sapwood is the active part of wood conducting water or sap from the roots to the
leaves. The vascular cambium, situated between the wood (xylem) and the inner
bark (phloem), is a very thin layer of living cells where new wood cells and inner
bark cells are formed. The inner bark transports the sugar produced during the
photosynthesis from the leaves to the roots or vascular cambium, while the outer
bark mechanically supports the inner bark and reduces evaporation of water.8,9
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inner and
outer bark
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vascular
cambium
Figure 1. Transverse section of pine trunk showing the bark, sap- and heartwood regions,
and the annual rings composed of early- and latewood. From Pulp and Paper Chemistry and
Technology, Vol.1, Walter de Gruyter. Used with permission.

In regions with seasonal changes, in the temperate zone of the world, larger and
thin-walled cells are formed in the beginning of the growth period (earlywood
cells), while cells with thicker walls (latewood cells) are formed during the end of
the growth period. A layer of earlywood and latewood cells constitute a growth
ring and the number of growth rings counted at the base of the trunk is
equivalent to the age of the tree. However, many tropical woods lack growth
rings.8,9
The main part of the wood cells belongs to the axial system of cells, running
parallel to the trunk of the tree, while those in the radial system have a horizontal
direction running from the pith to a growth ring or the bark (Fig. 2). Conduction
of water and nutrients is made possible by pits, openings in the cell walls.8,9
Softwoods, with a relatively simple structure, consist mainly of two different
cells: tracheids (90-95%) and ray parenchyma cells (5-10%).9,12 Hardwoods, on the
other hand, have a more complicated structure. The cells of hardwoods can be
divided into: vessels (pores), fibers, axial parenchyma cells, and ray parenchyma
cells. The size, shape, and arrangements vary even within the same group of
cells.8
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Figure 2. Models of a softwood and a hardwood block, showing the main cutting planes
for anatomical studies, and anatomical structures visible without optical aids. From Wood:
Chemistry, Ultrastructure, Reactions, by D. Fengel and G. Wegener, 1983, 1989 Walter de
Gruyter & Co., Berlin. Used with permission.

The cell wall consists of three different layers: the middle lamella, the primary
wall, and the secondary wall, which can be further divided into the layers: S1, S2,
and S3 (Fig. 3). The middle lamella binds adjacent cells together. The main
components of the layers are cellulose microfibrils, hemicelluloses, and lignin,
even though the composition differs between the layers. The composition is also
different between softwoods and hardwoods, but also between different
species.8,12,13

Figure 3. Simplified structure of a woody cell, showing the middle lamella (ML), the
primary wall (P), the outer (S1), middle (S2), and inner (S3) layers of the secondary wall, and
the warty layer (W). From Pulp and Paper Chemistry and Technology, Vol.1, Walter de
Gruyter. Used with permission.
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In conclusion, wood is inhomogeneous and very anisotropic.14 Its properties vary
according to its growing direction. Furthermore, cellulose is the main component
of wood, but depending on how the wood substrate has been prepared prior to
bonding, cellulose may not be the main component on the surface.14 These issues
will affect adhesive-wood interaction. It is important that the adhesive can
interact with various bonding surfaces.14

2.2

2.2.1

WOOD ADHESIVES

Adhesion mechanism

Adhesion refers to the interaction between the surfaces of an adhesive and the
substrate, and both mechanical and chemical aspects influence adhesion.14 There
are several theories of adhesion, but there is no single theory capable of giving a
universal explanation to the concept of adhesion. The adhesion mechanism is
complex and is affected by type of substrates, adhesives, and bonding conditions.
The theories are derived from different scientific fields and may complement, but
sometimes even, contradict each other. The following theories are the most
common: adsorption (thermodynamic) theory, mechanical interlocking, diffusion
theory, electrostatic interaction theory, and theory of weak-boundary layers.14-16
However, in this thesis the adsorption theory is discussed since it is generally
assumed to be the most applicable. Mechanical interlocking is also mentioned
briefly since wood is a porous substrate. According to the mechanical interlocking
theory, adhesive strength is provided by interlocks which are formed when the
adhesive penetrates into the pores and cavities of the substrate.14,16,17 The
adsorption theory, on the other hand, states that the adhesion is a result of
chemical interaction between adhesive and substrate on a molecular level. The
attractive forces that are established at the interface between adhesive and
substrate are mainly attributed to secondary chemical interactions.16 These
interactions include hydrogen bonding and van der Waals forces. The strength of
different bond types is presented in Table 1. Van der Waals bonds are common
interfacial forces, but hydrogen bonds are likely to be present at the interface
between wood and wood adhesives.14 Most wood components are rich in
hydroxyl groups, and most wood adhesives contain polar groups that can
participate in hydrogen bonding. Hydrogen bonding is also important for bio-
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based adhesives, since it contributes to both adhesive and cohesive strength.14
Nevertheless, one limitation with hydrogen bonds is that they are disrupted and
weakened by water. Moreover, Brønsted acid-base interactions, which are
stronger interactions than secondary bonds, may also be present through for
example salt formation between carboxyl groups from wood and amine groups
from a protein-based adhesive. If covalent bonds are present or not between
wood and different adhesives are still under debate and it has hitherto been
difficult to verify the existence of such bonds.14
Table 1. Table of bond strength from literature bond types and typical bond energies.14,18,19
Type

Bond energy
(kJ/mol)

Primary bonds
Ionic

600-1100

Covalent

60-700

Metallic, coordination

110-350

Donor-acceptor bonds
Brønsted acid-base interactions

Up to 1000

(i.e. up to a primary ionic bond)
Lewis acid-base interactions

Up to 80

Secondary bonds
Hydrogen bonds (excluding fluorines)

1-25

Van der Waals bonds
Permanent dipole-dipole interactions
Dipole-induced dipole interactions
Dispersion (London) forces

4-20
Less than 2
0.08-40

For a proper bond to form, the adhesive and wood substrate need to come into
close contact. If the distance is more than 5 Å, then the chemical interactions will
not take place, see Figure 4.18 It is therefore very important that the adhesive
properly wets the surface of the substrate, flows over it, and penetrates into the
wood material. The adhesive will be able to wet the surface if its contact angle
with the surface is low.14 Thus, the surface tension of the adhesive (γLV) should be
lower than the surface tension (γSV) or critical surface energy (γC) of the wood
substrate (γadhesive < γCsubstrate).15 To cover the substrate, the adhesive need to flow
properly over the surface. The ability of the adhesive to flow is dependent upon
the difference in surface tension between substrate and adhesive, but also on the
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viscosity of the adhesive. A high viscousity may prevent the adhesive to flow
appropriately. Penetration is also important since a strong adhesive joint requires
that the surface is covered with the adhesive despite the roughness and cavities of
the wood surface. Penetration is dependent on the size of the cavities, besides the
surface tension differences and the viscosity of the adhesive. However, even
though penetration is important, an appropriate balance between the amount of
adhesive in the bond line and in the wood material is crucial. Over-penetration
will result in thin and weak bond lines, while under-penetration will prevent
formation of strong wood adhesive interactions.14

Figure 4. The energy content of various bonds. From Industrial Adhesives Handbook, Casco
Nobel, Nobel Industries, 1992. Used with permission.

2.2.2

Petroleum-based adhesives

Wood bonding constitutes one of the largest markets for adhesives.20 The wood
adhesives of today range from formaldehyde-based resins to latex-based systems.
They are mainly water-based adhesives. The adhesives can be divided into three
different groups depending on the hardening processes: drying, curing, or
cooling.18,21 Drying adhesives are thermoplastic polymers dissolved in an organic
solvent or dispersed in water. When they set during the bonding process, the
solvent or water evaporates and/or diffuses into the adherend. If the polymer is
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dissolved in the solvent, the polymer will turn into solid when the solvent has
evaporated. If the polymer is dispersed in water, the polymer particles will get
closer to each other and eventually get close enough to deform and coalesce into a
solid film. Curing adhesives are thermosetting polymers that polymerize during
the bonding process. The curing process depends on the polymer and can be
initiated by addition of a hardener or altered conditions, such as contact with
moisture, illumination with UV light, or change in pH. The adhesives that set on
cooling is a form of thermoplastic adhesive that is melted prior to being applied
to the adherend and thereafter cooled into a solid.18
Depending on the requirements regarding bond strength and water resistance,
different adhesives are suited for different wood bonding applications (Table 2).
Table 2. Examples of different adhesives used for different wood applications.
Ahesive

Type of adhesive

Application (solid wood)

UF resins

Thermoset

Flooring, curved plywood, foliating,
veneering, edge glued panels, board
on frame

PVAc dispersion

Thermoplastic

Assembly gluing, dowel gluing,
foliating, veneering, edge glued
panels, board on frame

EVA dispersion

Thermoplastic

PP-foliating, PVC-foliating, PVC edge
gluing

RF resins
PRF resins

Thermoset

Finger joints, beams, boats, doors
(outdoor), windows, load bearing
constructions, shuttering board

MF resins
MUF resins

Thermoset

Light coloured joints, load bearing
constructions, finger joints, doors
(outdoor), shuttering board

EPI

Thermoset/Thermoplastic

Windows, doors (outdoor), flooring,
veneering, edge glued panels

PUR

Thermoset

Structural elements, doors (outdoor),
flooring (hot-melt)

The press parameters are dependent on, among other things, the chosen
application and the adhesive system. Common press temperatures for cold
pressing and hot pressing are approximately 20°C and 70-90°C, respectively.
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Press temperatures above 100°C can be used for some applications (e.g. foliating,
veneering, plywood applications). Press times are exemplified with the following:
<1 min (veneering, hot pressing), 2-5 min (flooring, hot pressing), and hours (cold
curing systems).
Unfortunately, petroleum-based adhesives have a negative impact on the
environment. They are mainly derived from the limited and non-renewable fossil
source and some of them, such as the formaldehyde-based resins, emit low molar
mass compounds during product manufacturing, distribution, and end-use that
can be harmful to the environment and human health. The increasing
environmental concern has therefore initiated an interest in adhesives based on
biopolymers since they are environmental friendly and derived from renewable
resources.

2.2.3

Plant-protein-based adhesives

Blood and milk protein, have since historic times been used as wood adhesives. In
more recent times, soybean protein has also been utilized for wood bonding
applications.22,23 None of these adhesives are suitable for exterior applications due
to insufficient resistance to water or mold. However, some improvements
regarding these issues are obtained if the proteins are more efficiently dispersed
and denatured. Sodium hydroxide, calcium hydroxide, and ammonia are
normally used as dispersing and denaturation agents. The best bonding results
are obtained with denatured and hot pressed blood adhesives. Casein (milk
protein) adhesives also provide some water resistance. Soybean protein has been
used as a wood adhesive on its own, but also in combination with blood and
casein. Formaldehyde donors, sulphur compounds, and inorganic complexing
salts have been added in order to improve water resistance through crosslinking.
The adhesives have mainly been used for interior grade plywood and
furnitures.22
Since the 1960’s, however, protein adhesives have more or less been replaced by
petroleum-based products, most of which are superior in strength and water
resistance.22,23 Nevertheless, protein-based adhesives are becoming attractive
again due to the increased interest in environmental friendly and sustainable
adhesives. In recent years, extensive research has been performed to improve
adhesion strength and water resistance of soy protein. Different physical and
9
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chemical methods were found to be useful in enhancing the adhesive properties.
Heat treatment and different denaturation agents, such as alkali, urea, guanidine
hydrochloride, sodium dodecyl sulphate, sodium dodecyl benzene sulphonate,
and cationic detergents, were utilized to unfold the protein structure and thus
making it more available for interaction and reaction.24-28 Enzymatic hydrolysis
has also been investigated for the same purpose.24,29 Good results have also been
obtained combining soybean protein with synthetic resin polymers such as
phenol-formaldehyde (PF) resins, polyamidoamine-epichlorohydrine (PAAE)
resins, polyethyleneimine (PEI), aliphatic polyketones, and melamine-ureaformaldehyde (MUF) resin.30-38
Wheat protein has been less extensively used as a wood adhesive, but some work
has been reported regarding its ability to bond wood. D’Amico et al. investigated
the use of wheat flour as an adhesive for solid wood.39 Lei et al. reported
successful use of hydrolyzed wheat gluten as a wood adhesive for
particleboards.40 The hydrolyzed wheat gluten was modified with either
formaldehyde or glyoxal, and then further combined with other crosslinkers, e.g.
isocyanate (pMDI). El-Wakil and co-workers used modified wheat gluten in
combination with a urea-formaldehyde (UF) resin as a binder in particleboard of
reed.41 The wheat gluten had been modified with urea and sodium hydroxide.
The standard requirements regarding mechanical and physical properties were
still met when up to 80% of the UF resin was substituted with modified wheat
gluten.
Protein-based adhesives generally require higher press temperatures and longer
press times than petroleum-based products. Several researcher have reported use
of press temperatures between 104°C to 170°C, and press times ranging from 5 to
15 min, for 3 mm thick wood substrates.25-27,29,33,42,43

2.3
2.3.1

PROTEIN
General information about proteins

Proteins are linear polyamides with diverse functions in a large variety of
different biological systems in both plants and animals. Proteins are composed of
20 different α-amino acids, which all but proline have the general structure
shown in Figure 5.44-46
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COOH
H2N

R
H

Figur 5. α-Amino acid

All these amino acids have different side chains (R). They are Zwitterions. The
amino acids are either acidic, basic or neural depending on the chemical structure
of the side chains, which also determine if they are hydrophilic or
hydrophobic.44,45 Some of the side chains contain functional groups (e.g. thiol,
hydroxyl, carboxyl, amide and amine groups) that are interesting from a wood
bonding perspective. Such groups may interact with hydroxyl and carboxyl
groups from cellulosic fibers of wood.17 Some of the groups may also participate
in crosslinking reactions.
The amino acids are joined together with amide bonds, also called peptide bonds
(Fig. 6).
O
H3N+

R

H
N

N
R

O

H

O

O

-

R

C-terminal

N-terminal
Figur 6. A peptide with the peptide bond highlighted.

Poly(α-amino acids) can therefore be denoted proteins or polypeptides, but the
latter term is normally used for those with molar masses below 10 000 g/mol.44
The peptide backbone is not very reactive chemically. Relatively harsh conditions
with low pH and high temperature are required in order to hydrolyze proteins
into amino acids. Another approach is to use enzymes in order to cleave the
peptide bonds.45
Proteins can be described on the basis of their primary, secondary, tertiary, and
quaternary structures (Fig. 7). The primary structure describes the amino acid
sequence, while the secondary structure refers to a regular and repeating
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conformation of the protein. α-Helix and β-sheet are the two most important
types of secondary structures and they are mainly stabilized by hydrogen
bonding. The tertiary structure is the overall three-dimensional structure of a
protein and the structure is stabilized by van der Waals forces, hydrogen
bonding, electrostatic attraction, and disulfide bonds. The quaternary structure
describes aggregates between different protein molecules and other non-protein
groups, e.g. metal ions.44,46

Figure 7. Primary, secondary, tertiary, and quaternary structures of protein. (Used with
permission. http://en.wikipedia.org/wiki/, 2012-04-25)

Environmental changes, such as increased temperature, changes in pH, increased
pressure, or addition of denaturants, can affect the native, folded conformation of
proteins so that it becomes more unfolded. Urea, guanidine hydrochloride and
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sodium dodecyl sulphate (SDS) are typical denaturants. When the protein has
adopted a more unfolded conformation it is said to be denatured.47,48

2.3.2

Soybean protein

Soybean contains approximately 40% protein and 20% oil49. Soybean protein is an
industrial co-product from soy oil extraction and is often separated from soy meal
after the extraction. Soy oil is used in the food industry, while soybean meal is
mainly used as animal feed.50,51 Mechanical or solvent extraction is normally used
to separate the oil from the other components of soybean. The solvent method,
often including extraction with hexane, is the most efficient method. After
removing the solvent from soy meal, it can be processed into different protein
containing products: soy grits, soy flour, soy concentrates, and soy protein
isolates. The soy meal is ground into soy grits (10-80 mesh) and soy flour ≥100
(
mesh), while soy protein concentrates (approximately 70% protein) are obtained
after removing soluble carbohydrate components with moist heat methods,
aqueous ethanol extraction, or acid leaching. Soy protein isolate (>90% protein) is
normally obtained with a precipitation method including removal of some
carbohydrates through precipitation in a mildly alkaline water solution (pH 7-8.5)
and precipitation of the protein at pH 4.2-4.5. The protein is thereafter neutralized
and lyophilized.49
Soy protein consists mainly of storage proteins, including two protein classes:
water-soluble albumins and salt solution-soluble globulins, where globulins are
the major fraction. However, the globulins can be further divided into two major
subproteins: glycinin (11S) and conglycinin (7S). Glycinin consists of six acidicbasic subunits joined by disulfide bonds, while conglycinin consists of only three
subunits. Furthermore, conglycinin is less hydrophobic than glycinin and the
subunits of conglycinin are mainly joined with hydrogen bonds. The molecular
weight of glycinin is approximately 200,000-400,000 g/mol, while it ranges from
100,000 to 200,000 g/mol for conglycinin. The pH is approximately 4.5 at the
isoelectric point (pI) of soy protein.17,47
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2.3.3

Wheat gluten

Wheat contains approximately 7-14% storage protein.49 Wheat gluten is an
abundant and relatively inexpensive industrial by-product from wheat starch
processing, and in Europe also from manufacturing of bioethanol fuel. During the
process wheat flour dough is washed with water to remove starch. A matrix of
gluten is obtained which is palletized, dried, and ground into powder.49 The
annual worldwide production is approximately 400,000 metric tons.1 Wheat
gluten possesses unusually good cohesive and unique viscoelastic properties
making it very suitable for baking and food products. It is mainly used for baking
although its worldwide use varies, including applications such as flour
fortification, imitation of meat and fish, and processed foods.52 Its non-food uses
are also diverse, including usage in pet food and cosmetics.2,3 It has also
successfully been used in making biodegradable films and coatings for food and
non-food applications.1,53 Moreover, foams based on wheat gluten are a new
application area.54,55
Approximately 80% of wheat gluten consists of wheat storage protein 1. The rest
is composed of traces of starch and non-starch polysaccharides (10-14 %), lipids
(6-8 %), and minerals (0.8-1.4 %).1 The wheat storage protein is mainly composed
of two broad protein classes: gliadins and glutenins, in approximately equal
amounts. These water insoluble protein fractions can be separated due to the
solubility of gliadins in aqueous ethanol (60-70 %). Glutenins, on the other hand,
are dispersible in dilute acid or alkaline solutions. Both gliadins and glutenins are
rich in proline and glutamine. The amount of amino acid residues with charged
side groups is low giving a hydrophobic character.56 In overall, wheat gluten has
a more hydrophobic character than proteins of soybean.1,47 The pH value at the
isoelectric point of wheat gluten is about 7.3.57 Furthermore, it is gliadins and
glutenins that contribute to the unique baking quality of wheat. Hydrated
gliadins contribute to the extensibility and the viscosity of the dough system,
while hydrated glutenins contribute with elasticity and strength.56
Gliadins and glutenins are often being denominated monomeric and polymeric,
respectively, even though they are macromolecules.3,56,58,59 Nevertheless, these
terms refer in this case to the quaternary structure of the proteins. The monomeric
gliadins consist of a heterogeneous mixture of distinct polypeptide chains with
molar masses ranging from 30,000 to 60,000 g/mol. In contrast, the polymeric
glutenins are comprised of several polypeptide chains (subunits) bonded together
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by interchain disulfide bonds and the molar masses extend from approximately
500,000 g/mol to above 107 g/mol 2,56,58,60. The gliadins can be further divided into
α-, β-, γ-, or ω-gliadins due to differences in their amino acid sequence, while the
subunits of the glutenins are separated into high molecular weight (HMW) and
low molecular weight (LMW) groups.56,61
The amino acid sequences also determine if the proteins belong to the S-rich
(sulphur-rich), S-poor (sulphur-poor), or HMW-prolamin group.61 Most of the
α/β- and γ-gliadins contain six or eight cysteine residues, respectively, forming
intrachain disulfide bonds, while most ω-gliadins lack cysteine. The subunits of
the glutenins contain also several cysteine residues, either forming intra- and
interchain disulfide bonds, or being present as free thiol groups.56,62
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3. EXPERIMENTAL
3.1

MATERIALS AND CHEMICALS

Wheat gluten (WG) Reppe Vital (kindly supplied by Lantmännen Reppe AB,
Sweden) was used in this thesis. According to the supplier, WG contains protein
(~80 % (w/w)), carbohydrates (~8 % (w/w)), fat (~1 % (w/w)), ash (~0.8 % (w/w)),
and water (~5 % (w/w)). The particle size of WG has the following distribution:
>100 µm (28%), 50-100 µm (55%), and <50 µm (18%).
A commercial soy protein isolate (SPI) Soy Pro 900 (from Qingdao Crown Imp. &
Exp. Corp. Ltd, kindly supplied by Roquette) was also employed. According to
the supplier, SPI contains protein (~90 % (w/w)), fat (max. ~1 % (w/w)), ash (max.
~4.5 % (w/w)), and water (max. ~6 % (w/w)). At least 96% of the SPI has a particle
size below approximately 150 µm.
Beech wood pieces were purchased from Konrad Bruckeder (Rosenheim,
Germany). The hydrolysis of wheat gluten was performed with the enzyme
Alcalase (Alcalase 2.4L, Protease from Bacillus licheniformis, P4860, SigmaAldrich).

3.2
3.2.1

SAMPLE PREPARATION
Separation of wheat gluten into glutenin and gliadin

Wheat gluten was separated into glutenin and gliadin according to Osborne’s
solubility test using aqueous ethanol (70 %).63 Thus, wheat gluten (350 g) was
dispersed in aqueous ethanol (70 %; 1225 ml) in a food processor (Type HR
2375/CN, Philips, Holland) for approximately 90 s. Thereafter the mixture was
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transferred to a beaker and stirred with an overhead stirrer at 60 rpm and room
temperature for approximately 22 hours. The mixture was centrifuged (9500 rpm
for 30 min at 20 °C) and the supernate and sediment, containing gliadin and
glutenin, respectively, were separated. The sediment was dispersed in an
additional amount of aqueous ethanol (70 %; 1225 ml) and stirred at 60 rpm and
room temperature for approximately 16 hours. The mixture was centrifuged
(9500 rpm for 30 min at 20 °C) and the supernate and the sediment were
separated. This sediment, emanating from the second extraction step, was
treated in equivalent manner as the treatment of the sediment from the first
extraction procedure.
The gliadin-containing supernatant-fractions were combined, and the sediment
fraction containing glutenin was collected. Prior to lyophilization, the gliadin
fraction was diluted with de-ionized water (1:2 w/w), while the glutenin fraction
was dispersed in de-ionized water (1:4 w/w). The resulting dry powders were
milled (Type A 10, Janke & Kunkel GmbH, Germany) in order to homogenize to
fine-grained powders.

3.2.2

Hydrolysis of wheat gluten

Wheat gluten was hydrolyzed with the enzyme Alcalase, a serine protease
having a practical application range at pH 6-10 and 10-80 °C.64 The added
amount of the enzyme was varied for the different batches of wheat gluten,
while the hydrolysis time was kept constant (2 h).
Wheat gluten (30 g) was dispersed in de-ionized water (360 g) and placed in a
water bath (approximately 50 °C). The pH of the mixture was adjusted to 8 with
1 M NaOH (aq) and the enzyme Alcalase (0, 15, 30, 45, 60, 90, or 120 µl) was
added to the mixture. The added amounts of enzyme correspond to the
following degrees of hydrolysis: 0, 0.3, 0.6, 0.8, 1.3, 3.3, and 5.5 %, respectively.
During the hydrolysis, the pH was kept at 7-8 by adding additional amounts of
1.0 M NaOH (aq). The mixture was kept in the water bath for two hours after the
addition of the enzyme, and occasionally stirred by hand. Thereafter the mixture
was placed in a water bath at 90 °C for 15 min to destroy the enzyme. The
mixture was lyophilized and the resulting dry powder was milled (Type Stick
mixer ESTM 4600, Electrolux, Sweden, and Type A 10, Janke and Kunkel GmbH,
Germany) to homogenize the samples into fine-grained powder. Table 3
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summarizes the enzymatically hydrolyzed wheat gluten samples and their
nomenclature.
Table 3. Hydrolyzed wheat gluten (WG) samples.
Enzyme amount
(µl Alcalase/30 g WG)

Samplea

a)

WG-dh-0

0

WG-dh-0.3

15

WG-dh-0.6

30

WG-dh-0.8

45

WG-dh-1.3

60

WG-dh-3.3

90

WG-dh-5.5

120

The two-letter abbreviation dh and the subsequent number refer to degree of hydrolysis.

3.2.3

Heat treatment of wheat gluten

Wheat gluten (30 g) was dispersed in de-ionized water (150 g) and placed in an
oven at 50 °C, 70 °C, or 90 °C. The mixtures heated at 50 °C or 70 °C were kept in
the oven for 1 h and 4 h, while the mixtures heated at 90 °C were kept in the
oven for 15 min, 1 h, 4 h, 8 h, 16 h, and 24 h. None of these mixtures were stirred
during the heating procedure. However, two additional mixtures were heated at
90 °C in an oil bath for 1 h and 4h, respectively, while being stirred (150 rpm)
with an overhead stirrer (Type RZR 2102 control, Heidolph, Germany). The
mixtures were lyophilized and the resulting dry powders were milled (Type
Stick mixer ESTM 4600, Electrolux, Sweden, and Type A 10, Janke and Kunkel
GmbH, Germany) to homogenize the samples into fine-grained powders. Table 4
summarizes the heat treated wheat gluten samples and their nomenclature.
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Table 4. Heat treated wheat gluten (WG) samples.
Samplea

Heat treated WG

WG

Temp.
(°C)

Time

Stirred
(yes / no)

na

na

na

WG-50-1h

50

1h

No

WG-50-4h

50

4h

No

WG-70-1h

70

1h

No

WG-70-4h

70

4h

No

WG-90-15min

90

15 min

No

WG-90-1h

90

1h

No

WG-90-1h-s

90

1h

Yes

WG-90-4h

90

4h

No

WG-90-4h-s

90

4h

Yes

WG-90-8h

90

8h

No

WG-90-16h

90

16 h

No

WG-90-24h
90
24 h
No
a) The number and letter combination refer to the temperature and time for heat treatment.
The letter s means that the WG/water mixture was stirred during the heating procedure.

3.2.4
3.2.4.1

Preparation of dispersions
Dispersions for comparison of WG and SPI

Table 5 summarizes the dispersions of WG and SPI that were used. The
nomenclature of the dispersions is also presented in Table 5. A sodium
hydroxide solution (0.1 M), two citric acid solutions (0.05 M (for WG) and 1 M
(for SPI)), and de-ionized water, were used as dispersing agents. The protein
samples were added while stirring at room temperature. The dispersions were
stirred for 40-115 min after the addition.
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Table 5. Dispersions of wheat gluten (WG) and soy protein isolate (SPI).
Dispersion

Conc.a

Dispersing agent

(%, w/w)
12-WG-NaOH

12

0.1 M NaOH (aq)

23-WG-NaOH

23

0.1 M NaOH (aq)

24-WG-NaOH

24

0.1 M NaOH (aq)

23

0.05 M citric acid (aq)

11.5

0.1 M NaOH (aq)

23-WG-CA
11.5-SPI-NaOH
12-SPI-NaOH

12

0.1 M NaOH (aq)

11.5-SPI-CA

11.5

1 M citric acid (aq)

11.5-SPI-H2O

11.5

De-ionized water

12-SPI-H2O
12
a) Concentration of protein powder in the dispersions.

3.2.4.2

De-ionized water

Dispersions of wheat gluten (WG), glutenin, and gliadin

Glutenin (GU), gliadin (GA), and wheat gluten (WG) were also dispersed in 0.1 M
NaOH (aq), see Table 6. The protein samples were added while stirring at room
temperature and the dispersions were stirred for 40-70 min after the addition.
Table 6. Dispersions of glutenin (GU), gliadin (GA), and wheat gluten (WG) in 0.1 M
NaOH (aq).
Dispersion

Conc.
(%, w/w)

14-GU

14

14-GA

14

30-GA

30

14-WG

14

24-WG

24
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3.2.4.3

Dispersions of hydrolyzed or heat treated WG

Tables 7 and 8 summarize the dispersions of the enzymatically hydrolyzed or
heat treated wheat gluten samples that were used in this study. The tables also
include the dispersions of wheat gluten that were used as references. A sodium
hydroxide solution (0.1 M; pH 13) was employed as dispersing and denaturing
agent. The protein samples were added while stirring at room temperature. The
dispersions were stirred for 50 min after the addition. The concentration of
protein powder is 23 % in all dispersions of hydrolyzed wheat gluten except one
(Table 7). The reference of wheat gluten for these dispersions contains also 23 %
protein powder.
Table 7. Dispersions of hydrolyzed wheat gluten (WG).
Dispersiona

Conc.b
(%, w/w)

Enzyme amount
(µl Alcalase/30 g WG)

23-WG

23

-

23-WG-dh-0

23

0

23-WG-dh-0.3

23

15

23-WG-dh-0.6

23

30

23-WG-dh-0.8

23

45

23-WG-dh-1.3

23

60

23-WG-dh-3.3

23

90

23-WG-dh-5.5

23

120

46-WG-dh-5.5
46
120
a) The two-digit number preceding the two-letter abbreviation WG refers to the
concentration of protein powder in the dispersion. The two-letter abbreviation dh and
the subsequent number refers to degree of hydrolysis.
b) Concentration of protein powder in the dispersions.

However, since the viscosity of a dispersion containing 23 % wheat gluten is
relatively high, and the viscosity was assumed to increase with heat treatment of
wheat gluten, the dispersions of heat treated wheat gluten contain 20 % protein
powder or less (Table 8). Likewise, the reference of wheat gluten for these
dispersions contains 20 % protein powder.
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Table 8. Dispersions of heat treated wheat gluten (WG).
Dispersiona

20-WG

Conc.b

Heat treated WG

(%, w/w)

Temp.
(°C)

Time

Stirred
(yes / no)

20

na

na

na

20-WG-50-1h

20

50

1h

No

20-WG-50-4h

20

50

4h

No

20-WG-70-1h

20

70

1h

No

20-WG-70-4h

20

70

4h

No

20-WG-90-15min

20

90

15 min

No

20-WG-90-1h

20

90

1h

No

20-WG-90-1h-s

20

90

1h

Yes

20-WG-90-4h

20

90

4h

No

18-WG-90-4h

18

90

4h

No

20-WG-90-4h-s

20

90

4h

Yes

20-WG-90-8h

20

90

8h

No

16-WG-90-8h

16

90

8h

No

20-WG-90-16h

20

90

16 h

No

20-WG-90-24h
20
90
24 h
No
The two-digit number preceding the two-letter abbreviation WG refers to the
concentration of protein powder in the dispersion, the number and letter combination
following refer to the temperature and time for heat treatment. The letter s means that
the WG/water mixture was stirred during the heating procedure.
b) Concentration of protein powder in the dispersions.
a)

3.2.5

Preparation of protein layers for AFM analysis

Wheat gluten was dispersed in 0.1 M NaOH and 0.05 M citric acid, respectively,
to obtain dispersions containing 11.5 % protein powder. A corresponding
dispersion of SPI dispersed in 0.1 M NaOH was also prepared. The dispersions
were diluted with de-ionized water to a concentration of 0.1 % protein powder.
The solutions were centrifuged with a table top centrifuge (Microcentrifuge
Twister, Fisher Scientific, Sweden) to discard insoluble material. A few drops of
each clear solution were applied onto mica surfaces and allowed to dry at room
temperature; film formation was confirmed using optical microscopy.
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3.3

PREPARATION OF WOOD SUBSTRATES AND
EVALUATION THEREOF

The following section describes the performed experimental procedures. Full
detail can be found in the appended papers.

3.3.1

Application methods

Two different application methods were used in order to be able to compare the
adhesive properties of the dispersions despite their large differences in viscosity.

3.3.1.1

Application Method 1 (AM1)

The one day old dispersions were used to bond together two panels of beech,
with dimension 5 x 135 x 400 mm or 5 x 126 x 650 mm (thickness x width x
length). On one side of each panel, 180 g/m2 of dispersion was applied. A press
temperature of 110°C, a press time of 15 min, and a pressure of 0.7 MPa were
used for all the studies. However, the experiments presented in paper I include
also press temperatures of 90°C and 130°C, and press times of 5 min and 25 min.

3.3.1.2

Application Method 2 (AM2)

Application Method 2 was used when the one day old dispersions of 12-WGNaOH, 12-SPI-H2O, 12-SPI-NaOH, 14-GU, 14-GA, and 14-WG were used for
bonding. The same type of beech panels was used as in AM1.
The dispersion was applied on one side of each panel (180 g/m2), and the
dispersion layer was allowed to dry in a conditioned room ((20±2) °C and (65±5)
% relative humidity) for 24 hours. Panels with one, two and three layers of
dispersion, respectively, were produced and allowed to dry in the conditioned
room after each applied layer of dispersion. The treated surfaces of the panels
were re-wetted with water (approximately 170 g/m2) prior to bonding. However,
to a set of the panels with one dry layer of dispersion (14-GU, 14-GA, and 14-
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WG), 180 g/m2 of dispersion was applied instead of water prior to bonding.
Identical press conditions as for AM1 were employed.

3.3.2

Tensile shear strength measurements

The bonded panels were conditioned and evaluated according to slightly
modified versions of the European Standards EN 204 and EN 205.65,66 They were
bonded together with what according to the standards is classified as a thin
bond-line (adhesive layer 0.1 mm thick). The panels were cut into test pieces,
which were treated according to the conditioning sequences shown in Table 9. A
summary of the minimum values of adhesive strength that must be reached for
the classification of thermoplastic adhesives into the durability classes D1 to D3
is also displayed in Table 9. European Standard EN 204 includes five different
conditioning sequences, classifying thermoplastic adhesives into the durability
classes D1 to D4, and three of them were used in this thesis. The water resistance
of an adhesive increases from D1 to D4.
The length of the test pieces was 100 mm instead of 150 mm, which is the
standard (EN 205). Five to ten test pieces were tested for each conditioning
sequence and application method. An Alwetron tensile testing machine (model
TCT 50, Lorentzen & Wettre, Sweden) was used for all such measurements.
Table 9. Conditioning sequences and minimum values of adhesive strength for thin bondlines.
Conditioning sequences
Duration and condition

Adhesive strength
(MPa)

Durability classes

7 daysa) in standard atmosphereb)

≥ 10

D1, D2, and D3

7 daysa) in standard atmosphereb),
3 h in water at (20±5)°C,
7 daysa) in standard atmosphereb)

≥8

D2

≥2

D3

7 daysa) in standard atmosphereb),
4 daysa) in water at (20±5)°C
a)
b)

1 day = 24 hours
(20±2) °C and (65±5) % relative humidity
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3.4

CHARACTERIZATION

3.4.1

Amino acid composition

The analysis of the amino acid compositions was performed by Eurofins Food &
Agro Sweden AB according to methods SS-EN ISO 13903:2005 and 13904:2005.

3.4.2

Determination of degree of hydrolysis

The degree of hydrolysis (DH) is defined as the percentage of peptide bonds
cleaved during hydrolysis. There are several methods available for determining
DH, and in this study the pH-stat technique was used. It involves titration of the
released amino groups with an alkaline solution.67 To calculate DH the following
equation is used:

DH =

B × N B × 100
%
α × M P × htot

where B, base consumption (ml); NB, normality of base (mol/l); α = 0.89 (average
degree of dissociation of the α-amino groups at pH 8.0 and 50 °C); MP, amount of
protein in the reaction mixture (g); htot = 8.3 (total number of peptide bonds in
wheat gluten, meq/g protein).
The procedure for determining the degree of hydrolysis is described in more
detail in paper IV.

3.4.3

Viscosity measurements of the protein dispersions

The viscosity was measured the day after the dispersions were prepared and the
data acquisition was started 10 seconds, or 60 seconds (for the alkaline SPI
dispersions and some of the alkaline WG dispersions; paper I), after starting the
measurement. Different spindles and speeds were used. The measurements were
conducted with a Brookfield Viscometer (Model DV-II+ Pro, VWR International
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AB, Stockholm, Sweden) and computer program Rheocalc V2.5 (Brookfield
Engineering Labs, Inc.).

3.4.4

Particle size distribution

Four dispersions (24-WG-NaOH, 12-WG-NaOH, 12-SPI-H2O, and 12-SPI-NaOH)
were analysed with light scattering/diffraction according to Mie theory.68 A
Mastersizer particle size analyser (Mastersizer 2000, Malvern Instrument Nordic
AB, Uppsala, Sweden) with measuring range 0.020-2000 µm, was used.
Dispersion 12-SPI-H2O was diluted with de-ionized water, while the other
dispersions were diluted with 0.1 M NaOH. The solutions were stirred for five
minutes in the instrument prior to the analysis. The results are based on two
samples of each dispersion analysed in triplicate. The analyses were performed
the day after the dispersions were manufactured.

3.4.5

Optical microscopy

The bonded joints of the wood substrates were examined under a Leica DMRM
light microscope (Leica Microsystems AB, Stockholm, Sweden) equipped with a
fluorescence filter (Leica filter cube H3) and a CCD camera (Leica DFC 280). Prior
to the analysis, the cross sections of the wood substrates were prepared either
with razor-blade cutting by hand or with UV-laser irradiation (UV-laser
ablation).69,70 The UV-laser ablation is described in more detail in paper III. The
wood substrates were stained with 0.01% or 0.1% aqueous Safranine-O (Basic Red
2, ICN Biomedicals Inc.) prior to the analysis.

3.4.6

AFM analysis

Colloidal probe adhesion measurements were performed on films of either WG or
SPI using a MultiMode Picoforce AFM with a Nanscope IIIa controller (Veeco
Instruments, USA). A cellulose sphere (approximate diameters of 10 μm) was
attached to the end of a cantilever using a tiny amount of epoxy resin (Araldite
Rapid, Casco). The rectangular tipless silica cantilevers used were of type CSC
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12/NoAl (MikroMasch, Estonia) with dimensions length = 134 μm and breadth =
32 μm. The spring constants of the cantilevers were determined using the
calibration software AFM TuneIT v2.5 (ForceIT, Sweden) based on hydrodynamic
damping.71,72 The force measurements were performed according to the
procedures described in an IUPAC report.73 The adhesion was measured between
the cellulose probe and a protein film of either WG or SPI after being in surface
contact for 100 s at a constant applied load (1.5 mN/m). Typical force
measurements were conducted in air (20 °C) at a rate of 2 μm/s. To ensure
reproducibility duplicate samples were used and measurements were performed
at several different positions for each sample.

3.4.7

SEM analysis

Cross sections of some of the wood substrates bonded with alkaline water
dispersions of gliadin were analyzed by SEM (Hitachi Tabletop Microscope TM1000). The instrument is equipped with a solid state backscattered electron
detector (BSE). Charged-up reduction mode and an acceleration voltage of 15kV
were used. Prior to the analysis, the cross sections of the wood substrates were
prepared with UV-laser irradiation (UV-laser ablation).69,70 The UV-laser ablation
is described in more detail in paper III.

3.4.8

Size exclusion high performance liquid chromatography (SEHPLC)

The relative amount and size distribution of the hydrolyzed or heat treated
samples were determined by size-exclusion high-performance liquid
chromatography (SE-HPLC) after a three-step extraction procedure with dilute
sodium dodecyl sulphate (SDS) solution. The procedure was similar to that
described by Gällstedt et al 53. In the first extraction, each sample (16.5 mg; in
triplicate) was suspended in 0.5 % SDS-phosphate buffer (pH 6.9; 1.4 ml). After
being vortexed for 10 s, the suspensions were shaken for 5 min at 2000 rpm,
followed by centrifugation for 30 min at 10 000 rpm. In the second extraction, the
pellets from the first extraction were re-suspended in the SDS-phosphate buffer
solution (1.4 ml), sonicated for 30 s (amplitude 5) with an ultrasonic disintegrator
(Sanyo Soniprep 150), and thereafter centrifuged (30 min, 10 000 rpm). In the
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third extraction, the pellets from the second extraction were treated as the pellets
from the first extraction but with the exception that the suspensions were
sonicated for 30 + 60 s.
The supernates from each extraction step were injected (20 µl) onto a SE-HPLC
Phenomenex column (Biosep-SEC-S 4000 PEEK) using a Waters HPLC system
being comprised of a Waters 2690 Separations Module and a Waters 996
Photodiode Array Detector set at 210 nm. Separation was achieved in 30 min
with an eluant of 50 % (v/v) acetonitrile and water containing 0.1 %
trifluoroacetic acid at an isocratic flow rate of 0.2 ml/min.
The chromatograms were divided into five sections (Fig. 8): large polymeric
proteins (LPP, peak 1), smaller polymeric proteins (SPP, peak 2), two sections
with large monomeric proteins (LMPa and LMPb, peak 3 and 4), and smaller
monomeric proteins (SMP, peak 5). Larroque et al. have earlier presented the
molar mass ranges of the SE-HPLC chromatograms 74. LPP and SMP consist
mainly of glutenins, while LMPa, LMPb, and SMP consist mainly of gliadins,
albumins, globulins, peptides and amino acids.

LMPa
(a)
(b)

LPP
SPP
LMPb

(c)

SMP

Figure 8. Example of SE-HPLC chromatograms of (a) SDS-extractable, (b) SDSunextractable (sonication 30 s), and (c) SDS-unextractable (sonication 30 + 60 s) proteins.
The chromatograms are divided into five sections representing large polymeric proteins
(LPP), smaller polymeric proteins (SPP), large monomeric proteins (LMPa), large
monomeric proteins (LMPb), and smaller monomeric proteins (SMP). AU, absorbance
units of the UV detector.
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3.4.9

Amount of extracted protein

To determine the total percentage of extracted protein of each sample, the
nitrogen content of the original sample and the pellet obtained after the three
extraction steps were determined according to the Dumas method using a Carlo
Erba NA 1500 elemental analyzer (Carlo Erba Strumentazione, Milan, Italy). The
amount of nitrogen of the extracted protein is calculated as the difference
between the amount of nitrogen of the original sample and the amount of
nitrogen of the pellet. The amount of nitrogen of the extracted protein relative to
the amount of nitrogen of the original sample, expressed as percent, corresponds
to the percentage of extracted protein of the sample.

3.4.10

C-NMR analysis

13

Untreated wheat gluten and some of the hydrolyzed or heat treated samples
(WG-dh-0, WG-dh-0.8, WG-dh-5.5, WG-50-1h, WG-90-1h, WG-90-1h-s, WG-90-8h,
WG-90-24h) were analyzed by 13C-NMR. The samples were dispersed in 0.1 M
NaOH and then diluted with D2O (approximately 6-12 % protein, and 37-50%
D2O in each solution (w/w)). The proton-decoupled 13C-NMR spectra were
recorded at 26°C on a Bruker Avance 400 MHz instrument equipped with a 10
mm probe. A 45° pulse, a delay of 5 s between pulses, inversed gated decoupling,
and either 6000 (approximately 11 h) or 10000 (approximately 18 h) scans, were
used. A line broadening of 5 Hz was used. Dioxan, 67.4 ppm, was used as an
external reference for the chemical shift scale.
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4. RESULTS AND DISCUSSION
4.1

COMPARISON OF BONDING PERFPORMANCE - WG
VERSUS SPI (PAPERS I AND II)

The wood adhesive performances of WG and SPI were evaluated and compared,
and the influence of application method and substrate penetration was
investigated. AFM analysis was also performed to study adhesion at the
nanoscale. WG and SPI are dispersible in water solutions adjusted to a pH below
and above their isoelectric points (pH approximately 7.3 and 4.5,
respectively).17,47,57 Since their isoelectric points are different, they are dispersible
at different pH ranges. The adhesive properties of the two plant proteins were
compared at both alkaline and acidic conditions, respectively.

4.1.1

Alkaline dispersions of WG and SPI

The intention was to prepare dispersions with the same dispersing agent, despite
the difference in isoelectric point between WG and SPI. A water solution of
sodium hydroxide (0.1 M) was used as a dispersing agent. Since SPI, unlike WG,
is dispersible in de-ionized water, a water dispersion of SPI was also prepared. In
addition, the intention was to prepare dispersions containing the same amount of
protein powder, and to try to maximize the protein concentration, without the
dispersions becoming too viscous. If the viscosity becomes too high, the ability of
the dispersion to properly wet, flow, and penetrate the wood substrate will
decrease. The solids content in water-borne adhesives is normally 50-65 %, partly
to prevent a too large extent of water being left in the adhesive joint and wood
substrate after pressing. However, the concentration of WG and SPI in the
dispersions could not be increased to more than 24 % (w/w) and 12 % (w/w),
respectively, before the viscosity became too high. Despite the high water content,
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it was possible to use the dispersions as adhesives. Nevertheless, to facilitate the
comparison between WG and SPI it would have been desirable to use dispersions
with the same protein concentration. However, the 12 % dispersion of WG (12WG-NaOH) that were prepared to be compared with the dispersion 12-SPINaOH had very low viscosity (Table 10) and could therefore not be applied onto
the wood substrate with a conventional application method. Due to its low
viscosity, the dispersion 12-WG-OH might either drain off or to a considerable
extent penetrate the substrate, leaving the adhesive layer too thin. Overall, the
viscosity of the dispersions differs largely, even though similar concentrations of
protein and dispersing agent are used (Table 10). To deal with this problem, two
different application methods were used to apply the dispersions. In the first case
(AM1), the viscosities of the dispersions were similar, but the concentrations of
WG and SPI differed. Equal amounts of the dispersions 24-WG-NaOH, 12-SPINaOH, and 12-SPI-H2O were applied to the wood panel directly prior to pressing.
Half the amount of 24-WG-NaOH was also applied to reduce the differences in
amount of protein present in the bond line.
Table 10. Viscosity of WG and SPI dispersions
Dispersion

Viscositya
(mPas)

Spindle, speedb (rpm)

24-WG-NaOH

77,000

LV4, 0.3

12-WG-NaOH

25

LV1, 100

3,100

LV4, 100

980,000

LV4, 0.3

12-SPI-H2O
12-SPI-NaOH

Viscosity was measured the day after preparation of the dispersions. The viscosity values
were recorded one minute after starting the measurement.
b) Different spindles and speeds had to be used, due to the large difference in viscosity
between the dispersions.
a)

In the second case (AM2), the dispersions (12-WG-NaOH and 12-SPI-NaOH) had
the same concentration of WG and SPI, respectively. They were applied to the
wood panel and allowed to dry. The procedure was repeated once and the treated
surfaces were remoistened prior to bonding. Nevertheless, irrespectively of
application method, the problems of different viscosities and protein
concentrations of the dispersions cannot be completely circumvented. Although
the amount of protein is adjusted in AM1, the initial amount of water in the bond
line is different. In AM2, this problem has been eliminated, but since the
viscosities are different, the proteins might behave differently during drying and
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re-wetting, possibly influencing the adhesion properties. Nevertheless, the
techniques complement each other and allow a broader understanding on how
the proteins interact with the wood substrate.
Different press temperatures (90°C, 110°C, and 130°C) and press times (5, 15, and
25 min) were used with AM1, while the wood panels bonded with AM2 were
pressed at 110°C for 15 min.

4.1.1.1

Tensile shear strength measurements

Most of the tensile shear strength values of the dry wood substrates are above 10
MPa (not shown here; see Paper I), which means that the substrates have passed
the test according to standards (EN 204). Nevertheless, the 24-WG-NaOH
dispersion failed to keep the wood pieces together being pressed at 90°C for 5
min. The result indicates that for these types of WG dispersions a higher press
temperature than 90°C and/or a longer press time than 5 min is required for
improved bond strength. Due to these results, most of the subsequent bonding
experiments were performed at a press temperature of 110°C and a press time of
15 min.
The results from the tensile shear strength measurement of the wood substrates
soaked in water for four days are presented in Figure 9. These results clearly
show that the adhesive performance of SPI is superior to that of WG. None of the
substrates bonded with the WG dispersions passed the test, while most of the SPI
dispersions performed well and even passed the test according to standards (EN
204). The wood substrates bonded with the WG dispersions at 90°C press
temperature, and 130°C and 5 min, even fell apart.
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6
24-WG-NaOH
24-WG-NaOH, glue amount/2

Tensile strength (MPa)

5

12-SPI-H2O
12-SPI-NaOH

4
3
2
1
0

90°C, 5min

130°C, 5min

90°C, 25min

130°, 25min

110°C, 15min 110°C, 15min 110°C, 15min
(1)
(2)
(3)

-1

Figure 9.

Tensile strength measurements of wood substrates water soaked for four days
(Application method 1). The wood substrates were glued at the same occasion with different
combinations of press temperature and press time. The combination 110 °C and 15 min was used in
triplicate. The horizontal black line at 2 MPa indicates the limit for passing the test according to the
European Standard EN 204.

Moreover, the results from the tensile shear strength measurements of the wood
substrates bonded with AM2 agree with those obtained with AM1. The adhesive
properties of SPI are superior to those of WG with regard to water resistance. The
tensile shear strength values of the wood substrates bonded with 12-WG-NaOH
and soaked in water for four days are much lower than the corresponding values
obtained with the SPI bonded substrates. However, there are some differences in
the results compared to those obtained with AM1. The relationship between the
strength values of the 3h-water-soaked and conditioned wood substrates differs
depending on the application method used (Figs. 10a and b). Similar results
(approximately 10-12 MPa) are obtained for the wood substrates bonded with
AM2 regardless of dispersion used, whereas the values of those bonded with
AM1 and SPI are slightly higher (approximately 10-17 MPa) than for those
bonded with WG (approximately 6-13 MPa). However, the results presented in
Figure 10a show a larger variation between the values of the replicates and a
larger degree of variation between the results from the same dispersion than
those shown in Figure 10b. There is no evident explanation for these differences,
but it can be due to inhomogeneous wood. The combination of the viscosity of the
dispersion and the degree of penetration into the wood substrate due to the
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choice of application method might also contribute to less robust results.
Nevertheless, the strength values for the wood substrates bonded with WG and
AM2 seem to be slightly improved, whereas the values of the SPI substrates are
slightly decreased, even though twice the amount of SPI was used with AM2 as
was used with AM1.
20

24-WG-NaOH

18

Tensile strength (MPa)

16

12-SPI-NaOH

(a)

14
12
10
8
6
4
2
0

110°C, 15min (method 1, bonding 1)

110°C, 15min (method 1, bonding 2)

110°C, 15min (method 1, bonding 3)

20
12-WG-NaOH

18

Tensile strength (MPa)

16

12-SPI-NaOH

(b)

14
12
10
8
6
4
2
0

110°C, 15min (method 2, bonding 1)

110°C, 15min (method 2, bonding 2)

Figure 10. Tensile strength measurements of wood substrates water-soaked for three hours and
conditioned for 7 days (a) (Application method 1): The dispersions 24-WG-NaOH and 12-SPI-NaOH
were used as adhesives. The concentrations of protein in the dispersions are different, which results in
different protein amounts in the joint. The wood substrates were bonded in triplicate on the same
occasion at 110 °C and 15 min. (b) (Application method 2): The dispersions 12-WG-NaOH and 12-SPINaOH were used as adhesives. The concentrations of protein in the dispersions are similar, which
results in similar protein amounts in the joint. The wood substrates were bonded in duplicate on the
same occasion at 110 °C and 15 min.
The horizontal black line at 8 MPa indicates the limit for passing the test according to the European
Standard EN 204.

34

Results and Discussion
4.1.1.2

Optical microscopy and particle size distribution

The optical microscopy images of the bond lines explain some of the observed
differences in bonding performance (Fig. 11). The bond line of the substrate
bonded with 12-WG-NaOH is slightly thicker than that of the substrate bonded
with 24-WG-NaOH, even though the protein amount in the bond line is similar
(cf. Fig. 11b with a). The 24-WG-NaOH dispersion has penetrated into the wood
substrate and partly filled the pores, even as far as 400 µm from the bond line.
Penetration of adhesive into the wood is important, but in this case, it is most
likely too severe. The adhesive layer becomes too thin, with strength loss as a
result.

a

b

c

d

Figure 11. Optical microscope images of wood substrates glued with a) 24-WG-NaOH
(Application method 1), b) 12-WG-NaOH (Application method 2), c) 12-SPI-NaOH
(Application method 1), and d) 12-SPI-NaOH (Application method 2). A 50 µm scale bar is
shown in each image.

The microscopy image of the wood substrate bonded with 12-WG-NaOH, on the
other hand, does not show any significant penetration (Fig. 11b). The differences
in appearance and bond strength of the bond lines are most likely related to
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viscosity and the application method rather than particle size, since there are only
minor differences in particle size between 24-WG-NaOH and 12-WG-NaOH
(Table 11). Even though the viscosity of 24-WG-NaOH was markedly higher than
the viscosity of 12-WG-NaOH, the 24-WG-NaOH dispersion was subjected to
pressure directly after being applied onto the wood substrates. The 12-WG-NaOH
dispersion, on the other hand, was dried after being applied to the wood
substrates. The dried layer was remoistened directly prior to the pressing, but the
layer of 12-WG-NaOH was most likely still dry at the border between wood and
protein layer and only wet on the outer surface of the layer. Thus, 12-WG-NaOH
only penetrated into the wood to a minor extent, leaving the joint thicker and
stronger.
The joint of 12-SPI-NaOH (AM1) is relatively thin, while that of 12-SPI-NaOH
(AM2) is very thick (cf. Fig. 11c and d). None of the images reveal any large extent
of penetration of protein. However, some of the differences in bond line thickness
ought to be due to some degree of penetration with AM1. In addition, twice the
amount of protein was applied with AM2. The bond strength of 12-SPI-NaOH
(AM2) is slightly lower than that of 12-SPI-NaOH (AM1) (cf. Fig. 10b and a). This
bond-strength difference may be related to reduced wetting and penetration of
the wood surface due to the combination of high viscosity of the dispersion and
the drying step after the application of the dispersion (AM2). The ability of an
adhesive to wet, flow over, and penetrate the wood surface will have impact on
the bond strength.14
Table 11. Particle size distribution of the dispersions 24-WG-NaOH, 12-WG-NaOH, 12SPI-H2O, and 12-SPI-NaOH.
Dispersion

24-WG-NaOH

Average diameter
D[4,3]
(µm)

Median diameter
D(0.5)
(µm)

43

29

40

26

12-WG-NaOH

27

22

40

23

12-SPI-H2O

115

100

118

102

262

165

278

158

12-SPI-NaOH
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Furthermore, a comparison of Figure 11b and d reveal also a large difference in
the bond-line thickness between 12-WG-NaOH (AM2) and 12-SPI-NaOH (AM2)
even though these bond lines contain the same amount of protein and were
obtained with the same application method. This difference in bond-line
appearance is most likely also related to the large difference in viscosity between
these dispersions (Table 10). The low-viscous 12-WG-NaOH most likely
penetrated the wood substrate to a higher extent during the drying step of the
application method than the more viscous 12-SPI-NaOH dispersion.
Moreover, there is a relatively large difference in particle size between the
dispersions of WG and SPI (Table 11), which could partially explain why WG
seems to penetrate more into the wood substrate (cf. Fig. 11a and c). The joint of
12-SPI-NaOH (Fig. 11c) is also thin, but the bond line contains only half the
amount of protein compared to that of 24-WG-NaOH (Fig. 11a). The difference in
particle size also implies that the extent of swelling/unfolding is more
pronounced for SPI, which could to some extent explain why SPI is superior in
regards to bond strength and water resistance. A more unfolded protein structure
can mean improved cohesion and adhesion due to increased entanglement and
interaction.

4.1.2

Acidic and alkaline dispersions of WG and SPI

The results previously presented clearly show that the adhesive performance of
SPI is superior to that of WG under alkaline conditions. The aim of this part of the
study was instead to compare the adhesive performance of the plant proteins
under acidic conditions. The results were also compared to those obtained under
alkaline conditions. A multiscale approach was employed using a combination of
techniques: tensile shear strength measurements, optical microscopy, and AFM.
Combining these different techniques renders it possible to study adhesive
interaction on different levels: millimeter and larger, micrometer, and nanometer,
which is important in order to understand more about the bonding
performance.14
Prior to bonding the beech panels, acidic and alkaline dispersions of WG and SPI
were prepared. WG and SPI were dispersed in 0.05 M and 1 M citric acid,
respectively. Different acid concentrations had to be used due to the different
isoelectric points of the proteins. Citric acid was chosen as the acidic dispersing
agent since both Li et al. and Sun et al. have previously reported the use of citric
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acid to enhance adhesive performance through interaction of citric acid and soy
protein.75,76 However, the intention was to keep the concentration of citric acid as
low as possible since a too high concentration might have a negative effect on the
water resistance of the bond. Moreover, WG and SPI were also dispersed in 0.1 M
NaOH, and SPI was dispersed in de-ionized water. In order to produce easily
applied dispersions of reasonable viscosities, concentrations of 23 % WG and 11.5
% SPI were used. The viscosity of the different dispersions of WG and SPI thus
falls, more or less, within the same viscosity range (Table 12). The reason for not
choosing the same protein concentration has previously been discussed, see
paragraph 4.1.1. Application method 1 (AM1) was used together with a press
temperature of 110 °C, and a press time of 15 min.
Table 12. Viscosities of the dispersions of wheat gluten (WG) and soy protein isolate (SPI).
Dispersiona

Viscosityb
(mPas)

Speedc
(rpm)

23-WG-NaOH

20400

12

23-WG-CA

10900

12

11.5-SPI-NaOH

37000

12

11.5-SPI-CA

29300

12

2700
60
11.5-SPI-H2O
The two-digit number preceding the two-letter abbreviation WG or SPI refers to the
concentration (w/w) of protein powder in the dispersion. The letter combination
following the abbreviation WG or SPI refers to type of dispersing agent where CA stands
for citric acid.
b) Viscosity was measured the day after the dispersions were prepared. The viscosity
values were recorded 10 s after starting the measurement.
c) Spindle 4 was used. Different speeds had to be used, due to the large difference in
viscosity between 11.5-SPI-H2O and the other dispersions.
a)

AFM in colloidal probe mode77 was used to quantify the adhesion between a
cellulose microsphere, attached at the end of the AFM cantilever, and protein
films prepared by solvent casting from acidic and alkaline solutions of WG and
SPI, respectively. The aim was to mimic the direct interaction between the
proteins and the cellulose component in wood to study the interfacial behaviour
at the nanoscale. The use of the colloidal probe technique to measure surface
forces of cellulose has been employed in studies dealing with biopolymer
interactions in aqueous media78-80 and cellulose nanocomposite design.81,82
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4.1.2.1

Tensile shear strength measurements and optical microscopy analysis

The results from the tensile shear strength measurements are summarized in
Figure 12. As can be clearly seen, there is a significant difference in bond strength
between the wood substrates bonded with the dispersions of SPI and WG,
respectively. SPI is superior to WG for all substrates, even though the applied
amount of SPI onto the wood substrate is only half the amount of WG. The SPI
bonded wood substrates pass the test on all levels (durability classes D1-D3)
regardless of the dispersing agent, while those bonded with WG only pass
durability class D1 (≥ 10 MPa). The 4 -days-water-soaked substrates bonded with
WG even fell apart during the water soaking process (Figure 12, absent black
bars).
D1
D2
D3

18

Tensile shear strength [MPa]

16
14
12
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Figure 12. Tensile shear strength measurements of wood substrates. The horizontal dotted
lines at 10, 8, and 2 MPa indicate the limits for classification into the durability classes D1,
D2, and D3, respectively, according to the European Standard EN 204.

The optical micrographs of the wood substrates bonded with the different
dispersions are shown in Figure 13. The micrographs of the wood substrates
bonded with 23-WG-NaOH, 23-WG-CA, and 11.5-SPI-NaOH are relatively
similar with thin bond lines and dispersion having penetrated into the wood
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substrate and partly filled some of the pores, even as far as 600-800 µm from the
bond line (Figs. 13a-c). The bond lines of the substrates bonded with 11.5-SPI-CA
and 11.5-SPI-H2O, on the other hand, are thicker and the micrographs do not
show any apparent degree of penetration of the dispersions into the wood
substrate (Figs. 13d-e). For a strong interaction between adhesive and wood,
penetration of the adhesive into the wood material is important.14 However, as
has previously been discussed, there must be a proper balance between the
amount of adhesive in the bond line and wood substrate. Too extensive
penetration will render the bond line too thin and therefore weak, which is the
case for the substrates bonded with the WG dispersions.

Figure 13. Optical micrographs of wood substrates bonded with (a) 23-WG-NaOH, (b) 23WG-CA, (c) 11.5-SPI-NaOH, (d) 11.5-SPI-CA, and (e) 11.5-SPI-H2O.

In contrast, even though the bond line of the substrate bonded with 11.5-SPINaOH is thin and the penetration of the dispersion is relatively extensive, while
the bond lines of 11.5-SPI-CA and 11.5-SPI-H2O are thicker, the tensile shear
strength values of 11.5-SPI-NaOH are similar to those of the others. This
indicates that the amount of protein present in the actual bond line of the 11.5SPI-NaOH substrates is sufficient to properly bond together the wood surfaces.
More protein present in the bond line will not increase bond strength. The results
indicate also that less amount of protein is required to form a proper bond with
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SPI than with WG. Furthermore, the differences in thickness of the bond lines are
also noteworthy in relation to the different viscosities of the dispersions (Table
12). The viscosity of 11.5-SPI-NaOH is much higher than that of 11.5-SPI-H2O,
and one may therefore not have expected the bond lines of the 11.5-SPI-NaOH
substrates to be thinner than those of the 11.5-SPI-H2O substrates. This may
however be due to differences in the solubility of the protein in the dispersing
medium. Soy protein isolate is more soluble in 0.1 M NaOH (aq) than in water
and the extent of penetration may therefore be more pronounced for 11.5-SPINaOH than for 11.5-SPI-H2O.

4.1.2.2

Adhesion measurements by colloidal probe AFM

Figure 14 presents representative force profiles on retraction for WG and SPI after
being in surface contact with the cellulose probe for 100 s. The force have been
normalized as F/2πR (mN/m) according to the Derjaguin approximation83
corresponding to the energy of interaction between two flat surfaces, where F
(mN) is the measured force and R (m) is the radius of the cellulose sphere. Both
systems display distinctly sharp transitions upon detachment. This is typical
when the spring constant overcomes the adhesive force present in the system and
can be compared to the disruption of adhesive bonds. The force minimum (i.e.
pull-off force) may be used to measure and compare the affinity between
dissimilar materials82 and is related to the interfacial adhesion. The results
presented in Figure 14 clearly reveal a much higher pull-off force for cellulose
interacting with SPI than with WG. This correlates well with the trends seen in
the tensile shear strength measurements. The same trend was also observed
between the protein layers and a cellulose probe surface treated with xyloglucan,
a hemicellulose recently used in other biomimetic studies.78,79 The inset of Figure
14 shows the force on approach. A small attraction can be seen for both systems at
separations of approximately 10 nm. This short range force is typical of a van der
Waals interaction and has been observed previously for cellulose both in air82 and
aqueous media.84
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Figure 14. Normalized force profiles on retraction between a cellulose micro sphere
(approx. diameter 12 μm) and solvent cast model films from aqueous NaOH dispersions of
either wheat gluten (light grey symbols) or soy protein isolate (dark grey symbols). Inset
displays normalized force profiles on approach. The displayed force curves were obtained
under ambient conditions after 100 s in surface contact. The solid arrows indicate the
direction of surface movement.

Figure 15 summarizes the average values of the pull-off force between cellulose
and the different protein layers. SPI shows almost a factor two larger pull-off
force (i.e. adhesion) with cellulose than WG for the protein films prepared from
aqueous NaOH dispersions. A plausible molecular explanation for the higher
adhesion observed for the SPI film is that SPI consists of more charged amino acid
residues, which may facilitate strong electrostatic bonds with the substrate in
addition to any attractive van der Waals forces and hydrogen bonds present. The
good correlation between macroscopic observations and direct adhesion
measured at the nanoscale is highly reassuring for the applicability of the
presented approach for use in multiscale adhesion studies. Moreover, the
outcome of the study highlights the importance of combining different techniques
to study interfacial and material properties at different length scales.
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Figure 15. Normalized pull-off force between a cellulose micro sphere (approx. diameter
12 μm) and solvent cast model films from aqueous dispersions of wheat gluten (WGNaOH and WG-CA) and soy protein isolate (SPI-NaOH). The data was obtained under
ambient conditions after 100 s in surface contact.

4.2

WHEAT GLUTEN FRACTIONS AS WOOD ADHESIVES –
GLUTENINS VERSUS GLIADINS (PAPER III)

Extensive research has shown that the gliadin and glutenin fractions of wheat
gluten possess very different properties and render different results in both food
and non-food applications.1-6 It was therefore of interest to investigate if these
differences also would result in different adhesive performance, possibly
rendering one of the fractions superior to that of the others or to wheat gluten.
Wheat gluten was therefore divided into a glutenin fraction and a gliadin
fraction. Throughout this thesis they will be referred to as glutenin and gliadin.
The amino acid composition and the amount of raw protein of the fractions were
determined. Water dispersions of alkali-denatured glutenin and gliadin,
respectively, were used as wood adhesives to bond together wood substrates of
beech. The aim was to compare the tensile shear strength and water resistance of
the wood substrates, and to investigate how application method and degree of
penetration of the proteins into the wood substrate affect bond strength.
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Glutenin, gliadin, and WG were dispersed in 0.1 M NaOH (aq), see Table 6. The
concentration of glutenin, gliadin, and WG could not be increased to more than
14, 30, and 24 % (w/w), respectively, before a too high viscosity was obtained. As
in the case of the comparison between WG and SPI, it would have been desirable
to use dispersions with the same protein concentration. However, the 14 %
dispersions of gliadin (14-GA) and WG (14-WG), which were prepared to be
compared with the glutenin dispersion (14-GU), had very low viscosities (Table
13). Consequently, both application methods, AM1 and AM2, were used. The
dispersions 14-GU, 30-GA, and 24-WG were applied with AM1, while 14-GU, 14GA, and 14-WG were applied with AM2 to prevent them to either drain off or to
a considerable extent penetrate the wood substrate.
Table 13. Dispersions of glutenin (GU), gliadin (GA), and wheat gluten (WG). Viscosity of
the dispersions.
Dispersion

Protein

14-GU
14-GA

Spindle, speedc
(rpm)

Conc.a
(%, w/w)

Viscosityb
(mPas)

glutenin

14

36000

LV4, 6

gliadin

14

29

LV1, 100

30-GA

gliadin

30

48000

LV4, 6

14-WG

wheat gluten

14

46

LV1, 100

24-WG

wheat gluten

24

48000

LV4, 6

Concentration of protein powder in the dispersions.
b) Viscosity was measured the day after the dispersions were prepared. The data
acquisition was started 10 s after starting the measurement.
c) Different spindles and speeds had to be used, due to the large difference in viscosity
between the dispersions.
a)

In the first case (AM1), equal amounts of the dispersions 14-GU, 30-GA, and 24WG were applied to the wood panel directly prior to pressing. In the second case
(AM2), one, two, and three layers of the dispersions 14-GU, 14-GA, and 14-WG
were produced and allowed to dry after each applied layer of dispersion. The
treated surfaces of the panels were remoistened with de-ionized water prior to
bonding. However, a set of the panels with one dry layer of dispersion was
remoistened with an additional amount of dispersion instead of water. The
different wood substrates prepared with the two application methods are
summarized in Table 14. A press temperature of 110°C and a press time of 15 min
were used. The bonded panels were conditioned and evaluated according to
slightly modified versions of the European Standards EN 204 and EN 205.65,66
Bond-line cross sections were examined by optical microscopy.
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Table 14. Nomenclature of wood substrates bonded with dispersions of glutenin (GU),
gliadin (GA), and wheat gluten (WG). The substrates were produced either using
Application Methods 1 or 2.
Dispersion

Application Method

Applied layers of
dispersion

14-gu-1

14-GU

1

1

30-ga-1

30-GA

1

1

24-wg-1

24-WG

1

1

14-gu-2(1)

14-GU

2

1

14-gu-2(2)

14-GU

2

2

14-gu-2(3)

14-GU

2

3

14-gu-2(1+1)

14-GU

2

2

14-ga-2(1)

14-GA

2

1

14-ga-2(2)

14-GA

2

2

14-ga-2(3)

14-GA

2

3

14-ga-2(1+1)

14-GA

2

2

14-wg-2(1)

14-WG

2

1

14-wg-2(2)

14-WG

2

2

14-wg-2(3)

14-WG

2

3

14-wg-2(1+1)

14-WG

2

2

Nomenclature of
wood substratea

a

The two-digit number and the subsequent two-letter abbreviation refer to the dispersion used for
bonding, the digit following refers to the application method. The digit shown in brackets refers to
the number of layers of the dispersion that was applied to the wood substrate. The combination
(1+1) means that one dry layer of the dispersion was re-wetted with an additional layer of the
dispersion directly prior to bonding. The wood substrates with one to three layers of dispersion
(Application Method 2) were re-wetted with de-ionized water prior to bonding. Please note that
lowercase letters refer to the wood substrates, while capital letters refer to the dispersions.

4.2.1

The ratio between gluten and gliadin, and the amino acid
composition of the fractions

The yield of glutenin and gliadin from the separation of wheat gluten was 54 %
and 46 % (w/w), respectively, which agrees with other reported findings.1,56 The
results from the determination of the amino acid composition of the fractions are
summarized in Paper III. Both fractions contain high amounts of glutamic
acid/glutamine and proline, even though the amounts are highest for gliadin. The
amino acid composition agrees with results reported by Rombouts et al.85
Furthermore, the amount of hydrophobic amino acids in gliadin is slightly higher
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than in glutenin, which is supported by results presented by Guilbert.1 The
amount of raw protein [N*6.25 (%)] of glutenin, gliadin, and wheat gluten were
calculated to be 75 %, 91 %, and 79 % (w/w), respectively.

4.2.2

Comparison of results from tensile shear strength
measurements

All the dry wood substrates pass or nearly pass the test according to standards
(EN 204) since the tensile shear strength values are above or just below 10 MPa
(Fig. 16). In other words, the results are similar, regardless of type of dispersion,
dry content, and number of dispersion layers. The results of the water-soaked
wood substrates, on the other hand, clearly reveal differences in bond strength
and water resistance between glutenin, gliadin, and wheat gluten (Figs. 17 and
18). All the 3-h-water-soaked specimens passed the test according to standards
(>8 MPa, EN 204), except those bonded with the dispersion 30-GA (AM1) (Fig.
17), whereas all specimens soaked in water for 4 days failed the test (<2 MPa) (Fig.
18).

18

Tensile shear strength [MPa]

16

Glutenin

Gliadin

Wheat gluten

14
12
10
8
6
4
2

14-gu-1
14-gu-2(1)
14-gu-2(2)
14-gu-2(3)
14-gu-2(1+1)
na
30-ga-1
14-ga-2(1)
14-ga-2(2)
14-ga-2(3)
14-ga-2(1+1)
na2
24-wg-1
14-wg-2(1)
14-wg-2(2)
14-wg-2(3)
14-wg-2(1+1)

0

Figure 16. Tensile shear strength measurements of dry wood substrates, Application
Method 1 (black bars) and Application Method 2 (grey bars). The horizontal black line at
10 MPa indicates the limit for passing the test according to the European Standard EN 204.
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18

Tensile shear strength [MPa]

16

Glutenin

Gliadin

Wheat gluten

14
12
10
8
6
4
2

14-gu-1
14-gu-2(1)
14-gu-2(2)
14-gu-2(3)
14-gu-2(1+1)
na
30-ga-1
14-ga-2(1)
14-ga-2(2)
14-ga-2(3)
14-ga-2(1+1)
na2
24-wg-1
14-wg-2(1)
14-wg-2(2)
14-wg-2(3)
14-wg-2(1+1)

0

Figure 17. Tensile shear strength measurements of wood substrates soaked in water for three hours

and conditioned for 7 days, Application Method 1 (black bars) and Application Method 2 (grey bars).
The horizontal black line at 8 MPa indicates the limit for passing the test according to the European
Standard EN 204. Please note that in order to draw attention to the low value of 30-ga-1 the bar is
marked with an arrow.

Tensile shear strength [MPa]

3.0
2.5

Glutenin

Gliadin

Wheat gluten

2.0
1.5
1.0
0.5

14-gu-1
14-gu-2(1)
14-gu-2(2)
14-gu-2(3)
14-gu-2(1+1)
na
30-ga-1
14-ga-2(1)
14-ga-2(2)
14-ga-2(3)
14-ga-2(1+1)
na2
24-wg-1
14-wg-2(1)
14-wg-2(2)
14-wg-2(3)
14-wg-2(1+1)

0.0

Figure 18. Tensile shear strength measurements of wood substrates soaked in water for four days,
Application Method 1 (black bars) and Application Method 2 (grey bars). The horizontal black line at
2 MPa indicates the limit for passing the test according to the European Standard EN 204. Please note
that the measured value of 30-ga-1 is zero and the missing bar is indicated with an arrow.
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Most of the wood substrates bonded with the dispersion 30-GA (AM1) fell apart
during water soaking, whereas those bonded with the dispersion 14-GA and
AM2 reveal similar bond strength values as all those substrates bonded with the
glutenin and wheat gluten dispersions (Figs. 17 and 18). In other words, the
choice of application method has a large influence on the bond strength of the
wood substrates bonded with the gliadin dispersions. The tensile shear strength,
especially the water resistance of the bond, is markedly improved when AM2 is
used. It is also noteworthy that the bond strengths of the glutenin and wheat
gluten dispersions are not affected by the application method. Furthermore,
similar results are obtained with AM2 for each conditioning sequence,
irrespectively of type of dispersion and amount of applied protein (25 to 76 g m-2).
In addition, similar results were obtained regardless if one dry layer of dispersion
was remoistened with water or an additional layer of dispersion. These results
imply that even one layer of dispersion may result in maximum bond strength.
Additional amount of protein is redundant and does not increase tensile shear
strength.

4.2.3

Optical microscopy analysis. Correlation with tensile shear
strength measurements

The optical micrographs of the bond lines explain some of the differences in
tensile shear strength of the wood substrates bonded with glutenin, gliadin, and
wheat gluten (Fig. 19a-l). The dispersions 14-GU, 30-GA, and 24-WG had similar
viscosities and were applied using AM1 (Fig. 19(a,e,i)). The appearance of the
bond lines of 14-GU and 24-WG are relatively similar (cf. Fig. 19(a, i)), likewise
their tensile shear strengths (Figs. 16-18). Interestingly, the optical micrograph of
30-GA is completely different, revealing significant penetration and a very thin
bond line (cf. Fig. 19(e) with (a, i)). The dispersion has penetrated into and partly
filled some of the pores, in some case even as far as ~1000 µm from the bond line.
Consequently, the tensile shear strength is low (wood substrates 30-ga-1, Figs. 17
and 18), even though a larger amount of protein was applied to the wood panels
with the gliadin dispersion than with the other dispersions. There is insufficient
amount of protein left in the bond line to obtain a proper bond. As has been
discussed earlier, an appropriate balance between the amount of adhesive in the
joint and in the wood substrate is crucial.
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Figure 19. Optical microscopy images of wood substrates bonded with different
dispersions and application methods. Method 1: Figures a, e, and i; Method 2: Figures b-d,
f-h, and j-l. (a) 14-gu-1, (b) 14-gu-2(1), (c) 14-gu-2(2), (d) 14-gu-2(1+1), (e) 30-ga-1, (f) 14-ga2(1), (g) 14-ga-2(2), (h) 14-ga-2(1+1), (i) 24-wg-1, (j) 14-wg-2(1), (k) 14-wg-2(2), and (l) 14wg-2(1+1). The horizontal bond-line of 30-ga-1 (e) is indicated with an arrow.

The appearance of the wood substrates produced with AM2 may further clarify
the differences in tensile shear strength obtained with glutenin, gliadin, and
wheat gluten [Fig. 19(b-d, f-h, j-l)]. The degree of penetration is reduced and
bond-line thickness is increased when changing from AM1 to AM2. These
differences become especially evident when the images of gliadin-bonded
substrates are compared [Fig. 19(e, g)]. As was discussed earlier, the drying
process used in AM2 prevents the adhesives to over-penetrate the wood
substrate, rendering the bond lines thicker. Because of this reduction in
penetration, the bond strengths of the gliadin-bonded wood substrates are
significantly improved, being most evident for the water-soaked substrates (Figs.
17 and 18). Furthermore, the appearance of the micrographs of the wood
specimens bonded with two layers of dry dispersion are different from those
bonded with one dry and one wet layer of dispersion, even though the same
amount of protein was added [Fig. 19(c, d, g, h, k, l)]. The joint of 14-gu-2(2) is
thicker than that of 14-gu-2(1 + 1) implying a certain degree of penetration of the
wet dispersion, even though this is not obvious from the micrograph of 14-gu-2(1
+ 1) [Fig. 19(c, d)]. Moreover, 14-ga-2(1 + 1) has a thinner joint than 14-ga-2(2)
because of relatively extensive penetration of the second dispersion layer [Fig.
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19(g, h)]. These results indicate that the first layer of dispersion only partly covers
the wood surface, but that penetration is still reduced. In addition, the joint of 14wg-2(1 + 1) is also thinner than that of 14-wg-2(2) [cf. Fig. 19(k, l)], even though
the penetration is less extensive than for 14-ga-2(1 + 1). However, the reduced
joint thickness does not result in a significant change in tensile shear strength
(Figs. 16-18).

4.2.4

SEM analysis of substrates bonded with gliadin

Figures 20 and 21 show SEM images of cross sections of the wood substrates 30ga-1 and 14-ga-2(2), respectively. The optical micrograph of 30-ga-1 revealed
extensive penetration of the dispersion into the wood substrate (Fig. 19e). The
SEM image of 30-ga-1 shows in more detail how gliadin has filled or partly filled
some of the pores of the beech substrate (Fig. 20). The protein is evenly
distributed as a film along the cell wall of the pores.

Figure 20. SEM images of wood substrate 30-ga-1.

The SEM image of 14-ga-2(2) confirms the results obtain with optical microscopy
(cf. Figs. 21 and 19g). The bond line is thick and there are no signs of penetration
of gliadin into the wood substrate. Consequently, the choice of application
method has a large impact on the extent of penetration.

50

Results and Discussion

Figure 21. SEM images of wood substrate 14-ga-2(2).

4.2.5

Penetration of protein dispersions into wood

The optical micrographs clearly show differences in penetration behavior
between glutenin, gliadin, and wheat gluten. Gliadin penetrates more extensively
and deeper into the wood substrate than glutenin and wheat gluten [Fig. 20(a, e,
i)]. Glutenin penetrates the least. Some of these differences may be due to a higher
degree of solubility of gliadin in the dispersing medium (0.1 M NaOH), partly
being due to the much lower molar mass of gliadin compared with that of
glutenin. However, this does not explain why the penetration depth is larger for
gliadin than for wheat gluten. Several authors have suggested that gliadin is
physically entrapped in the glutenin network.3,56,86 This interaction between
gliadin and glutenin may reduce the mobility of the gliadin molecules, resulting
in lower degree of penetration and a reduced penetration depth for wheat gluten
compared with that of gliadin.
Furthermore, glutenin has been shown to polymerize at elevated temperatures
(50-130°C; mostly in the wet state). The crosslinking is due to formation of
additional SS-bonds, being formed from oxidation of SH groups and SH/SS
interchange reactions.3,4,87-90 On the other hand, gliadin is not prone to polymerize
since it more or less lacks free SH groups. Nevertheless, several researchers have
reported that glutenin reacts with gliadin during heating at temperatures equal or
above 90°C.62,87,91 These polymerization and crosslinking reactions ought to
decrease the mobility of the protein molecules. It may also explain the different
penetration behaviours of glutenin, gliadin, and wheat gluten. The elevated
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temperatures during pressing may reduce the penetration of the glutenin
dispersion, while no or almost no crosslinking reactions reduce the mobility and
penetration of gliadin. Wheat gluten does not penetrate into the wood substrate
to the same extent as gliadin, since both gliadin and glutenin are present and
gliadin may polymerize with glutenin.

4.3

ENZYMATICALLY HYDROLYZED OR HEAT TREATED
WHEAT GLUTEN: BONDING PERFORMANCE AND
CHARACTERIZATION (PAPERS IV AND V)

Different physical, chemical, and enzymatic methods, such as heat treatment, use
of denaturation agents, and hydrolysis, can be used to change the conformation of
proteins and make the protein structure more available for interaction and
reaction.17,24,25,29 The purpose of this study was to investigate if mild hydrolysis or
heat treatment of wheat gluten will improve its bonding performance. Wheat
gluten was hydrolyzed with the enzyme Alcalase (degree of hydrolysis 0-5.5 %),
or heat treated at different temperatures (50, 70, and 90°C) and varying time
intervals (15 min to 24 h). Alkaline water dispersions (0.1 M NaOH (aq)) of these
modified wheat gluten samples were used as adhesives to bond together beech
substrates. Application method 1 (AM1), a press temperature of 110°C, and a
press time of 15 min, were used. The tensile shear strengths of the substrates were
measured for comparison of bond strength and resistance to cold water. Bond
lines were studied by optical microscopy. The modified wheat gluten samples
were analyzed by SE-HPLC and 13C-NMR to increase the understanding of how
structural changes and molecular size distribution affects bonding performance.

4.3.1

Realtive amount and size distribution of hydrolyzed WG.
Correlation with the tensile shear strength measurements
and optical microscopy analysis

The total percentages of protein extracted from the hydrolyzed samples in are
summarized in Table 15. The table also includes the result of the reference,
untreated wheat gluten. The extracted amounts of protein of untreated WG, WGdh-0, WG-dh-0.3, and WG-dh-0.6 are similar (76-78 %), whereas the percentages
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of extracted protein for the hydrolyzed samples with a higher degree of
hydrolysis (≥0.8 %) increases from 81 % to 91 %. These results are no surprise
since the solubility of the proteins are expected to increase when the length of the
macromolecules become shorter 92,93.
Table 15. Total percentage of extracted protein.
Samplea

Extracted protein
amount
(%, w/w)

Standard deviation

WG

78

1.4

WG-dh-0

78

-

WG-dh-0.3

77

-

WG-dh-0.6

76

-

Hydrolyzed WG

a)

WG-dh-0.8

81

0.18

WG-dh-1.3

81

0.04

WG-dh-3.3

86

0.38

WG-dh-5.5

91

1.9

The two-letter abbreviation dh and the subsequent number refer to degree of hydrolysis.

In contrast, the area percentages of extracted proteins obtained from the SE-HPLC
analysis show another trend (Fig. 22a). The area percentage of WG-dh-0, and WGdh-0.6, are lower than those of untreated WG and the rest of the hydrolyzed
samples. This difference in responses for WG-dh-0 and WG-dh-0.6 implies
structural changes of the protein molecules. The reduction in response relative to
untreated WG is largest for WG-dh-0, which has been treated in accordance with
the hydrolyzed samples but without any addition of enzyme. This implies that
the structural changes influencing the response are mainly due to the heat
treatment during the hydrolysis. In addition, the ratio between monomeric and
polymeric wheat gluten has been altered, which often is an indication of
polymerization (cf. WG and WG-dh-0, Fig. 22b). As discussed earlier, the
polymerization has been shown to be due to formation of additional SS-bonds
3,4,87-90. The tendency to polymerize is higher for glutenins (the polymeric part of
wheat gluten) than gliadins (the monomeric part), and this difference changes the
ratio between monomeric and polymeric wheat gluten. However, polymerized
wheat gluten has been reported to be less extractable 87,94,95, which does not agree
with the fact that the extracted amount of protein for WG-dh-0 and WG-dh-0.6 is
similar to the extracted amount of untreated WG. Consequently, the results
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indicate that the treatment during the hydrolysis results in conformational
changes, with possibly more complex structures than for untreated WG, but no
polymerization.
There is no clear explanation to why the area percentage of WG-dh-0.3 is different
from those of WG-dh-0 and WG-dh-0.6. Furthermore, it is evident from the
results presented in Figure 22b that the monomeric part for the hydrolysed
samples increases with increasing degree of hydrolysis.

(a)

140
120
100
ext 3

80

ext 2

60

ext 1

40
20
0

(b)

100%
90%
80%
70%
60%
50%
40%
30%
20%
10%
0%

pol
mon

Figure 22. (a) Extractable proteins of untreated and hydrolyzed wheat gluten. Area
percentage (SE-HPLC) of each sample normalized against the area percentage of untreated
wheat gluten (WG). Ext 1: extraction step 1, SDS-extractable; ext 2: extraction step 2, SDSunextractable (sonication 30 s); and ext 3: extraction step 3, SDS-unextractable (sonication
30 + 60 s). (b) Area ratio between monomeric and polymeric proteins of untreated and
hydrolyzed wheat gluten.
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The tensile shear strengths of the wood substrates bonded with hydrolyzed
wheat gluten are presented in Figure 23. The figure also includes some
micrographs of cross sections of the wood specimens. The structural changes
observed for WG-dh-0, WG-dh-0.3, and WG-dh-0.6 results in improved bond
strength and some improvements regarding water resistance for those wood
specimens bonded with the corresponding dispersions, compared to those
bonded with untreated wheat gluten (Fig. 23).

Figur 23. Tensile shear strength measurements of wood substrates bonded with
hydrolyzed wheat gluten (WG). The horizontal dotted lines at 10, 8, and 2 MPa indicate the
limits for classification into the durability classes D1, D2, and D3, respectively, according
to the European Standard EN 204. Optical micrographs of wood substrates bonded with
(a) 23-WG, (b) 23-WG-dh-0, (c) 23-WG-dh-0.6, (d) 23-WG-dh-0.8, and (e) 23-WG-dh-3.3.

The improvement is especially evident for the 3-h-water-soaked substrates (23WG-h-0, 23-WG-dh-0.3 and 23-WG-dh-0.6; grey bars, Fig. 23). The structural
changes of WG-dh-0, WG-dh-0.3, and WG-dh-0.6, being due to denaturation of
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the protein molecules, also result in increased viscosity of the corresponding
dispersions, reduced penetration of the dispersions into the wood substrate, and
hence increased bond line thickness (Table 16 and Fig. 23). This agrees with the
results presented in Papers I and III; the adhesive performance of wheat gluten is
improved if over-penetration of the protein into the wood substrate is avoided.96,97
Nevertheless, with increased degree of hydrolysis (≥1.3%), the monomeric part of
wheat gluten is further increased due to the hydrolysis, resulting in reduced
viscosity of the dispersions, increased penetration of these dispersions, and
consequently reduced bonding performance (Table 16, Fig. 22b and 23).
Table 16. Viscosity of hydrolyzed WG dispersions.
Dispersiona

Viscosityb
(mPas)

23-WG

Spindle, speedc
(rpm)

33000

LV4, 6

23-WG-dh-0

432000

LV4, 0.3

23-WG-dh-0.3

542000

LV4, 0.6

23-WG-dh-0.6

543000

LV4, 0.6

23-WG-dh-0.8

900

LV4, 100

23-WG-dh-1.3

500

LV2, 30

23-WG-dh-3.3

60

LV2, 100

23-WG-dh-5.5

30

LV2, 100

46-WG-dh-5.5

47000

LV4, 6

Hydrolyzed WG

The two-digit number preceding the two-letter abbreviation WG refers to the
concentration of protein powder in the dispersion. The two-letter abbreviation dh and
the subsequent number refers to degree of hydrolysis.
b) Viscosity was measured the day after the dispersions were prepared. The viscosity
values were recorded 10 s after starting the measurement.
c) Different spindles and speeds had to be used, because of the large difference in viscosity
between the dispersions.
a)
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4.3.2

Relative amount and size distribution of heat treated WG.
Correlation with the tensile shear strength measurements
and optical microscopy analysis

The total percentages of protein extracted from the heat treated WG samples are
summarized in Table 17. It also includes the result of the reference, untreated
WG. The variation in extracted amount of proteins for these samples is an
indication of structural differences, which also results in variations in the area
percentages obtained from the SE-HPLC analysis and the ratio between
monomeric and polymeric wheat gluten (Table 17 and Fig. 24).
Table 17. Total percentage of extracted protein (from extraction steps 1-3).
Samplea

Extracted protein
amount
(%, w/w)

Standard deviation

WG

78

1.4

WG-50-1h

78

1.4

WG-50-4h

68

3.9

WG-70-1h

81

3.7

WG-70-4h

87

4.7

WG-90-15min

88

0.57

WG-90-1h

84

1.9

WG-90-1h-s

86

1.4

WG-90-4h

48

11

WG-90-4h-s

64

1.3

WG-90-8h

35

32

WG-90-16h

39

5.2

WG-90-24h

48

12

Heat treated WG

a)

The number and letter combination following the letter abbreviation WG refers to the
temperature and time for heat treatment. The letter s means that the WG/water mixture
was stirred during the heating procedure.

The results, including similar or higher amounts of extracted proteins of the
samples heated at 50°C, 70°C, and 90°C (15 min and 1h) compared to that of
untreated wheat gluten, and increased SE-HPLC areas for these samples, indicate
a less folded and more open protein structure than for untreated WG. The less
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folded structures result in a slight increase in viscosity of the dispersions
prepared from these samples, also indicating a higher degree of interaction
between the protein molecules (Table 18). Furthermore, there is no clear
indication of polymerization for these samples since the ratios between
monomeric and polymeric fractions are similar to that of untreated wheat gluten
(Fig. 24b).
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0
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50%
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30%
20%
10%
0%
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Figure 24. (a) Extractable proteins of untreated and heat treated wheat gluten. Area
percentage (SE-HPLC) of each sample normalized against the area percentage of untreated
wheat gluten (WG). Abbreviations stand for: ext 1 (extraction step 1, SDS-extractable), ext 2
(extraction step 2, SDS-unextractable, sonication 30 s), and ext 3 (extraction step 3, SDSunextractable, sonication 30 + 60 s). (b) Area ratio between monomer (mon) and polymeric
(pol) proteins of untreated and heat treated wheat gluten.
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Table 18. Viscosity of heat treated WG dispersions.
Dispersiona

Viscosityb

Spindle, speedc
(rpm)

(mPas)
20-WG

840

LV4, 100

20-WG-50-1h

1400

LV4, 100

20-WG-50-4h

1400

LV4, 100

20-WG-70-1h

2200

LV4, 100

20-WG-70-4h

17000

LV4, 12

20-WG-90-15min

2500

LV4, 100

20-WG-90-1h

47000

LV4, 6

20-WG-90-1h-s

39000

LV4, 6

20-WG-90-4h

332000

LV4, 1.5

18-WG-90-4h

40000

LV4, 6

Heat treated WG

20-WG-90-4h-s

60000

LV4, 6

20-WG-90-8h

880000

LV4, 0.6

16-WG-90-8h

65000

LV4, 6

20-WG-90-16h

310000

LV4, 1.5

20-WG-90-24h

277000

LV4, 1.5

The two-digit number preceding the two-letter abbreviation WG refers to the
concentration of protein powder in the dispersion. The number and letter combination
following the letter abbreviation WG refers to the temperature and time for heat
treatment. The letter s means that the WG/water mixture was stirred during the heating
procedure.
b) Viscosity was measured the day after the dispersions were prepared. The viscosity
values were recorded 10 s after starting the measurement.
c) Different spindles and speeds had to be used, because of the large difference in viscosity
between the dispersions.
a)

However, the amount of extractable LPP (eLPP) is reduced for the heat treated
samples compared to untreated WG, indicating aggregation of the large
polymeric proteins followed by reduced SDS extractability (without sonication)
(Fig. 25). This conclusion agrees with what Guerrieri and co-workers reported 94.
According to their study of wet wheat gluten heated at above 45°C, the
hydrophobicity of gluten increased, indicating unfolding and exposure of
hydrophobic groups, which resulted in reduced extractability.
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However, the structural changes of the samples heated at 50°C, 70°C, and 90°C
(15 min and 1h) do not result in increased bond strength (cf. 20-WG-50-1h, 20WG-50-4h, 20-WG-70-1h, 20-WG-70-4h, and 20-WG-90-15min with 20-WG; Fig.
26). The penetration of the dispersions into the wood substrate is relatively
extensive, rendering the bond line too thin and weak (Fig. 26a-c).
The decreased amount of extracted protein, the reduced SE-HPLC response, and
the increased ratio between monomeric and polymeric material for the samples
heated at 90°C for 4 h, 8 h, 16 h and 24 h are a clear indication of polymerization
(Table 18, Fig. 24a and b). WG-90-1h, WG-90-1h-s, and WG-90-4h-s most likely
also contain some polymerized gluten, although the extent of polymerization may
be lower than that of the previously mentioned samples. However, the ratios
monomeric/polymeric proteins in WG-90-1h-s and WG-90-4h-s are similar to the
ratio of WG, which would rather indicate no polymerization. Nevertheless,
Domenek et al. have reported that shearing or agitation of wet WG increases
crosslinking since the protein molecules become more mobile and reactive 98. The
results of WG-90-1h-s and WG-90-4h-s shown in Figure 24 may therefore still be
an indication of polymerized WG, but with a less compact network structure than
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for those samples heated without stirring. A less compact structure might be
more extractable, explaining both the increased amounts of extracted material in
the extraction steps 2 and 3 (SDS unextractable) and the monomer/polymer ratio
(Fig. 24b).

Figure 26. Tensile shear strength measurements of wood substrates bonded with heat
treated wheat gluten (WG). The horizontal dotted lines at 10, 8, and 2 MPa indicate the
limits for classification into the durability classes D1, D2, and D3, respectively, according
to the European Standard EN 204. Optical micrographs of wood substrates bonded with
(a) 20-WG, (b) 20-WG-70-1h, (c) 20-WG-90-1h, (d) 20-WG-90-1h-s, and (e) 20-WG-90-8h.

The structural changes observed for WG-90-1h-s, WG-90-4h, WG-90-4h-s, WG-908h, WG-90-16h, and WG-90-24h, result in improved tensile shear strength and
some improvements regarding water resistance for those wood substrates bonded
with the corresponding dispersions, compared to those bonded with untreated
wheat gluten (Fig. 26). The 3-h-water-soaked wood specimens bonded with the
dispersions pass or nearly pass the test for durability class D2≥8
( MPa , EN 204),
whereas the reference fails the test (grey bars; Fig. 26). Moreover, there is a
distinct difference in the appearance of the micrographs of the bond lines from
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wood specimens bonded with a more polymerized WG structure (higher tensile
shear strength values) compared to those from the substrates bonded with a less
polymerized structure (lower bond strength). For example, the bond lines of the
specimens bonded with 20-WG-90-1h-s and 20-WG-90-8h, respectively, are thick,
while the bond lines of 20-WG, 20-WG-70-1h, and 20-WG-90-1h, respectively, are
thin due to relatively extensive penetration of the dispersions into the wood
substrate (Fig. 26).

4.3.3

C-NMR analysis of hydrolyzed or heat treated WG

13

Figure 27 presents the 13C-NMR spectra of some of the hydrolyzed wheat gluten
samples. The spectra provide information about the soluble part of the samples.
There are some distinct differences in the spectra due to the hydrolysis. A signal
at 179.3 ppm appears in the spectrum of WG-dh-5.5 (Fig. 27d), originating from
carboxyl groups from new C-terminal amino acids. The signals at 60-105 ppm are
due to carbohydrates, both starch and nonstarch polysaccharides, which are
present in WG (Fig. 27a-d). The amount of carbohydrates present in the spectra
increases with degree of hydrolysis. The results indicate that most of the
carbohydrates generally are strongly associated with the protein molecules.
However, when the protein molecules are hydrolyzed, a major fraction of the
carbohydrates become more soluble and therefore detectable. Saulnier et al. and
Guilbert et al. have reported that starch and non-starch polysaccharides are
entangled in the wheat gluten matrix.1,99 Tilley et al., on the other hand, have
reported presence of covalently bound carbohydrates.100 Whether the
carbohydrates are covalently bonded to the protein molecules or not is not
possible to determine from these NMR results. The carbohydrates can be less
entangled in the WG matrix, or still covalently bonded to the protein structure
but more soluble since the reduced size of the protein chains most likely results in
a more open protein structure. Furthermore, carbohydrates are known to affect
water resistance negatively and the more available carbohydrates may therefore
also be a reason for reduced bond strength with increasing degree of hydrolysis
(Fig. 23).
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Figure 27. 13C-NMR spectra of untreated and hydrolyzed wheat gluten (a) WG, (b) WGdh-0, (c) WG-dh-0.8, and (d) WG-dh-5.5.

The 13C-NMR spectra of some of the heat treated wheat gluten samples are
presented in Figure 28. Signals from carbohydrates are also shown in the spectra
of the heat treated samples (Fig. 28). The carbohydrate signals increases slightly
with increased temperature. However, more carbohydrates become soluble
during hydrolysis than during heat treatment. This further indicates that the heat
treated samples are less unfolded, most likely due to the more restricted mobility
of the polymerized structures.
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Figure 28. 13C-NMR spectra of untreated and heat treated wheat gluten (a) WG, (b) WG50-1h, (c) WG-90-1h, (d) WG-90-1h-s, (e) WG-90-8h, and (f) WG-90-24h.
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5. CONCLUSIONS
In this thesis the wood bonding performance of wheat gluten has been explored,
and compared with that of soy protein isolate. The experiments/bondings were
performed at both alkaline and acidic conditions. The extent of adhesion between
thin protein films of wheat gluten and soy protein isolate and cellulose were
tested for model systems at the nanoscale by AFM analysis. Furthermore, wheat
gluten was divided into the two protein classes glutenins and gliadins, and their
adhesive performances were compared with that of wheat gluten. Heat treatment
and mild hydrolysis was investigated as means for improving bonding
performance of wheat gluten. The treated wheat gluten samples were
characterized by SE-HPLC and 13C-NMR to correlate structural changes with
wood bonding performance.
The tensile shear strength measurements clearly reveal a significant difference in
bond strength between the wood substrates bonded with the dispersions of SPI
and WG, respectively, regardless whether acidic or alkaline dispersions were
used. The bond strength of SPI is superior to that of WG, especially if water
resistance is regarded. The SPI bonded wood substrates pass the test on all levels
(durability classes D1-D3), while those bonded with WG only pass durability
class D1. Interestingly, the results also indicate that a proper bond can be
obtained using less amount of protein for SPI than for WG. Nevertheless, the
water resistance of wheat gluten can be partly improved if starved bond lines are
avoided.
The AFM adhesion measurements show that some of the differences in adhesive
properties between wheat gluten and soy protein isolate most likely originate
from interaction differences at the interface between protein and wood. The
adhesion values from the interaction between the cellulose probe and the SPI film
are almost twice as high as those for the WG film. A plausible molecular
explanation for the higher adhesion observed for the SPI film is that SPI consists
of more charged amino acid residues, which may contribute with electrostatic
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forces between protein and substrate in addition to any attractive van der Waals
forces and hydrogen bonds.
The adhesive properties of glutenin and wheat gluten are similar, while the
properties of gliadin are inferior to that of the others, especially in terms of water
resistance. However, the bond strength and water resistance of gliadin are
markedly improved when over-penetration of the protein into the wood substrate
is avoided, rendering the adhesive performance of gliadin equal to that of
glutenin and wheat gluten. The difference in penetration between gliadin and
glutenin may be due to a higher degree of solubility of gliadin in the dispersing
medium (0.1 M NaOH), partly being due to the much lower molar mass of
gliadin compared with that of glutenin.
The SE-HPLC results indicate that the improved bond strength and water
resistance of the samples with lower levels of hydrolysis (0-0.6 %) are mainly due
to denaturation. Bonding performance is decreased with higher degrees of
hydrolysis (≥1.3 %), most likely due to decreased molecular size of the proteins.
The improvement in bonding performance for most of the wheat gluten samples
heated at 90°C is mainly due to polymerization. The samples heated at 50°C or
70°C, on the other hand, seemed to be denatured and not polymerized. These
structural changes did not result in improved bond strength and water
resistance. Moreover, the results from the 13C-NMR analyses indicated that the
hydolyzed wheat gluten samples are more unfolded than the heat treated
samples since more carbohydrates, normally strongly associated with the
proteins, were more soluble after the hydrolysis than after the heat treatment.
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6. FUTURE WORK
The results hitherto show that the adhesive performance of wheat gluten is
inferior to that of soy protein isolate, at least when it is used in solid wood
applications. However, the adhesive performances of wheat gluten and soy
protein isolate are similar when the proteins are used in particleboard
applications. These results show that it is still interesting to explore the possibility
to use wheat gluten as a raw material for wood adhesives, also for solid wood
applications. Some of the differences in bonding performance between soy
protein isolate and wheat gluten may be due to the much higher content of
carboxyl and amine groups in soy protein isolate than in wheat gluten. These
groups may increase the protein-protein and wood-protein interaction, and
thereby contributing to higher bond strength. The carboxyl and amine groups
may also participate in cross-link reactions between protein chains. Wheat gluten
contains a large amount of the amino acid residue glutamine. To increase the
amount of carboxyl groups in wheat gluten glutamine can be deamidated to
glutamic acid. Deamidated wheat gluten could also be combined with additives
containing amine groups.
Wheat gluten is brittle and the results indicate that the film forming temperature
is slightly higher for wheat gluten than for soy protein isolate. It would therefore
be interesting to investigate how the adhesive performance is affected by addition
of plasticizer.
Other means, such as breakage of disulfide bonds, could be used instead of
enzymatic hydrolysis or heat treatment to denature wheat gluten and increase
protein-protein interaction.
Additionally, it would be interesting to use the colloidal probe AFM technique to
study interfacial adhesion between lignin and protein films of WG and SPI. The
technique could also be used to investigate how the interfacial adhesion changes
when wheat gluten has been modified.
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Furthermore, it would also be interesting to investigate the adhesive performance
of protein from other plants, such as rapeseed, oat and potato.
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