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ABSTRACT 
The development of the layer-by-layer (LbL) technique has turned out to be an efficient 
way to physically modify the surface properties of different materials, for example to 
improve the adhesive interactions between fibers in paper. The main objective of the 
work described in this thesis was to obtain fundamental data concerning the adhesive 
properties of wood biopolymers and LbL films, including the mechanical properties of 
the thin films, in order to shed light on the molecular mechanisms responsible for the 
adhesion between these materials.  
 
LbLs constructed from poly(allylamine hydrochloride) (PAH)/poly(acrylic acid) (PAA), 
starch containing LbL films, and LbL films containing nanofibrillated cellulose (NFC) 
were studied with respect to their adhesive and mechanical properties. The LbL 
formation was studied using a combination of stagnation point adsorption reflectometry 
(SPAR) and quartz crystal microbalance with dissipation (QCM-D) and the adhesive 
properties of the different LbL films were studied in water using atomic force 
microscopy (AFM) colloidal probe measurements and under ambient conditions using 
the Johnson-Kendall-Roberts (JKR) approach. Finally the mechanical properties were 
investigated by mechanical buckling and the recently developed SIEBIMM technique 
(strain-induced elastic buckling instability for mechanical measurements).  
 
From colloidal probe AFM measurements of the wet adhesive properties of surfaces 
treated with PAH/PAA it was concluded that the development of strong adhesive joints 
is very dependent on the mobility of the polyelectrolytes and interdiffusion across the 
interface between the LbL treated surfaces to allow for polymer entanglements.  
 
Starch is a renewable, cost-efficient biopolymer that is already widely used in 
papermaking which makes it an interesting candidate for the formation of LbL films in 
practical systems. It was shown, using SPAR and QCM-D, that LbL films can be 
successfully constructed from cationic and anionic starches on silicon dioxide and on 
polydimethylsiloxane (PDMS) substrates. Colloidal probe AFM measurements showed 
that starch LbL treatment have potential for increasing the adhesive interaction between 
solid substrates to levels beyond those that can be reached by a single layer of cationic 
starch. Furthermore, it was shown by SIEBIMM measurements that the elastic 
properties of starch-containing LbL films can be tailored using different nanoparticles in 
combination with starch.  
 
LbL films containing cellulose I nanofibrils were constructed using anionic NFC in 
combination with cationic NFC and poly(ethylene imine) (PEI) respectively. These NFC 
films were used as cellulose model surfaces and colloidal probe AFM was used to 
measure the adhesive interactions in water. Furthermore, PDMS caps were successfully 
coated by LbL films containing NFC which enabled the first known JKR adhesion 
measurements between cellulose/cellulose, cellulose/lignin and cellulose/glucomannan. 
The measured adhesion and adhesion hysteresis were similar for all three systems 
indicating that there are no profound differences in the interaction between different 
wood biopolymers. Finally, the elastic properties of PEI/NFC LbL films were 
investigated using SIEBIMM and it was shown that the stiffness of the films was highly 
dependent on the relative humidity.  
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SAMMANFATTNING 
Genom att bygga tunna filmer med hjälp av LbL-(layer-by-layer)-tekniken har det visat 
sig möjligt att fysikaliskt modifiera ytegenskaperna hos olika fasta material. Med hjälp av 
LbL-behandling av cellulosafibrer ifrån ved har det till exempel varit möjligt att öka 
adhesionen mellan fibrer i papper och därmed styrkan hos det färdiga papperet. Syftet 
med arbetet i denna avhandling var att bestämma adhesionen mellan biopolymerer ifrån 
ved och LbL-behandlade ytor på ett så välkarakteriserat sätt att det var möjligt att 
klarlägga de bakomliggande molekylära mekanismerna. För att ytterligare bestämma de 
faktorer som styr adhesionen mellan behandlade ytor har ett betydande arbete också 
genomförts för att bestämma de tunna LbL-filmernas elastiska egenskaper.  
 
Uppbyggnaden av dessa filmer, på modellytor av kiseloxid, bestämdes med hjälp av en 
kombination av SPAR (stagnation point adsorption reflectometry) och QCM-D (quartz 
crystal microbalance with dissipation) som gör det möjligt att bestämma den fasta 
adsorberade mängden och den mängd vatten som immobiliseras i det adsorberade 
skiktet. Skiktens adhesiva egenskaper bestämdes sedan med AFM (atomic force 
microscopy) försedd med en kolloidal probe (våta egenskaper) och med JKR-(Johnson-
Kendall-Roberts)-metodiken (torra egenskaper). Slutligen användes SIEBIMM-tekniken 
(strain-induced elastic buckling instability for mechanical measurements) för att 
bestämma de sub-mikrometer-tjocka skiktens elastiska egenskaper.  
 
AFM-mätningar mellan ytor behandlade med polyallylamin/polyakrylsyra visade att den 
våta adhesionen mellan LbL-behandlade ytor var högst när den katjoniska 
polyelektrolyten var i det yttersta skiktet och adhesionen ökade med tiden som ytorna 
tilläts vara i kontakt innan de separerades. Tillsammans med tidigare publicerade resultat 
visade detta att en interdiffusion av polyelektrolyter över gränsytan mellan adsorberade 
skikt är avgörande för att skapa en hög adhesion mellan ytorna.  
 
Stärkelse är en förnybar, kostnadseffektiv biopolymer som redan används i stor 
utsträckning vid papperstillverkning. Detta gör stärkelse till en lovande kandidat för LbL-
behandling i tillämpade system. SPAR- och QCM-D-mätningar visade att katjonisk och 
anjonisk stärkelse kan användas för att bilda LbL-filmer och adhesionsmätningar gjorda 
med AFM visade att den adhesiva växelverkan mellan ytor kan ökas genom behandling 
med stärkelse-LbL-filmer. Vidare gjordes SIEBIMM-mätningar som visade att 
stärkelsefilmernas elastiska egenskaper kan skräddarsys genom att kombinera stärkelse 
med olika nanopartiklar.  
 
LbL-filmer innehållande NFC användes som cellulosa-modellytor och den adhesiva 
växelverkan mellan dessa filmer undersöktes med hjälp av AFM i vatten och JKR-
mätningar i luft. JKR-mätningar visade att adhesionen och adhesionshysteresen var 
likartad mellan cellulosa/cellulosa, cellulosa/lignin och cellulosa/glukomannan vilket 
tyder på att det inte är någon dramatisk skillnad i växelverkan mellan de olika 
vedpolymererna. Slutligen visade SIEBIMM-mätningar att NFC-LbL-filmers elastiska 
egenskaper i högsta grad var beroende av den relativa fuktigheten.  
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1 INTRODUCTION 
Adhesion science is the science used to describe how various materials adhere. Adhesion 
phenomena are important in areas such as chemistry, engineering, and biology. All length 
scales are covered, from the macro-scale joining of construction materials, through the 
interaction of powder particles and cell adhesion, to the nanoscale interactions between 
single molecules.  
 
Paper and biocomposites are examples of materials in which adhesion phenomena are 
very important. Paper is a fibrous network whose strength depends on the strength of 
the constituent cellulosic fibers, the number of fiber–fiber joints per unit volume, and the 
strength of the adhesive joints between the fibers. To understand and optimize the 
properties of paper and fibrous networks in general, it is essential to establish the 
molecular mechanisms controlling the adhesive interaction between the fibers. This 
cannot be achieved simply by testing the mechanical properties of the paper [1]—though 
unfortunately this is what is usually done to study fiber interactions. In this respect, well-
defined measurements of adhesion between well-defined surfaces present a new way of 
studying fiber interactions at the molecular level. Adhesion is also important within 
fibers, where the interactions between the various wood biopolymers determine the 
mechanical properties of the fibers.  
 
For biocomposites, it is also important to have a solid understanding of the adhesive 
interactions between the matrix material and the reinforcing material to optimize the 
performance of the composite materials.  
 
The adhesive interactions in these materials can be enhanced by both chemical and 
physical modifications of the interacting substrates. A fundamental understanding of the 
adhesive properties of the interacting materials is required to optimize these 
modifications, as is a deep understanding of how the modifications will affect the 
adhesive interactions.  
 
The preparation of multilayer thin films using layer-by-layer (LbL) assembly has turned 
out to be an efficient way of physically modifying the surface properties of various 
materials [2]. The work described in the present thesis deals with various aspects of the 
adhesive properties of wood biopolymers and LbL films, including the mechanical 
properties of thin films.  
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2 OBJECTIVES 
The main objective of this thesis was to obtain fundamental data concerning the adhesive 
interactions between wood biopolymers and between these polymers and LbL thin films 
in order to shed light on the molecular mechanisms that affect the adhesion between 
these materials. Model studies were performed using two synthetic polymers, 
poly(allylamine hydrochloride) (PAH) and poly(acrylic acid) (PAA), and the wet adhesive 
properties of the PAH/PAA LbL films were studied as a function of layer number, 
molecular weight, and contact time using colloidal probe atomic force microscopy 
(AFM) (paper I).  
 
Papers II, III, and IV explore the potential of using cationic and anionic starch to 
prepare LbL films and investigate the possibility of tailoring the adhesive and mechanical 
properties of these films. Cationic and anionic starches are interesting candidates for LbL 
formation, both due to their low cost and because they are well-known biopolymers used 
in a variety of industrial applications. Starch LbL film formation was studied using 
stagnation point adsorption reflectometry (SPAR) and quartz crystal microbalance with 
dissipation (QCM-D) (papers II and III) and the wet adhesive properties of these films 
were studied using colloidal probe AFM (paper II). Since available starches carry a fairly 
low electrostatic charge, it was a challenge to form LbL structures with this biopolymer. 
The elastic properties of starch LbL films were further investigated in paper IV. 
Information on these properties is vital, since the existence of thin films in the contact 
zone between two macroscopic bodies makes the adhesive joint dependent on the 
mechanical properties of this thin film.  
 
Papers V, VI, and VII aimed to prepare LbL films containing nanofibrillated cellulose 
(NFC) and to investigate the adhesive and mechanical properties of these films. NFC-
containing LbL films are valuable as substrates for model studies of the interaction 
between wood biopolymers and are also interesting as prospective biodegradeable and 
renewable thin film materials. The wet adhesive interaction between NFC-containing 
LbL films was studied using colloidal probe AFM (paper V), while the dry adhesion 
between NFC LbL films, lignin, and hemicellulose model films was studied using the 
Johnson-Kendall-Roberts (JKR) approach (paper VI). The elastic properties of NFC-
containing LbL films were investigated in paper VII. 
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3 BACKGROUND 
 

3.1 Adhesion 
Theoretically the thermodynamic work of adhesion upon separation of two surfaces 
depends solely on the interfacial energies of the interacting materials and can be 
predicted by the Dupré equation [3]. In real life, however, adhesion is usually a non-
equilibrium irreversible process in which phenomena such as surface roughness, 
molecular rearrangements, and plastic deformations give rise to adhesion hysteresis and a 
real adhesive energy orders of magnitude greater than the thermodynamic work of 
adhesion [3, 4]. These non-equilibrium mechanisms are not easily investigated, but if 
understood they can be used to significantly improve and tailor the adhesive interactions 
between various substrates.  
 

3.1.1 Adhesive interactions in fibrous materials 
Paper and fiber-reinforced biocomposites are examples of fibrous materials in which 
adhesion is very important. Paper is a three-dimensional network of fibers in which the 
overall paper strength depends on the strength of the individual fiber, the fiber length, 
the number of fiber–fiber joints per volume, and the strength of the fiber–fiber joints. 
Depending on the application and type of paper, these various components differ in 
relative importance. It has been proposed theoretically that the maximum tensile strength 
of paper is limited by the strength of the individual fibers [5], but it has also been 
suggested that the fiber–fiber joints are always the limiting factor for paper strength [6]. 
Traditionally, pulp beating has been used to improve the joint-forming ability of fibers; 
however, the drawbacks of beating are impaired dewatering on the paper machine and 
densification of the paper. Using chemicals, typically polyelectrolytes, can improve the 
dry joint strength with less paper densification [1]. The most common dry strength agent 
is cationic starch [1], but commercial synthetic polyelectrolytes, such as cationic 
polyacrylamides and poly(ethylene imine) (PEI) [1], are also used. It was recently 
demonstrated that paper strength can be further improved by treating the fibers with 
polyelectrolytes in LbL films [7] or polyelectrolyte complexes [8].  
 
Since the fiber joints are one of the limiting factors for paper strength [6], one must 
understand the mechanisms of joint strength to control, modify, and tailor the paper 
strength properties. Figure 1 shows a schematic of the breakage of an adhesive joint 
between two substrates, for example, fibers, coated with an adhesive film, such as an 
LbL film.  
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Figure 1. Schematic of the breakage of a dry adhesive joint. Illustration by Mats 
Rundlöf, AB Capisco Science & Art.  

 

To facilitate the understanding and investigation of what determines the strength of dry 
fiber–fiber joints, the following contributions have been identified [1]:  
 

1. molecular adhesion between the additives in the external layers of the two 
surfaces 

2. adhesion between the solid surfaces and the additives 
3. molecular contact area between the surfaces 
4. cohesive properties of the solid substrates 
5. mechanical properties of the film in the joint 

 
Combining separate studies of these contributions and comparing with paper strength 
measurements will make it possible to draw conclusions about the influence of molecular 
mechanisms on the dry joint strength between the fibers. The work presented here, 
focusing on factors 1 (and partly 3) and 5, will clarify one part of this puzzle, though the 
relative importance of these factors remains to be determined.  
 

3.1.2 Adhesive interactions between polymeric materials 
As mentioned earlier, adhesion hysteresis is ubiquitous in real-life adhesion problems. 
Adhesion between polymeric substrates is a typical example in which non-equilibrium 
time-dependent processes influence the interaction. At the macroscopic level, surface 
deformations may follow upon separation, while at the molecular level, polymer chains 
might interdiffuse across the interface once the substrates have made initial contact.  
 
The importance of polymer interdiffusion across interfaces for the adhesive energy of 
rubber and polymer materials has been extensively discussed and theoretically modeled 
by de Gennes and co-workers. Many aspects have been examined, such as various 
entanglement modes [9], the surface concentration of “connector molecules” [10], and 
the slowing down of chain interdiffusion following the addition of a crosslinking agent 
[11].  
 
Creton et al. [12] demonstrated experimentally that the adhesive interaction, 
characterized by the critical energy release rate, between blocks of polystyrene (PS) and 
poly(2-vinylpyridine) (PVP), two highly immiscible polymers, could be increased 
considerably by adding a diblock copolymer, poly(styrene-b-2-vinylpyridine), at the PS–
PVP interface. This was interpreted as due to entanglements of the block copolymer on 
both sides of the interface with the respective homopolymers (i.e., PS and PVP). 
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Furthermore, they demonstrated that the fracture toughness of the interface increased 
with the areal density of the block copolymer chains and with the degree of 
polymerization of the blocks [12], i.e., more and longer entanglements promoted the 
adhesive interactions. Note that the polymer blocks were annealed for 2 h at 160°C 
under slight pressure and thereafter dried at 80°C for 8 h before the mechanical testing.  
 
Israelachvili and co-workers used surface force apparatus (SFA) to measure adhesion and 
friction between glassy PS and poly(vinyl benzyl chloride) substrates [13, 14]. They 
demonstrated that crosslinking of the polymers lowered the adhesion, whereas chain 
scission increased it. In addition, adhesion increased with the decreasing molecular 
weight of the interacting polymers. They concluded that the key factor in achieving 
strong adhesion between polymer substrates is the population of free chain ends at the 
outermost surfaces. This is because chain ends have high local mobility and could 
penetrate the opposing polymer substrate [13, 14]. In contrast to Creton et al. [12], the 
polymer interdiffusion processes seen by Israelachvili and co-workers were much faster, 
and large effects were seen after only a few minutes, especially at the lowest molecular 
weights [13, 14].  
 
Contact mechanics was used to study the mechanisms of adhesion hysteresis between 
cross-linked polydimethylsiloxane (PDMS) hemispheres [15] and between PDMS and 
silicon oxide substrates [16, 17]. It was found that entanglements and interdigitation of 
tethered chains across the interface were probably the dominant mechanisms of adhesion 
hysteresis between two PDMS surfaces [15]. For PDMS interacting with silicon oxide, 
the adhesion hysteresis was suggested to be due to the reorganization of chains near the 
interface, which, with time, relieved shear stresses and enabled the formation of strong 
hydrogen bonds [16, 17].  
 
Parameters such as load, contact time, and rate of separation are important for the 
measured adhesion, as adhesion is highly promoted by polymer mobility. Polymer 
mobility in turn leads to entanglements across the interface. Furthermore, it has been 
found that factors that influence the mobility of polymers, such as temperature in 
relation to glass transition temperature (Tg) [18, 19] and relative humidity [20], 
significantly affect adhesion. Adhesion typically peaks at an intermediate temperature 
(close to Tg) or at an intermediate relative humidity. Under these conditions, the 
entanglement rate is high enough to create extensive interdiffusion across the interface, 
but the disentanglement rate is low enough to result in high resistance upon separation 
[18, 20].  
 

3.1.3 Adhesion measurements 
Several techniques are available for the direct measurement of surface interactions such 
as adhesive forces between solid substrates. These techniques include SFA [21], colloidal 
probe AFM [22], MASIF (Measurement and Analysis of Surface Interaction Forces) [23], 
and use of various adhesion measurement devices [24] based on Johnson–Kendall–
Roberts (JKR) theory [25]. These techniques have different benefits and limitations, and 
allow different geometries and materials to be used. This thesis measured adhesive forces 
mainly using the AFM colloidal probe technique and a JKR device. The methodologies 
of these techniques are further described in the “Experimental” section.  
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AFM was used to study interactions—both the formation and breaking of joints—under 
wet conditions. These conditions are typical of those under which joint formation occurs 
in many biological systems and, for example, during the formation of strong fiber–fiber 
joints in papermaking. The JKR approach was also used to measure interactions under 
dry conditions. The AFM and JKR techniques used here provide no information on the 
effect of drying on joint strength, though we are currently developing a JKR-based 
technique for fundamental adhesion studies of drying.  
 
Real-life engineering situations often involve adhesion between ill-defined, rough, 
chemically heterogeneous substrates; in contrast, the above-mentioned techniques all 
require the use of smooth, chemically homogeneous model substrates to enable 
conclusions to be drawn about molecular-scale mechanisms. Mica and various silica 
substrates, typically used in earlier research, were used in this thesis to enable comparison 
with earlier results. In addition, wood biopolymer model films relevant to papermaking, 
which were sufficiently smooth and chemically homogeneous, have also been prepared 
and studied.  
 

3.1.4 Adhesion between model surfaces 
Cellulose model surfaces have been prepared in various ways in the literature. Model 
films of regenerated cellulose have been made using the Langmuir–Blodgett (LB) 
technique with tetra-methyl-silane [26], and spin-coated films have been prepared from 
cellulose dissolved in mixtures of N-methylmorpholine-N-oxide and dimethylsulfoxide 
(NMMO/DMSO) [27] and lithium chloride/dimethyldiacetamide (LiCl/DMAc) [28]. 
Spin-coated surfaces have been prepared from colloidal suspensions of cellulose 
nanocrystals (CNC) [29] and model films have also been prepared using the LbL 
technique with cationic polyelectrolytes in combination with CNC [30] or NFC [31, 32]. 
Cellulose surfaces prepared using various techniques have recently been found [33] to 
display various crystalline characters, i.e., amorphous (LiCl/DMAc) [28], cellulose II (LB 
and NMMO/DMSO) [26, 27], and cellulose I (CNC and NFC) [29-32].  
 
LbL films containing NFC [31, 32] were the main cellulose model substrates used in this 
thesis. PEI has typically been used in combination with NFC [31, 32], although other 
cationic polyelectrolytes have also been evaluated [31]. NFC, first introduced by Turbak 
et al. [34], is today prepared by means of the high-pressure homogenization of wood 
fibers in water after the mechanical beating and enzymatic treatment of the fibers [35], or 
with a TEMPO [36] or carboxymethylation [37] pretreatment. With these pretreatments, 
thinner and more homogenous NFC could be obtained than with the original method 
[34] and also less energy is needed. Carboxymethylated NFC fibrils are typically 5–15 nm 
in cross-section and can be over 1 µm long [31]. Thick (i.e., µm range) free-standing, 
NFC-containing LbL films have been prepared [38] and NFC have also been used to 
prepare high-strength biocomposite films [39, 40], foams [41], and aerogels [42].  
 
SFA and colloidal probe AFM have previously been used to measure the interaction 
between various cellulose surfaces [26, 43-48]. Two recent AFM studies compared the 
interactions in liquid between cellulose spheres and various spin-coated cellulose model 
surfaces [45, 46]. The specific preparation technique used, which results in different 
surface charges and surface roughnesses, was demonstrated to be crucial for cellulose–
cellulose interactions [45, 46]. While pure electrostatic repulsion was observed for spin-
coated CNC films and steric repulsion for amorphous cellulose films, cellulose II 
surfaces displayed both attractive and repulsive interactions depending on solution 
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conditions [45, 46]. The JKR approach [24, 25] has also been used to measure the 
adhesion between PDMS and various cellulose model surfaces [49-51]. The work of 
adhesion on loading was similar for the various cellulose surfaces, but the adhesion 
hysteresis, which was high for all surfaces, was somewhat higher for amorphous cellulose 
surfaces than for the crystalline surfaces [51].  
 
Model surfaces from lignin were prepared as early as 1972 [52], for example, from 
Indulin AT lignin (which were also used in this thesis), and since then, a range of 
techniques, substrates, and lignin sources has been used. Norgren et al. [53] recently 
prepared smooth and stable lignin model surfaces from softwood kraft lignin spin coated 
onto silica substrates from aqueous alkaline solutions. These lignin surfaces have also 
been used in wetting studies [54] in which it was demonstrated that the lignin was 
partially wetted with water. The interactions between lignin and cellulose have also been 
investigated [55], and the measured forces were found to behave according to Derjaguin-
Landau-Verwey-Overbeek theory. Spin-coated lignin model surfaces have also been 
prepared by Tammelin et al. [56] from milled wood lignin.  
 
Interaction studies of hemicellulose model surfaces are less common in the literature. 
However, a recent study investigated the interaction between model surfaces of 
xyloglucan grafted to gold and cellulose spheres using colloidal probe AFM [57], and 
specific interactions could be detected between the xyloglucan and the cellulose. The 
adsorption of various wood hemicelluloses to cellulose [58-60] and lignin [59] model 
surfaces has been studied in detail, and a few studies have examined the interaction 
between substrates and adsorbed hemicelluloses [61, 62]. Depending on the wood 
source, different hemicelluloses are dominant. In softwood, galactoglucomannans are 
predominant [63]. Two main types of galactoglucomannans can be found: one galactose-
rich type that is water-soluble and one galactose-poor type, called glucomannan, that is 
water-insoluble [63, 64]. The model surfaces examined in the present thesis were made 
from glucomannan.  
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3.2 Layer-by-layer thin films 
Nature often arranges its constituents in complex hierarchal structures, achieving 
superior or entirely new properties that would have never been obtained by the 
individual constituents. Wood fibers, lipid bilayers, proteins folded in various ways, and 
protein complexes are examples of this. Using polyelectrolytes and charged colloids to 
assemble multilayered structures is a new and promising way to mimic this behavior and 
synthetically create hierarchical supramolecular structures.  
 

3.2.1 A general surface engineering technique 
The technique of constructing layer-by-layer (LbL) films was first discussed by Iler [65] 
for oppositely charged colloids and was later developed by Decher [66] for soluble 
polylectrolytes and combinations of polyelectrolytes and colloids in vast combinations in 
the early 1990s. Since then, the method has developed rapidly as a very efficient, robust, 
and environmentally friendly surface treatment method.  
 
LbL films are formed by subjecting a charged solid substrate consecutively to aqueous 
solutions of cationic and anionic polyelectrolytes and/or charged nanoparticles by means 
of dipping, spin coating, or spraying the substrates. By choosing different combinations 
of adsorbents, various desirable properties can be achieved [2]. The versatility does not 
end there, as the properties of LbL films can also be altered by varying parameters such 
as salt concentration, salt type, temperature, molecular weight, and charge of the 
polyelectrolytes [2, 67].  
 
The universal applicability of the LbL technique can be demonstrated by citing a few 
examples of the successful use of LbL films in applications such as contact lens coatings 
[2], sensor technology [68], self-healing anticorrosion coatings [69], antibacterial fibers 
[70], and hollow capsules for the controlled release of active chemicals [71]. Being a 
surface treatment technique, LbL films could also be used to improve the adhesive 
interaction between various substrates.  
 

3.2.2 LbL-induced adhesion 
While the interaction between substrates treated with individual polyelectrolyte layers has 
been discussed in numerous studies [72-75], investigations of the interaction between 
LbL-coated substrates are less common. The few interaction studies that have examined 
LbL films have often been limited to a few polyelectrolyte layers. To the knowledge of 
the author, SFA has been used to measure the interaction between substrates coated with 
a maximum of two [76] or four [77] monolayers of poly(allylamine hydrochloride) (PAH) 
and poly(styrene sulfonate) (PSS). In both these studies, multilayers were adsorbed ex 
situ to mica substrates from high-ionic-strength solutions and were dried before being 
mounted in the SFA and re-immersed in aqueous solutions of fairly low ionic strength. 
Lowack and Helm [76] observed high adhesion for one bilayer of PAH/PSS, whereas 
Blomberg et al. [77] detected no adhesive forces for symmetrical systems.  
 
Colloidal probe AFM studies have also examined LbL films formed from PAH/PSS [78, 
79]. No strong adhesion was observed in symmetrical systems when the multilayer 
regime was reached and the surfaces were homogeneous [78]. In an asymmetric system, 
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the pull-off forces between a bare glass sphere and a flat surface coated with PAH/PSS 
were higher when cationic polymer was adsorbed in the outermost layer than when 
anionic polymer capped the LbL film [79]. This was to be expected, since a bare glass 
sphere is negatively charged in liquid.  
 
Two recent studies [80, 81] used colloidal probe AFM to study the wet adhesive pull-off 
forces between silicon oxide substrates consecutively treated with PAH and poly(acrylic 
acid) (PAA). These studies demonstrated that the adhesive forces between the LbL-
covered substrates increased with increasing layer number and that the pull-off forces 
were highly dependent on which polyelectrolyte capped the LbL film. Higher pull-off 
forces were observed when PAH was adsorbed in the outermost layer [80, 81] and a 
relationship was found between the adhesive and the viscoelastic properties of the LbL 
films [80]. Water-rich, mobile PAH-capped LbL films yielded higher pull-off forces than 
did more rigid PAA-capped LbL systems [80]. LbL-treated substrates capped with PAH 
have displayed lower wettability than have PAA-capped LbL systems. This has also been 
correlated to the higher pull-off forces of PAH-capped LbL systems [81]. The adhesive 
properties of LbL films formed from PAH/PAA have also been studied using the JKR 
approach [82] and various shear adhesion tests [83, 84].  
 
It has recently been demonstrated that LbL films can be used to improve the adhesive 
interactions in more practical systems, such as papermaking, in which multilayers can be 
formed on cellulosic fibers [7, 85, 86]. These studies found that paper strength increased 
as a function of the number of layers in the LbL film when the fibers were consecutively 
treated with PAH/PAA [7, 85] or poly(diallyldimethylammonium chloride) 
(PDADMAC)/PSS [86] before sheet formation. Although the strength testing of paper 
sheets provides only an indirect measurement of the adhesion between the fibers in the 
sheet, these results indicate that the adhesive interactions in the fiber–fiber joints were 
improved. More direct joint strength measurements of individual fiber crosses have also 
indicated that treatment of cellulosic fibers with PAH/PAA actually improves the joint 
strength between fibers [87]. Interestingly, agreement in the trends observed, extending 
from model experiments using quartz crystal microgravimetry and colloidal probe AFM, 
through single-fiber joint measurements, and finally to paper strength properties, 
indicates the usefulness of model studies of these systems.  
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3.3 Starch 
Starch is a biopolymer that is the major component of many food plants and is thus of 
major importance to the food industry. Due to its abundance and relatively low cost, 
starch is also widely used in other technical areas, such as the chemical, pharmaceutical, 
cosmetics, and papermaking industries [88]. When used for industrial purposes, starch is 
typically extracted from corn, wheat, tapioca, or potatoes, though it is also available from 
other plants. Native starch is a natural blend of varying proportions of amylose and 
amylopectin. In potato starch, the amylose content is typically approximately 20% and 
the amylopectin content approximately 80%. These two polysaccharides both have a 
(1→4) linked poly-α-D-glucan backbone. Amylose is a linear polymer, though with a 
helical structure in solution, while amylopectin is highly branched at the C6 positions 
[88].  
 
Starch is one of the most widely used chemicals in papermaking, where it is used for 
various purposes, for example, as a strength-increasing agent, surface sizing agent, 
retention agent, and binder in paper coatings [88]. Native starch is essentially uncharged, 
but before use in the wet end of the paper machine, the starch is usually made cationic by 
treating the starch granules with a reactive compound containing a quaternary 
ammonium group, for example, epoxypropyltrimethylammonium chloride. Numerous 
studies have demonstrated the paper strength–enhancing effect of cationic starch [89-
91], which adsorbs to the negatively charged fibers. The adsorbed cationic starch 
improves the adhesive interactions between the paper fibers, and it has been suggested 
that the starch increases the specific joint strength [91] and/or the molecular contact 
area. The use of starch may also increase the number of efficient fiber–fiber joints [89]. 
To the knowledge of the author, no molecular mechanism has been clearly established 
that explains the action of starch as a strength enhancer in papermaking.  
 
As mentioned in the previous section, LbL films formed from PAH/PAA and 
PDADMAC/PSS have been used to improve paper strength. These polyelectrolytes are 
all petroleum based, and in light of global warming and decreasing oil resources, it is 
desirable to find alternative polymers from renewable resources that can be used to form 
LbL films. Starch, already extensively used in papermaking, would be an ideal candidate, 
since it is not only a renewable and biodegradable chemical, but is also very cost-
effective.  
 
A few studies have recently been performed in which LbL films with up to four 
monolayers were formed from cationic starch/anionic starch [92, 93] or cationic 
starch/carboxymethylated cellulose [94, 95] on cellulosic fibers. These studies 
demonstrated that starch LbL treatment could improve paper strength properties more 
than could a single layer of cationic starch, i.e., the adhesive interactions between the 
cellulosic fibers were improved by treatment with starch LbL films. However, a more 
detailed study of starch LbL films is still lacking.  
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3.4 Mechanical buckling 
Mechanical buckling or surface wrinkling is ubiquitous in nature, as exemplified by aging 
skin and dried fruit. This phenomenon appears when a thin stiff film supported by a 
compliant substrate is compressed by any means, for example, by mechanical 
compression, thermal expansion, swelling, or shrinkage. This has long been understood, 
but only in recent years has the phenomenon been controlled and used in engineering 
patterned surfaces [96] and in metrology [97].  
 
Surfaces with intricate ordered patterns have, for example, been prepared from metal-
coated [96] and plasma-treated [98] thermally expanded PDMS and surfaces with 
fantastic patterns have been made by the swelling-induced mechanical buckling of 
UV/ozone-treated PS films [99]. It has also been demonstrated that wrinkled surfaces 
can be used as stamps for microcontact printing [100] and for directed assembly of 
colloidal latex [101] and anisotropic [102] particles. These are examples of how surfaces 
can be engineered with the aid of mechanical buckling. The following describes how 
mechanical buckling can be used to measure the mechanical properties of ultrathin films 
according to the recently developed strain-induced elastic buckling instability for 
mechanical measurements (SIEBIMM) technique [97].  
 

3.4.1 Strain-induced elastic buckling instability for 
mechanical measurements (SIEBIMM) 

As discussed earlier, the mechanical properties of LbL films will, among other things, 
determine the dry strength of joints between LbL-treated fibers. There has recently also 
been great interest in new types of renewable barrier materials and, apart from their 
barrier properties, the mechanical properties of these films are crucial. Adequate 
measurements of the mechanical properties of these sub-micrometer films are required 
to tailor the LbL properties; however, making such measurements is not trivial for such 
thin LbL films. It would not be easy to prepare and handle free-standing films of sub-
micrometer thickness and, furthermore, conventional testing devices would not be 
sensitive enough to measure the small forces involved in straining such films. However, 
the mechanical properties of hollow LbL capsules [103-105] and thin supported LbL 
films [106, 107] have recently been measured, and the development of the SIEBIMM 
technique [97] makes it possible to measure the elastic properties of ultrathin supported 
films. SIEBIMM is an elegant, versatile, and accurate method that is relatively simple in 
that it does not require any expensive equipment.  
 
In the SIEBIMM technique, a thin rigid film supported by a semi-infinite soft substrate, 
usually PDMS, is subjected to planar compression forces in a controlled way. Above a 
critical stress level, the thin rigid film buckles to minimize the total strain energy of the 
system [97]. This is exemplified by an NFC-containing LbL film supported by PDMS, as 
shown in Figure 2. The characteristic buckling wavelength (λ) is related to the thin film 
thickness (df) and to the material properties of both the thin rigid film and the thick soft 
substrate. Assuming a sinusoidal buckling pattern, this relationship can be used to 
calculate the Young’s modulus of the thin film (Ef) according to Equation 1 [97], 
provided the Young’s modulus of the substrate (Es) and the Poisson’s ratios of the thin 
film (νf) and the substrate (νs) are known and the buckling wavelength and thin film 
thickness can be measured.  
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4 EXPERIMENTAL 
The key experimental details of the present work are summarized below to support the 
understanding of the experimental results. For further details, the reader is referred to the 
constituent papers of the thesis and the references therein.  
 

4.1 Materials  

 

4.1.1 Substrates 
Polished silicon wafers with a natural silicon oxide layer were supplied by MEMC 
Electronic Materials SpA (Novara, Italy). Before use, the wafers were rinsed 
consecutively with ethanol and milli-Q grade water, dried with nitrogen gas, and cleaned 
using plasma treatment (PDC-002 plasma cleaner; Harrick Scientific Inc., Pleasantville, 
USA) for 3 min at 30 W. The silica wafers used for stagnation point reflectometry 
measurements were oxidized to an oxide layer thickness of 80–100 nm in an oven at 
1000°C for 3 h before the cleaning procedure. The oxide layer thickness was measured 
using ellipsometry.  
 
Silica-coated quartz crystals for use in the quartz crystal microbalance with dissipation 
were supplied by Q-Sense AB (Västra Frölunda, Sweden). Before use, the crystals were 
cleaned as described above.  
 
PDMS (Dow Sylgard 184 silicone elastomer kit, including base and catalyst), was 
obtained from Dow Corning (Midland, USA). PDMS substrates for buckling 
measurements were prepared by mixing base and catalyst carefully at a 10:1 ratio. The 
mixture was poured into a glass mold with a silicon wafer at its base. The PDMS was 
degassed under vacuum and thereafter cured at 100°C for 1 h. After cooling, the 3.5–4-
mm-thick PDMS was cut into strips, and the smoothest side, which was cast against the 
silica wafer, was used for LbL buildup.  
 
Thin spin-coated PDMS films were prepared on cut silica wafers and QCM crystals, 
cleaned as described above. The PDMS base/catalyst mixture was dissolved in heptane 
at a concentration of 5 g L–1 and was spin coated at 2000 rpm for 60 s followed by curing 
at 100°C for 1 h. This resulted in PDMS thin films with a thickness of approximately 30 
nm, as measured using AFM scratch height analysis, see below.  
 
PDMS (Dow Sylgard 182) was mixed and degassed as described above and hemispherical 
caps for JKR measurements were prepared by placing PDMS droplets on hydrophobized 
glass. The caps were cured at 100°C for 1 h and were thereafter Soxhlet extracted with 
heptane for 12 h to remove unreacted monomer. The radius of the caps was typically 1.1 
mm.  
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4.1.2 Chemicals 
In paper I, PAH (Mw = 15 and 70 kDa) and PAA (Mw = 8 and 240 kDa) were purchased 
from Sigma Aldrich (Munich, Germany) and used as supplied. In the research reported 
in papers IV, VI, and VII, the high-molecular-weight (70 kDa) PAH was used.  
 
PEI (Mw = 60 kDa, 53% aqueous solution) was purchased from Acros Organics (Geel, 
Belgium).  
 
Cationic and anionic potato starches were supplied by Lyckeby Starch AB, now a part of 
the joint venture Solam GmbH (Kristianstad, Sweden). The cationic starches (CS) used 
in the research reported in papers II and III was modified with a quaternized 
ammonium group to degrees of substitution (D.S.) of 0.039, 0.065, and 0.093 and are 
denoted CS 0.04, CS 0.06, and CS 0.09, respectively. The anionic starches (AS) used in 
the research reported in papers II and III were modified by means of 2,2,6,6-
tetramethylpiperidine-1-oxyl(TEMPO)-mediated specific oxidation of the C6 primary 
alcohols into aldehydes and subsequently into carboxylic acids. The carboxylic acid D.S. 
of the anionic starches were 0.037, 0.065, and 0.094 and these starches are denoted AS 
0.04, AS 0.06, and AS 0.09, respectively. The anionic starches also contained aldehyde 
groups with approximately the same D.S. as those of the corresponding carboxylic acids. 
The aldehyde groups could presumably be used as handles for chemical modifications or 
cross-linking reactions, a possibility not explored here. The refractive index increment 
(dn/dc) of the starches was assumed to be 0.146 based on earlier work and the relatively 
low D.S. of the molecules [115]. In the research reported in paper IV, cationic and 
anionic starch with a D.S. of 0.18 and 0.14, respectively, were used. The molecular 
weight of cationic potato starch is typically in the order of 3.8 × 107 g mol–1 and the z-
average root mean square (rms) radius in 10 mM NaCl is 140 nm [116]. Due to 
degradation during the oxidation process, the molecular weights of the anionic starches 
were lower than those of the cationic starches, being as low as 5 × 105 g mol–1 at the 
highest oxidation levels. All starches were cooked at elevated pressure in 5-mL vials using 
a ReactiTherm 18971 heating and stirring module (Pierce, Rockford, USA). For cooking 
times, temperatures, and details, see the individual constituent papers of this thesis. The 
cooked starches were diluted with milli-Q grade water and were filtered with 1.2 µm 
polyethersulfone membrane syringe filters (Pall, Port Washington, USA) to remove any 
small granular residues prior to use. 
 
Silica nanoparticles (SNP) (Bindzil 15/500, 15 wt%), approximately 5 nm in diameter 
according to the supplier, were supplied by Eka Chemicals AB (Bohus, Sweden).  
 
Anionic and cationic nanofibrillated cellulose (NFC) were prepared and supplied by 
Innventia AB (Stockholm, Sweden). The preparation of anionic NFC has been described 
by Wågberg et al. [31, 37] In brief, commercial softwood sulfite dissolving pulp fibers 
(Domsjö Dissolving Plus; Domsjö Fabriker AB, Örnsköldsvik, Sweden), with a 
hemicellulose content of 4.5% and a lignin content of 0.6%, were pretreated by 
carboxymethylation and thereafter disintegrated into nanofibrils with the aid of high-
pressure homogenization. The nanofibrils were typically 5–15 nm in diameter, up to 1 
µm long, and the surface carried carboxylic acid groups due to the pretreatment [31]. The 
cationic NFC was prepared in a similar way, but with a N-(2,3 
epoxypropyl)trimethylammonium chloride pretreatment that introduced quaternized 
ammonium groups on the NFC surface. The surface charge density, as measured using 
polyelectrolyte titration [117], of the cationic and anionic NFC was 322 and 426 µeq g–1, 
respectively, at pH 7.2 and 6.5.  
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All solutions were prepared using milli-Q grade water with a resistivity of 18.2 MΩ cm 
(Synergy 185, Millipore, Billerica, USA).  
 
Commercial kraft lignin, Indulin AT, was obtained from MeadWestvaco (Richmond, 
USA) and was purified according to a procedure previously described by Norgren et al. 
[53]. To remove carbohydrates, the lignin was dissolved in dioxane:water (9:1) and was 
stirred for 2 h at room temperature. The solution was centrifuged and the residue, 
containing undissolved carbohydrates, was removed. The dioxane was thereafter 
evaporated in a rotavapor and the lignin was freeze-dried. To remove extractives, the 
freeze-dried lignin was subjected to pentane extraction for 8 h. The number average 
molecular weight of Indulin AT has previously been determined to Mn = 1062 g mol-1 
with a polydispersity index of 5.18 using size exclusion chromatography [118].  
 
Glucomannan from Norway spruce (Picea abies) wood holocellulose was extracted with 
NaOH/H3BO4 and precipitated with Fehling reagent [64]. The precipitates were washed 
with deionized water, dissolved in 1M HCl, and further precipitated and washed with 
ethanol. The purified glucomannan was composed of galactose, glucose, and mannose in 
a <0.1:1:3.5 ratio and the degree of polymerization was ~150, as determined using size 
exclusion chromatography [64].  
 
Methyl iodide was obtained from Acros Organics (Geel, Belgium) and glycerol from 
Sigma Aldrich (Munich, Germany); both chemicals were of analytical grade and were 
used as provided by the manufacturer.  
 

4.2 Methods 
 

4.2.1 Stagnation point adsorption reflectometry (SPAR) 
SPAR (Wageningen University, Netherlands) was used to study LbL formation on silica 
surfaces. The theory of the method is thoroughly described elsewhere [119, 120] and will 
only be briefly discussed below.  
 
In the SPAR equipment, the adsorbent is added in a continuous flow perpendicular to a 
silica substrate. A linearly polarized laser beam is focused on the stagnation point and is 
reflected onto a detector that registers the intensity of the parallel and perpendicular 
components, IP and IS, of the reflected polarized light. The SPAR signal, S, is IP/IS. 
Adsorption of polyelectrolyte to the silica substrate changes the refractive index of the 
surface. This leads to a relative change in the reflected intensities, IP and IS, and thus to a 
change in S. For thin layers, the adsorbed amount, Γ, can be calculated from Equation 2.  
 Γ = ∆ 	       (2) 

 

where ΔS is the change in reflectometer signal upon adsorption and S0 refers to the 
signal before adsorption. AS is a sensitivity factor dependent on the thickness of the 
silicon oxide layer, the refractive indices of the silicon, silica, adsorbent, and bulk solvent, 
and the refractive index increment (dn/dc) of the adsorbent.  
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4.2.2 Quartz crystal microbalance with dissipation (QCM-D) 
LbL formation was also studied using a model E4 QCM-D (Q-Sense AB, Västra 
Frölunda, Sweden). The resonant frequency of the quartz crystal, which under ideal 
conditions is proportional to the mass of the crystal, is continuously monitored. A 
frequency decrease is detected upon adsorption. For thin, rigidly attached films, the 
Sauerbrey relationship [121] is valid:  
 ∆ = ∆ 	       (3) 

 

where Δm is the adsorbed mass, Δf is the frequency change, C is a sensitivity constant  
(–0.177 mg Hz-1 m–2), and n is the overtone number. The sensed adsorbed mass includes 
the amount of solid adsorbent and the water immobilized by the adsorbed layer. Hence, 
by combining SPAR and QCM-D, it is possible to determine both the adsorbed amount 
of polymer and the amount of immobilized liquid water in the adsorbed layer.  
 
The dissipation factor, D, is defined as  
 = 	       (4) 

 

where Estored is the energy stored in the oscillating system and Edissipated is the energy 
dissipated during one oscillation period [122]. The dissipation is related to the 
viscoelastic properties of the adsorbed layer. A thin, rigidly attached film is expected to 
yield a low change in dissipation, while a thicker, more water-rich and mobile film is 
expected to yield a large change in dissipation.  
 

4.2.3 LbL formation 
Except for in situ measurements of LbL systems, films were also prepared ex situ on silica 
substrates and PDMS substrates for use in JKR and SIEBIMM measurements.  
 
In general, all polyelectrolytes and SNP was allowed to adsorb for 10 min and NFC for 
20 min followed by rinsing for 3 × 2 min. Dipping was done by hand when there were 
only a few layers or by an automatic dipping robot (StratoSequence VI, nanoStrata Inc., 
Tallahassee, USA).  
 
In the research reported in paper IV, starch LbL films were assembled simultaneously 
on thick PDMS substrates for buckling measurements and on thin spin-coated PDMS 
substrates for LbL film thickness measurements using AFM scratch height analysis, as 
described below.  
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4.2.4 Spin coating of model surfaces 
A KW-4A spin coater (Chemat Technology, Northridge, USA) was used to prepare 
model surfaces for JKR measurements. Lignin and glucomannan were dissolved in NH3 
(25% aqueous solution) at concentrations of 1 and 2 wt%, respectively, for 24 h and 
thereafter filtered through 0.45-µm polyethersulfone membrane syringe filters. The 
solutions were thereafter spin coated onto cleaned silica substrates for 60 s at 2000 rpm.  
 

4.2.5 Ellipsometry 
In the research reported in paper VII, the thickness of the LbL films on PDMS 
substrates was determined using a variable angle spectroscopic ellipsometer from J.A. 
Woolam (Lincoln, USA) with an angle range of 50–70°. Spectroscopic ellipsometry data 
were fitted using the Cauchy model [123] to determine the film thickness.  
 

4.2.6 AFM imaging and scratch height analysis 
A Nanoscope IIIa AFM (Bruker AXS, formerly Veeco Instruments, Santa Barbara, USA) 
equipped with a type E piezoelectric scanner was used in tapping mode to image the 
surface morphology of the LbL films and model surfaces. RTESP Si cantilevers (Bruker 
AFM Probes, Camarillo, USA) with a nominal resonance frequency of 300 kHz and a 
spring constant of 40 N m–1 were used. In the research reported in paper IV, the 
thickness of the LbL films on PDMS substrates was determined using scratch height 
analysis. Scratches made in the thin PDMS films on silica and scratches made in the 
PDMS film/adsorbed LbL film sandwich structure (see Figure 3) were imaged using 
AFM. The images were analyzed using the step command in the AFM software, 
Nanoscope Analysis (Bruker AXS, formerly Veeco Instruments, Santa Barbara, USA). 
The LbL film thickness was calculated by subtracting the PDMS film thickness from the 
total thickness.  
 

 
Figure 3. Schematic of AFM scratch height analysis of an LbL film assembled on thin 
PDMS. Illustration by Patrik Ek.  
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4.2.7 AFM force measurements 
Surface forces were measured using a Nanoscope IIIa AFM with a Picoforce scanner 
(Bruker AXS, formerly Veeco Instruments). The general principle of force measurements 
using AFM [124] has been described in detail elsewhere, and the reader is referred to that 
work for further details.  
 
Colloidal probe AFM [22] was used to measure the wet adhesive forces between LbL-
coated silica substrates. Borosilicate glass spheres (Duke Scientific, Fremont, USA) 10 
µm in diameter were glued to V-shaped Si3N4 cantilevers (Bruker AFM Probes) with a 
nominal spring constant of 0.12 N m–1. For each individual measurement, the 
borosilicate probe diameter was measured using optical microscopy and the normal 
spring constant was determined using the thermal noise method [125].  
 
LbL films were formed in situ in the AFM liquid cell; that is, both the flat silica substrate 
and the silica sphere were covered with LbL films and the substrates were never allowed 
to dry before the formation of a new layer (Figure 4). Polyelectrolyte solutions were 
injected into the liquid cell and allowed to adsorb, followed by rinsing. Force 
measurements were made at the end of each rinsing cycle, when no free polyelectrolyte 
was present in the solution. Typically, ten force–distance curves were determined for 
each layer. The pull-off forces, i.e., the maximum force upon separation of the 
substrates, were normalized by the probe radius.  
 

 
Figure 4. Schematic of in situ LbL film formation in the AFM liquid cell. Cationic and 
anionic polyelectrolyte solutions, for example PAH and PAA, were consecutively 
injected into the liquid cell, and LbL films were built up on the negatively charged silica 
substrates. Both the flat silica substrate and the silica sphere were covered with LbL 
films.  

 

4.2.8 JKR adhesion measurements 
In the early 1990s, Chaudhury and Whitesides [24] developed an experimental protocol, 
based on JKR contact mechanics theory [25], that made it possible to measure adhesion 
using soft hemispherical PDMS caps. In a typical JKR experiment, a hemispherical 
PDMS cap is pressed toward a flat surface (Figure 5) placed on a balance that registers 
the load, while the contact area is monitored, through the transparent PDMS cap, using a 
light microscope connected to a CCD camera. The surfaces are loaded in finite steps and 
allowed to equilibrate for 10 min before the next step; the load and the contact area are 
recorded at the end of each 10-min period. The surfaces are loaded until a trigger value 
of 0.25 g is reached, and are thereafter unloaded in the same fashion.  
 

PAH/PAAPAH/PAAPAH/PAA
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Figure 5. Schematic of the contact between a hemispherical PDMS cap and a flat 
surface, with the projected contact area marked in grey. Illustration by Mats Rundlöf, AB 
Capisco Science & Art.  

 

According to JKR theory, the cube of the contact radius (a3) and the applied load (F) can 
be related to the work of adhesion (W) between a cap and a flat surface according to 
Equation 5, where K is the elastic constant and R is a function of the radii of the 
undeformed bodies. For cap/flat geometry, R equals the radius of the cap, which in this 
work was typically 1.1 mm. 
 = 	 + 3 + 6 + 3   (5) 

 

The adhesion energy at minimum load, Wmin, can be calculated from the pull-off force, 
Fs, according to Equation 6: 
 = 	       (6) 

 

4.2.1 Contact angle measurements and surface energy 
calculations 

Static contact angle measurements were conducted for milli-Q grade water, methyl 
iodide, and glycerol on model surfaces of cellulose (PAH(NFC/PEI)1.5), glucomannan, 
and lignin using a KSV 200 CAM goniometer (KSV Instruments Ltd., Helsinki, Finland). 
The surface energies of the model surfaces were calculated from the contact angles using 
the van Oss method [126, 127], which divides the surface energy into a dispersive and a 
polar component, which are further divided into acid and base contributions. For further 
details about the contact angle measurements and the surface energy calculations, the 
reader is referred to paper VI.  
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4.2.2 Buckling measurements 
A Mini Tensile Tester with a 200-N load cell (Deben UK Ltd., Bury St. Edmunds, UK) 
was used to compress thick PDMS strips with adsorbed LbL films by controlled 
amounts (approximately 3% strain). A model BX30M optical microscope (Olympus, 
Tokyo, Japan) equipped with a CCD camera (Ikegami Tsushinki, Tokyo, Japan) was used 
to record images of the resulting buckling pattern at 23°C and 50% relative humidity 
(RH). Buckling measurements were also made using the Deben tensile tester at 0% RH 
in situ in a S-4800 FE-SEM (for PAH(NFC/PEI)x films) and a TM-1000 TableTop SEM 
(for starch LbL films) both from Hitachi (Tokyo, Japan). The buckling wavelengths were 
determined by means of digital analysis of the images. The Young’s modulus of the 
PDMS substrates was determined in compression mode using an Instron 5566 universal 
testing machine (Instron, High Wycombe, UK) equipped with a 500-N load cell at a 
compression rate of 0.6 mm min–1. The Young’s modulus for PDMS, Es, was 1.9 ± 0.2 
MPa. 
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5 RESULTS AND DISCUSSION 
The strength of adhesive joints in fibrous networks can be improved by physically 
modifying the constituent fibers using the LbL technique. To tailor the properties of 
these materials, it is necessary to understand the molecular mechanisms determining the 
joint strength of LbL-treated substrates, including the molecular adhesion and the 
mechanical properties of ultrathin LbL films. The molecular mechanisms of LbL-
induced adhesion have therefore been investigated by means of colloidal probe AFM for 
LbL films containing PAH/PAA (paper I), starch (papers II and III), and NFC (paper 
V) and attempts were made to correlate the adhesive properties to the structural and 
viscoelastic properties of the LbL films. SIEBIMM was used to measure the elastic 
properties of LbL films containing starch (paper IV) and NFC (paper VII) and to 
explore the potential to modify and tailor these properties. In addition to studying the 
effects of LbL modification, it is of course important to understand the adhesive 
properties of the fibrous material itself, so adhesion was measured between model 
surfaces of cellulose, lignin, and hemicellulose using the JKR approach (paper VI).  
 

5.1 LbL films formed from PAH and PAA 
PAH/PAA is a well-investigated LbL system, and it has been demonstrated that this 
combination of polyelectrolytes can be used to improve adhesive interactions in fibrous 
networks [7, 85]. It has also been demonstrated to be possible to improve the adhesion 
between model surfaces using these polyelectrolytes; however, as no molecular 
mechanism has been established for this [80, 81], more detailed study was important. 
Model studies using colloidal probe AFM were employed to examine the molecular 
interactions underlying this increase in adhesion.  
 

5.1.1 Wet adhesion studied using colloidal probe AFM 
PAH/PAA LbL films were formed on silica substrates in situ in the AFM liquid cell, 
meaning that both the flat silica substrate and the silica sphere were covered with LbL 
films. The substrates were never allowed to dry out between formation of the LbL layers. 
For each layer, the polyelectrolytes were adsorbed for 10 min followed by rinsing for 10 
min to wash away weakly attached polyelectrolytes. All solutions had a polyelectrolyte 
concentration of 30 mg L–1 in 10 mM NaCl at pH 7.5. Force measurements were made at 
the end of each rinsing cycle. For each layer, measurements were first made with 0-s 
delay at maximum load, and then with increased contact times of 1 s and 5 s.  
 
Figure 6 shows the average normalized pull-off force as a function of layer number and 
contact time at maximum load for silica substrates covered with low-molecular-weight 
PAH/PAA (Figure 6a) and high-molecular-weight PAH/PAA (Figure 6b). Odd layer 
numbers correspond to PAH adsorbed in the outermost layer and even numbers to PAA 
adsorbed in the outermost layer.  
 
Figures 6a and 6b show that the wet pull-off force increased with layer number for both 
the low- and high-molecular-weight combinations of PAH/PAA. Another common 
feature is that the pull-off force depends on layer number. With both molecular weight 
combinations, the adhesive forces were significantly higher when PAH was adsorbed in 
the outermost layer than when the final layer was PAA. These trends are similar to the 
results of previous colloidal probe measurements of LbL systems formed from low-
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molecular-weight PAH and PAA [80, 81]. In one of these recent studies [80], the 
viscoelastic properties of PAH/PAA LbL films (modeled using QCM-D results) were 
also related to their adhesive properties. Rigid PAA-capped LbL films were not as 
efficient in creating strong adhesive interactions as were less rigid, more water-rich PAH-
capped LbL films. These results suggest that high polyelectrolyte mobility in the 
outermost layer of an LbL film is important for the formation of a strong adhesive joint 
through interdiffusion of polymer chains across the interface. These results are 
consistent with results reported for other polymer systems [9-14, 18-20].  
 

a)  

b)  
Figure 6. Normalized pull-off force as a function of layer number and contact time at 
maximum load for LbL-covered silica substrates. (a) Low-molecular-weight PAH and 
PAA and (b) high-molecular-weight PAH and PAA. Delay time at maximum load: 0 s 
(■), 1 s (∆), and 5 s (♦). 

 

As seen in Figure 6, the wet adhesive pull-off forces increased with time in contact at 
maximum load for all layer numbers and for both molecular weight combinations of 
PAH/PAA. As longer contact times allow more time for the polyelectrolytes to 
interdiffuse, the increase in force with time in contact is consistent with the hypothesis 
that interdiffusion of polyelectrolytes across the interface is important for achieving 
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strong adhesive joints. Both the number and length of these entanglements should 
increase with time in contact at maximum load, so the adhesive forces should increase. 
This effect of contact time on the degree of entanglement and on adhesion has been 
observed in previous studies of other polymer systems [13, 14], but not previously in 
LbL systems.  
 
Though the above trends were the same for low- and high-molecular-weight PAH/PAA, 
the absolute values of the pull-off forces were higher for the low-molecular-weight 
combination, peaking at 6.0 mN m–1 for layer number 11 and a 5-s delay in contact at 
maximum load. This should be compared to 3.5 mN m–1 for the high-molecular-weight 
combination under the same conditions. These results are consistent with those of earlier 
studies of the effect of molecular weight on adhesion hysteresis and friction between 
polymer surfaces. Israelachvili and co-workers [13, 14] concluded that the population of 
free chain ends at the outermost surface is the key factor for achieving strong adhesive 
interaction: free chain ends have high local mobility and thus have the possibility of 
penetrating into the opposite polymer substrate, allowing for molecular entanglements 
across the interface. This conclusion can be used to explain the present results regarding 
the dependence of LbL adhesion on molecular weight, since the population of free chain 
ends at the outermost surface will be higher for low-molecular-weight than high-
molecular-weight LbL systems. Thus it is also understandable that the adhesive pull-off 
forces were higher for the low-molecular-weight combination.  
 
However, if the interdiffusion time had not been limited, the high-molecular-weight 
polyelectrolytes might have had time to create more entanglements per polymer chain. In 
this case, high molecular weight would have produced higher adhesive forces than would 
the low-molecular-weight LbL systems. This type of dependence on molecular weight 
was found by Creton et al. [12].  
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5.1.2 Suggested mechanism for LbL-induced adhesion 
The mechanism determining the adhesive interaction between LbL-covered substrates is 
probably polyelectrolyte entanglements across the interface. This conclusion is based on 
the influence on the wet adhesive forces of molecular weight, time in contact at 
maximum load, and the polyelectrolyte adsorbed in the outermost layer of the LbL film, 
together with the results of earlier studies of other polymer systems [9-14, 18-20]. 
Further support is found in a recent study of fluorescently labeled PAH/PAA that found 
interdiffusion between two LbL-coated planar substrates in contact in water [84]. A 
schematic of the suggested mechanism is shown in Figure 7.  
 

 
Figure 7. Schematic of the probable interdiffusion of polyelectrolytes across the 
interface of two LbL films on adjacent substrates. It is suggested that this interdiffusion 
is vital to the formation of strong adhesive joints between the substrates. Molecular 
mobility and the number of interacting chain ends will be crucial for the development of 
strong adhesion with short contact times. Illustration by Mats Rundlöf, AB Capisco 
Science & Art. 

 

The strength of adhesive joints between polymer-coated substrates can be regarded in 
terms of both joint making and breaking. Apart from the intrinsic properties of the 
polymers, the conditions during joint formation and breaking are also important. The 
AFM colloidal probe measurements presented here were made under wet conditions; 
that is, the joints were both formed and broken under wet conditions. In an industrial 
system, the joint-forming time, joint breaking conditions, and rate of separation might 
differ from those used here. For example, fiber joints in paper reinforced by LbL 
treatment are formed under wet conditions; the paper is then dried, and the 
improvement in joint strength is generally exploited under dry conditions. Conditions 
imposed during adhesive joint formation will also influence the degree of entanglement 
of polymers on opposite sides of the interface [128]. This entanglement, together with 
the ease or difficulty of disentanglement in the dry state, will naturally affect the 
properties of the dry joint.  
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Polyelectrolyte mobility in a multilayer is obviously important in the formation of strong 
adhesive joints. Highly mobile polyelectrolytes are also likely to yield softer and thicker 
LbL films than those formed from low-mobility polyelectrolytes. Thus the formation of 
a large contact area when the interacting LbL-coated substrates come into contact is 
another possible mechanism reinforcing the effect of interdiffusing polymers; Figure 8 
shows this schematically. Naturally, soft multilayers will be beneficial for the forming of a 
large contact area between LbL-covered surfaces.  
 

 
Figure 8. Schematic of the formation of a large contact area between two LbL-coated 
substrates in contact. Illustration by Mats Rundlöf, AB Capisco Science & Art.  
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5.2 LbL films containing starch 
While PAH/PAA could be regarded as a model system, starch is inexpensive and already 
widely used for industrial purposes [88]. Thus LbL films formed from cationic starch 
(CS) and anionic starch (AS) can be considered more practical and could, if found 
successful, facilitate the transfer of LbL technology from laboratory to industry. It has 
recently also been demonstrated that starch LbL treatment can improve paper strength 
[92, 94, 95, 129]. However, to understand the mechanism underlying this and to tailor the 
properties of the modified paper, it is necessary to obtain fundamental data on the 
adsorption behavior and adhesive properties of starch LbL systems.  
 

5.2.1 Starch LbL formation 
The formation of LbL films of CS and AS on silica substrates was studied in situ using 
SPAR and QCM-D as a function of D.S. (0.04, 0.06, and 0.09) for both CS and AS and 
of salt concentration (1, 10, and 100 mM NaCl); all solutions were adjusted to pH 6.3.  
 
Starches with different D.S. were used in different combinations to explore the limits of 
LbL film formation. Figure 9 shows the normalized response in the SPAR signal, ΔS/S0, 
upon starch LbL film formation for one of the studied combinations, i.e., CS 0.06/AS 
0.04, as a function of ionic strength. Stepwise adsorption indicating successful LbL film 
formation was observed at 1 mM NaCl. Stepwise adsorption was even more pronounced 
and the signal increase significantly higher at 10 mM NaCl, indicating higher adsorbed 
amounts at the higher electrolyte concentration. At 100 mM NaCl, however, the 
adsorption stagnated after the first layer of CS 0.06, indicating that no LbL formation 
was taking place under these conditions.  
 

 
Figure 9. Change in SPAR signal upon consecutive adsorption of CS 0.06 and AS 0.04 
to silicon dioxide substrates at three salt concentrations, i.e., 1 mM NaCl (■), 10 mM 
NaCl (□), and 100 mM NaCl (▲). Each adsorption step was followed by a rinsing step 
with an NaCl solution of corresponding electrolyte concentration.  
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Analyses similar to that of the CS 0.06/AS 0.04 combination presented in Figure 9 were 
conducted for the other starch combinations. The SPAR results are summarized in Table 
1 with indications of when starch LbL film formation was successful. At 1 mM NaCl, 
LbL film formation was successful for all starch combinations and at 10 mM NaCl, LbL 
films formed for all combinations except when both the CS and AS had the lowest D.S., 
i.e., 0.04. At 100 mM NaCl, LbL films only formed when one of the starches had a D.S. 
of 0.09 and the other a D.S. of 0.06 or 0.09. Thus, the higher the salt concentration, the 
higher the critical charge density required for LbL film formation, as expected from 
earlier published results [130]. When comparing with data for linear polyelectrolytes [130] 
it was found that the critical linear charge density was lower for starch than for linear 
polyelectrolytes. This could be due to the supramolecular structure of the highly 
branched amylopectin and the helical amylose, which likely leads to shorter actual 
distance between the charges than calculated from a linear chain. Non-ionic interactions 
between the starch molecules might also be an explanation to the low critical linear 
charge density of starch, however, considering the sensitivity to changes in ionic strength 
this is quite unlikely. For use of starch LbL films in papermaking, in practice, at least one 
of the starches used should obviously have a D.S. of 0.06 or higher, since the ionic 
strength in papermaking systems is typically in the range of 10 mM NaCl and above.  
 

Table 1. Summary of the SPAR measurements as a function of starch D.S. at three salt 
concentrations. Black background indicates successful LbL film formation, hatched 
background indicates unsuccessful LbL film formation, and white background indicates 
uninvestigated combinations.  

 

 
QCM-D measurements were made for CS 0.09 and CS 0.06, respectively, in combination 
with AS 0.04 at 1 mM NaCl and 10 mM NaCl. The normalized frequency shift for the 
third overtone upon consecutive adsorption of CS 0.06/AS 0.04 is shown in Figure 10. 
As in the SPAR results, stepwise adsorption was seen in the QCM-D frequency 
response, indicating LbL film formation; as well, the frequency change was higher at 10 
mM than at 1 mM, indicating higher adsorbed amounts. The results were similar for CS 
0.09/AS 0.06, but with a slightly greater frequency response.  
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Figure 10. QCM-D normalized frequency shift for the third overtone upon consecutive 
adsorption of CS 0.06 and AS 0.04 at two salt concentrations, i.e., 1 mM NaCl (■) and 10 
mM NaCl (□). Each adsorption step was followed by a rinsing step with an NaCl 
solution of corresponding electrolyte concentration.  

 
The SPAR and QCM-D techniques are complementary and, as mentioned earlier, by 
combining the two techniques, the water content of the adsorbed starch LbL films can 
be determined. The SPAR signal was used to calculate the adsorbed amounts of solid 
polyelectrolytes using Equation (2), which strictly should only be used for thin 
homogeneous adsorbed layers. However, even though these conditions were not fulfilled 
for the starch multilayers, the calculations still provide an estimate of the dry adsorbed 
amounts. The Sauerbrey relationship [121], Equation (3), was used to calculate the 
adsorbed amount, including water immobilized by the adsorbed layer, from the QCM-D 
frequency shift for the third overtone. The Sauerbrey relationship was developed to be 
strictly valid only for thin rigidly attached films, and is known to underestimate the 
adsorbed amounts for water-rich viscous layers [131]. However, using calculations and 
comparisons based on the Johannsmann model [132], it has been demonstrated that the 
Sauerbrey equation provides a reasonable estimate of the adsorption of polymer and 
immobilized liquid at the solid–liquid interface, even at fairly high dissipation values [32].  
 
Since the layers were assumed to be very water rich, the density of the adsorbed layers 
was estimated using the density of water, 1000 kg m–3. The water content calculated from 
the Sauerbrey mass (QCM-D) and the SPAR dry mass was 75–92%, which is very high 
but reasonable, considering that the cationic and anionic starches had very low charge 
densities. The water content did not differ substantially between layer numbers or 
between the CS 0.09/AS 0.04 and CS 0.06/AS 0.04 systems, although the water content 
may have been slightly higher in the LbL systems formed at 1 mM NaCl than at 10 mM 
NaCl.  
 
QCM-D energy dissipation data can be related to the viscoelastic properties of the 
adsorbed layers. For a given frequency change, a low dissipation indicates a thin rigidly 
adsorbed film while a high dissipation suggests a thicker, more water-rich and mobile 
film. Figure 11a shows the dissipation data for the CS 0.06/AS 0.04 combination, with a 
much higher dissipation change at 10 mM NaCl than at 1 mM NaCl. However, the water 
content was very similar at these two electrolyte concentrations. The large difference in 
dissipation was probably due to larger amounts of adsorbed polyelectrolytes at 10 mM 
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NaCl, not to a difference in the amount of entrapped water. To compare the viscoelastic 
properties more accurately, the dissipation change normalized by the frequency change, 
(ΔD × 10–6)/(Δf3/3) or shorter D/f, was plotted (Figure 11b), taking into account the 
dissipation change coming from higher adsorbed amounts.  
 

a)  

b)  
Figure 11. a) QCM-D energy dissipation shift and b) energy dissipation shift normalized 
by the corresponding frequency change upon consecutive adsorption of CS 0.06/AS 0.04 
at 1 mM NaCl (■) and 10 mM NaCl (□).  

 
Considering similar water contents, it was perhaps not surprising that the D/f was of the 
same order of magnitude for LbL films formed at 1 mM NaCl and 10 mM NaCl. 
However, while the different layers in the starch LbL systems had comparable water 
contents, the viscoelastic properties of LbL systems capped with AS differed somewhat 
from those of systems capped with CS. Except for the first layer of CS, the D/f was 
lower in LbL systems capped with AS, indicating stiffer and more rigid layers than when 
CS was adsorbed in the outermost layer. This agrees with the results of earlier studies of 
LbL systems formed from PAH/PAA [80].  
 
When comparing D/f, there was a clear difference in how the properties changed, 
especially when AS was added. From the second addition of AS onward, there was a 
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sharp decrease in D/f at 1 mM NaCl. However, at 10 mM NaCl the decrease was only 
gradual and the final level reached was higher. This behavior indicates that the adsorbed 
layers differed in structure.  
 

5.2.2 Wet adhesive properties of starch LbL films 
AFM colloidal probe measurements were made for starch LbL systems formed at 1 mM 
and 10 mM NaCl using the same strategy as was used for the PAH/PAA system. Figure 
12 shows typical force–distance curves upon retraction, corresponding to the fourth layer 
of cationic polyelectrolytes for CS/AS and low-molecular-weight PAH/PAA, 
respectively. The adhesive forces were much longer in range for the CS/AS than the 
PAH/PAA system, extending over several micrometers for the starch LbL films. 
Another interesting difference between the two LbL systems was that, in the case of the 
PAH/PAA system, the adhesive joints broke in a single snap, whereas for CS/AS the 
curves were characterized by multiple adhesive events. The long-range forces, which 
cannot be accounted for solely by the thickness of the starch LbL films, together with 
the multiple adhesive events suggest that molecular bridging is occurring in starch LBL 
systems. The high-molecular-weight, highly branched amylopectin molecule is a possible 
bridging molecule.  
 

 
Figure 12. Normalized force versus apparent separation upon retraction for silica 
substrates covered with low-molecular-weight PAH/PAA LbL films (■) and starch LbL 
films (□), respectively. The force curves correspond to the cationic polyelectrolyte in the 
outermost layer in the 4th bilayer, i.e., monolayer 7.  

 
The average normalized pull-off forces for the starch LbL–covered silica substrates are 
shown as a function of layer number in Figure 13. The wet adhesive forces were of the 
same order of magnitude, increasing with layer number, at both background electrolyte 
concentrations. For the LbL films formed at 1 mM NaCl, the pull-off forces were 
dependent on the polyelectrolyte adsorbed in the outermost layer from the fifth layer and 
up. Similar to the behavior presented in Figures 6a and 6b, and observed in earlier studies 
of PAH/PAA [80], the adhesive forces were higher when cationic polyelectrolytes 
capped the LbL systems than when anionic polyelectrolytes were adsorbed outermost. 
Another similarity to the PAH/PAA system was that the wet pull-off forces of the starch 
LbL films formed at 1 mM NaCl (Figure 13) indicated correlation to the viscoelastic 
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properties (e.g., D/f; see Figure 11b) of the LbL films. For both the CS/AS and 
PAH/PAA combinations, higher adhesive forces coincided with higher dissipation, 
presumably meaning less rigid LbL films and thus higher polymer mobility. Therefore, 
using the same argument as for PAH/PAA, it is suggested that the mechanism for the 
strength-enhancing effect of starch LbL films is also interdiffusion of polyelectrolytes 
across the interface.  
 

 
Figure 13. Normalized pull-off force as a function of layer number for starch-LbL–
covered silica substrates. CS 0.06 and AS 0.04 were adsorbed at pH 6.3 in solutions of 1 
mM NaCl (■) and 10 mM NaCl (□), respectively. 

 
However, at 10 mM NaCl from the sixth layer and up, the pull-off force trend was the 
opposite of that seen at 1 mM NaCl, i.e., the adhesive forces were higher when AS was 
adsorbed outermost. Hence, the correlation between viscoelastic properties and the 
adhesive forces did not exist in this particular case. This indicates that under these 
conditions, it is not only the polymer mobility and rate of interdiffusion that determine 
the adhesion, but that other differences in the LbL system structure also play a role. As 
discussed earlier, the change in viscoelastic properties differed notably between 10 mM 
and 1 mM NaCl, especially when AS was added. This difference in the structure of the 
adsorbed layers might explain the pull-off force trend seen at 10 mM NaCl. Polymer 
chain mobility might also differ depending on the absolute amount of polyelectrolytes on 
the surface. This could also be related to the results presented by Luengo et al. [18] 
indicating that adhesion peaked at an intermediate polymer mobility. This could further 
complicate the identification of the molecular mechanisms responsible for creating 
strong adhesive joints.  
 
In summary, the adhesive properties of starch LbL systems can be tailored by choosing 
different polyelectrolytes in the outermost layer. In addition, the salt concentration can 
be changed to influence the properties of the LbL system. The results also indicate that 
cationic and anionic starches form fairly complex systems and that it is not always easy to 
draw clear-cut conclusions about the molecular mechanisms underlying their adhesion-
improving properties. Therefore, studies of better-defined LbL systems, such as 
PAH/PAA, are vital for our understanding of LbL-induced adhesion mechanisms.  
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5.3 LbL films containing NFC 
As already described, it is possible to tailor the adhesion between surfaces by applying 
the LbL technique. Recently it has also been shown that fibrils, typically 5–15 nm in 
diameter and up to 1 µm long, can be prepared from cellulose fibers. Films from these 
nanofibrils (NFC) have a remarkable stiffness and strength [39, 40] and it was therefore 
interesting to prepare NFC-containing LbL films and investigate their adhesive 
properties. LbL films containing NFC can also be considered for use as cellulose model 
surfaces mimicking the surface of cellulosic fibers and in this sense, LbL films containing 
NFC are very relevant to model interaction studies, since the original cellulose I 
crystalline structure is highly preserved [33] and the fibrillar structure resembles that 
originally found in wood fibers.  
 

5.3.1 Wet adhesive properties of NFC LbL films 
Paper V examined the formation of LbL films containing anionic NFC (A-NFC) in 
combination with cationic NFC (C-NFC) and PEI, respectively. The PEI, C-NFC, and 
A-NFC concentrations were 100 mg L–1 at pH 10, 7.2, and 6.5, respectively; no salt was 
added. To the knowledge of the authors, this was the first time that all-cellulose LbL 
films, i.e., C-NFC/A-NFC, were examined. In summary, the dry adsorbed amount 
calculated from the SPAR results was 6 and 30 mg m–2, respectively, for (C-NFC/A-
NFC)5 and (PEI/A-NFC)5 and the QCM-D sensed mass was 18 and 59 mg m–2, 
respectively, giving water contents of approximately 70% for C-NFC/A-NFC and 50% 
for PEI/A-NFC. Thicker, denser, and less water-rich LbL films were formed when A-
NFC was combined with PEI than when combined with C-NFC. This was visualized 
using AFM imaging (see Figure 14), which reveals that (C-NFC/A-NFC)5 forms a 
relatively open network that does not seem to fully cover the surface, while (PEI/A-
NFC)5 forms a very dense network. The open network can obviously entrap more water 
than can the denser film. The fibrillar structure can be seen in both systems but is 
clearest in (C-NFC/A-NFC)5, in which the fibrils are not so tightly packed. The rms 
roughness was approximately the same for the two systems, i.e., 2.3 and 2.8 nm, 
respectively, for (C-NFC/A-NFC)5 and(PEI/A-NFC)5.  
 

 
Figure 14. AFM tapping-mode height images (1 × 1 µm) of (a) (C-NFC/A-NFC)5 and 
(b) (PEI/A-NFC)5 on silica; the z-range is 25 nm.  

  

a) b)
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AFM colloidal probe measurements were made for LbL films containing NFC. 
Representative force curves upon approach are shown for up to four bilayers for C-
NFC/A-NFC (Figure 15a) and PEI/A-NFC (Figure 15b). The LbL films were formed in 
situ in the AFM liquid cell, so both the flat silica and the silica sphere were coated with 
LbL films. All curves shown in Figure 15 correspond to A-NFC in the outermost layer. 
These measurements can thus be considered interaction measurements between two 
model cellulose surfaces mimicking the interactions between fibrils in the fiber cell wall. 
Since the adsorbed LbL films were thick and soft, the pure silica–silica force curves, 
before LbL film formation, were used to determine the deflection sensitivity of the 
cantilever, which was then applied to all subsequently adsorbed layers [133]. For the 
same reason, the point of zero separation was also difficult to determine and was 
therefore assumed to correspond to a compression force of 0.9 mN m–1.  
 
Figure 15a shows that for the C-NFC/A-NFC system, the force curves were fairly linear, 
on a log–linear scale, indicating that the interaction was dominated by electrostatic 
forces. For the PEI/A-NFC system (Figure 15b), the forces were of longer range and 
greater magnitude than for C-NFC/A-NFC. This corresponds well to higher adsorbed 
amounts of PEI/A-NFC, as revealed by SPAR and QCM-D measurements, and thereby 
also to higher surface coverage and surface potential than with C-NFC/A-NFC. 
However, the PEI/A-NFC force curves were not very linear, indicating that electrostatic 
forces were not solely responsible for the repulsion between the surfaces; steric forces 
were likely also involved. The force curves upon retraction were characterized by 
multiple adhesive events and were similar to those for starch LbL systems (see Figure 
12), but were of even longer range. For LbL systems containing NFC, this indicates that 
the fibril network expanded and that fibrils were pulled out or flipped up from the LbL 
film upon retraction. If the fibrils did not have time to relax or were sterically hindered 
from relaxing back into the LbL film, these protruding fibrils might have added to the 
long-range steric forces seen upon approach for the PEI/A-NFC system (Figure 15b).  
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a)  

b)  
Figure 15. Normalized force versus apparent separation upon approach for silica 
substrates covered with multilayers formed from a) cationic NFC/anionic NFC and b) 
PEI/anionic NFC. The force curves correspond to anionic NFC in the outermost layer 
of bilayer 1 (▲), 2 (Δ), 3 (●), and 4 (○).  

 
The compression of the LbL films increased as expected with film thickness (see Figure 
15). More bilayers allowed higher compression, and the compression was also higher for 
the PEI/A-NFC than for C-NFC/A-NFC combination, as expected from the higher 
adsorbed amounts. Higher compression leads to greater contact area between the 
surfaces, which should result in higher adhesive forces upon separating the surfaces, as 
schematically shown in Figure 8. Figure 16 shows the apparent work of adhesion, 
calculated by integrating the force curves upon retraction, for the C-NFC/A-NFC and 
PEI/A-NFC systems. As expected from the presumably greater contact area for thicker 
films, the adhesion was higher for PEI/A-NFC than for C-NFC/A-NFC, increasing 
somewhat with bilayer number. As discussed above, the force curves upon retraction 
indicated multiple adhesive events in both systems, indicating that fibrils were pulled out 
and flipped up from the films, which obviously required more energy for the PEI/A-
NFC than the C-NFC/A-NFC films. This was probably because the denser, more tightly 
packed structure of the PEI/A-NFC films led to a higher degree of mechanical fibril 
blocking than for the C-NFC/A-NFC films.  
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Figure 16. Apparent work of adhesion, WA, required to separate surfaces covered with 
LbL films constructed from PEI/anionic NFC (■) and cationic NFC/anionic NFC (□). 
The data points represent the average values and the bars represent the data range.  

 
It was demonstrated that LbL cellulose model films can be made using C-NFC/A-NFC 
and PEI/A-NFC and that these films can be used for interaction measurements. A 
recent study has also demonstrated that LbL films containing cellulose nanocrystals can 
be used for interaction measurements [48].  
 

5.3.1 Dry adhesion between cellulose, lignin, and 
hemicellulose model surfaces 

For the first time, JKR adhesion measurements were made between PDMS caps coated 
with LbL films containing NFC, PAH(NFC/PEI)1.5, and flat silicon oxide substrates 
coated with model surfaces of cellulose (also PAH(NFC/PEI)1.5), glucomannan, and 
lignin. Figures 17a–17d show representative AFM images of these model surfaces. The 
PAH(NFC/PEI)1.5 films on PDMS and silicon oxide were smooth, but their rms 
roughness, 1.7 and 2.7 nm, respectively, differed slightly, though both systems exhibited 
a similar densely packed fibrillar structure. Some small aggregates could be seen in the 
glucomannan and lignin model films, but these films were also smooth with rms 
roughness of 1.5 and 1.6 nm, respectively. As discussed earlier, smooth model films are a 
prerequisite for fundamental interaction measurements and for contact angle 
measurements.  
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Figure 17. Tapping-mode AFM height images (1 × 1 µm) of wood biopolymer model 
surfaces: a) PAH(NFC/PEI)1.5 on a PDMS cap, b) PAH(NFC/PEI)1.5 on flat silica, c) 
spin-coated glucomannan on flat silica, and d) spin-coated lignin on flat silica.  

 
Figures 18a–18c show representative data from the JKR adhesion measurements 
conducted under ambient conditions (25–35% RH) between cellulose/cellulose, 
cellulose/glucomannan, and cellulose/lignin surfaces. By fitting the measurement data to 
the JKR equation (Equation 5) and using W and K as fitting parameters, the work of 
adhesion on loading (Wload) and unloading (Wunload) were obtained (see Table 2); Equation 
6 was used to calculate Wmin from the pull-off force (Table 2).  
 

 
Figure 18. The cube of the contact radius (a3) as a function of load for a) 
cellulose/cellulose, b) cellulose/glucomannan, and c) cellulose/lignin surfaces upon JKR 
adhesion measurements under ambient conditions. The lines are fits to the data 
according to Equation 5.  
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Table 2. Summary of the results of JKR adhesion measurements between 
cellulose/cellulose, cellulose/glucomannan, and cellulose/lignin surfaces. The work of 
adhesion on loading (Wload), unloading (Wunload), and the pull-off force (Wpull-off) are 
presented, as well as the elastic constant of the system, K.  

Model surface Wload (mJ m–2) Wunload (mJ m–2) Wpull-off (mJ m–2) K (MPa) 

NFC 47 ± 4 65 ± 5 59 ± 13 3.4 ± 0.2 

Glucomannan 51 ± 5 72 ± 10 62 ± 9 3.5 ± 0.2 

Lignin 49 ± 5 63 ± 7 63 ± 13 3.3 ± 0.3 

 

It is obvious from Figures 18a–18c and Table 2 that there were no significant differences 
in the interactions between the investigated systems, i.e., cellulose/cellulose, 
cellulose/glucomannan, and cellulose/lignin. The work of adhesion on loading was 
approximately 50 mJ m–2 and within measurement error for all systems, and the adhesion 
hysteresis was also of similar magnitude. These results, which contradict the often-held 
view that lignin is hydrophobic while cellulose is hydrophilic, suggest that the 
interactions between cellulose, glucomannan, and lignin are equivalent in magnitude. 
This is reasonable considering that the different wood biopolymers need to interact well 
with each other in trees and plants to create strong and tough materials. 
 
To characterize the interfacial properties of the wood biopolymers still further, contact 
angle measurements were conducted using water, glycerol, and methylene iodide (Table 
3) and the total surface energies of the model surfaces, as well as their dispersive and 
polar components, were calculated according to the van Oss method [126, 127] (Table 
4). The total surface energy and the dispersive component of the PAH(NFC/PEI)1.5 on 
silica were in good agreement with the corresponding surface energies, 58.8 and 40.3 mJ 
m–2, respectively, previously measured for (PEI/NFC)1 on silica [33]. Different spin-
coated cellulose surfaces have also displayed similar dispersive surface energies of 
approximately 40–42 mJ m–2 [51], and van Oss [134] have reported a total surface energy 
of 54.5 mJ m–2 for cellulose. The surface energies of the glucomannan surfaces were 
similar to those of the cellulose surfaces. Even though the water contact angle was 
significantly greater for lignin than for cellulose or glucomannan (see Table 3), the 
difference in total surface energy was not as great; in particular, the dispersive parts of 
the surface energies, which were the dominant components, were very similar for all 
three surfaces (Table 4).  
 

Table 3. Contact angles for water, glycerol, and methylene iodide on the three wood 
biopolymer model surfaces. 

Model surface Water (deg) Glycerol (deg) Methylene iodide (deg) 

NFC 22.1 19.4 34.1 

Glucomannan 18.9 39.8 32.4 

Lignin 46.6 51.1 36.5 
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Table 4. Total surface energies, divided into dispersive and polar components, for the 
three wood biopolymer model surfaces. The polar components were further divided into 
acid and base contributions.  
Model surface γd (mNm m–2) γ+ (mNm m–2) γ– (mNm m–2) γp (mNm m–2) γT (mNm m–2)

NFC 42 3.6 18 16 58 

Glucomannan 43 1.5 30 14 57 

Lignin 41 0.7 18 6.9 48 

 

The surface energies (Table 4) were further used to calculate the work of adhesion, W12, 
between the surfaces according to Equation 7. W12 was 117 mJ m-2, 117 mJ m-2 and 106 
mJ m-2 for cellulose/cellulose, cellulose/glucomannan and cellulose/lignin respectively.  
 

= 2 + 2 +    (7) 

 
It can be noted that W12 was similar for all three investigated systems, if however slightly 
lower (10%) for cellulose/lignin, which supports the conclusion from the JKR 
measurements that these different wood biopolymers interact well, and in a similar 
fashion, with each other. It is obvious, though, that W12 determined from the surface 
energies was much higher than the work of adhesion determined by the JKR method. 
This difference can partly be explained by considering what is actually measured by the 
two techniques and how they are affected by the dispersive and polar parts of the 
interactions respectively. The JKR measurements were conducted under relatively dry 
conditions (~30% RH), at which dispersive interactions were probably dominating. The 
dispersive part of the surface energy was very similar for cellulose, glucomannan and 
lignin, see Table 4, which was also reflected in the similarity of the JKR results for 
cellulose/cellulose, cellulose/glucomannan and cellulose/lignin. Longer contact times 
might have enabled reorientation of polymer chains near the interface [16, 17], even 
though the low humidity imply limited polymer mobility, leading to flipped up hydroxyl 
groups, increased polar interactions and thus increased adhesion. Concerning contact 
angle measurements it is fairly well-established that the test liquids affect the surfaces 
leading to overestimated polar contributions [135]. This in turn leads to overestimation 
of W12 when calculated from surface energies.  
 
It is well-known that surface roughness leads to decreased adhesive interactions due to 
decreased true contact area [4, 136, 137]. It has been shown that already a rms roughness 
of a few nm, as for the current model surfaces, can decrease the measured adhesion 
[137]. Nolte et al. [82] found a clear effect of roughness when conducting JKR 
measurements with LbL coated PDMS caps and the LbL coatings also stiffened the 
surfaces and impaired the flexibility and conformability of the PDMS caps. It is plausible 
that the effect of roughness and stiffness was important also in the present work and that 
it added to the difference in adhesion from JKR and contact angle measurements. This 
effect can also explain that the current JKR adhesion between cellulose/cellulose, 
cellulose/glucomannan and cellulose/lignin was in the same range, and the hysteresis 
was lower, as measured previously between unmodified PDMS and cellulose [49, 51].  
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5.4 Mechanical properties of LbL films containing 
starch and NFC  

The strength of dry adhesive joints between LbL coated substrates depend on a number 
of different factors, for example the molecular adhesion and the mechanical properties of 
the LbL thin films. In previous chapters, the strength-enhancing effect of LbL thin films 
have been discussed in terms of molecular adhesion, but in this last chapter of the thesis, 
the mechanical properties of LbL films containing starch (Paper IV) and NFC (paper 
VII) are discussed based on investigations of the Young´s modulus of these films using 
the SIEBIMM technique [97]. Since different fibrous materials and different situations 
will require different mechanical properties for optimum performance it was also 
investigated whether it was possible to change and tailor the mechanical properties of the 
LbL films by using different components.  
 

5.4.1 Young´s modulus measurements using SIEBIMM 
As the SIEBIMM technique [97] is based on the compression of thin rigid films on thick 
PDMS substrates, it is of course essential that the LbL films of interest can be formed on 
PDMS. PAH has recently been found to adsorb to uncharged PDMS [113] and was 
therefore used as a precursor layer when building LbL films from PEI/NFC and from 
CS in combination with AS, NFC, and SNP on PDMS. All solutions had a concentration 
of 100 mg L–1, except for the SNP solution, in which it was 50 mg L–1. The pH of all 
solutions was unadjusted, except for the PAH and SNP solutions, in which it was 
adjusted to pH 7.5 and 6.0, respectively. The starch and SNP solutions had a background 
NaCl concentration of 10 mM. In the research reported in papers IV and VII, LbL film 
formation was studied in situ using QCM-D with silica crystals spin coated with PDMS. 
It was found that LbL films can be formed from PEI/NFC and from CS in combination 
with AS, NFC, and SNP on PDMS, but that multilayer growth was lower in mg L-1 than 
on silica. To use the SIEBIMM technique, the LBL films adsorbed to PDMS must reach 
a minimum thickness, which for these systems was typically above 20 nm. This was not a 
problem for PAH(NFC/PEI)x, though this thickness could not be obtained for the 
starch LbL films discussed in papers II and III, probably because the charge density was 
too low. Therefore, the starches used for SIEBIMM measurements had higher D.S., 0.18 
for CS and 0.14 for AS, which made it possible to build thicker films.  
 
LbL films in the 20–90-nm thickness range were successfully compressed and buckled in 
a Deben Mini Tensile Tester. Figure 19 shows the long-range buckling of 
PAH(NFC/PEI)15.5, 71 nm thick, at 50% RH (Figure 19a) and in vacuum (Figure 19b). 
For PAH(AS/CS)29.5, PAH(SNP/CS)9.5, and PAH(NFC/CS)19.5, the buckling at 50% RH 
is shown in Figure 20 and the buckling in vacuum is shown in Figure 21. These starch 
LbL films were 59.2, 58.4, and 60.8 nm thick, respectively. The buckling patterns were 
clearly visible and uniform over large areas, except in the case of PAH(SNP/CS)x 
(Figures 20b and 21b), where the pattern was somewhat less uniform. This was probably 
due to the relatively high surface roughness of PAH(SNP/CS)x found using AFM 
imaging (see paper IV). However, determining the dominant buckling wavelength for 
any of the LbL systems was not problematic.  
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Figure 19. Long-range buckling for PAH(NFC/PEI)15.5 undergoing a compressive strain 
of approximately 3% imaged using a) optical microscopy (23°C and 53% R.H.) and b) 
SEM (in vacuum).  

 

 
Figure 20. Long-range buckling of starch LbL films, approximately 60 nm thick, on 
PDMS, imaged using optical microscopy at 23° C and 50% RH: a) PAH(AS/CS)29.5, b) 
PAH(SNP/CS)9.5, and c) PAH(NFC/CS)19.5. 

 
Figures 20 and 21 show that for the starch LbL films, the buckling wavelength was 
shortest for PAH(AS/CS)29.5 and somewhat longer for PAH(SNP/CS)9.5, while 
PAH(NFC/CS)19.5 displayed the longest buckling wavelength. Since the three films were 
of approximately the same thickness, it is obvious from Equation 1 that the Young’s 
modulus increased when changing AS to SNP or NFC.  
 
  

a) b) c)

25 µm 25 µm 25 µm
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Figure 21. Long-range buckling of starch LbL films, approximately 60 nm thick, on 
PDMS, imaged using SEM at 0% RH: a) PAH(AS/CS)29.5, b) PAH(SNP/CS)9.5, and c) 
PAH(NFC/CS)19.5. 

 
Figure 22 shows the buckling wavelength (Figure 22a), film thickness (Figure 22a and 
22b), and the Young’s modulus calculated using Equation 1 (Figure 22b) as a function of 
bilayer number for PAH(NFC/PEI)x at 50% RH. As expected from buckling theory, the 
buckling wavelength increased linearly with film thickness, with some deviation for the 
thickest film, giving a relatively constant Young’s modulus over the investigated 
thickness range. The average Young’s modulus at 50% RH was 1.5 ± 0.2 GPa, which is 
quite low compared with those of free-standing NFC films and other polymer films. 
NFC is of course hygroscopic in itself, but the low value is suggested to be because the 
hygroscopic PEI softens the film and obstructs the interaction between cellulose fibrils. 
The hygroscopic nature of PEI can be illustrated by the attempt to make pure PEI films. 
Under ambient conditions, it was possible to solvent cast PEI films that were soft but 
possible to handle; however, when transferred to a climate room, at 23°C and 50% RH, 
the PEI lost all film characteristics and was transformed into a high-viscosity gel that 
could not be handled.  
 
  

a) b) c)
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a)  

b)  
Figure 22. (a) Buckling wavelength (■) and thickness of PAH(NFC/PEI)x LbL films (∆), 
and (b) the Young’s modulus of PAH(NFC/PEI)x LbL films calculated using the 
SIEBIMM method (●), as a function of the number of bilayers. The same thicknesses (∆) 
are shown in panels a and b. 

 
Figure 23 shows the buckling wavelength and the Young’s modulus, calculated using 
Equation 1, as a function of film thickness for PAH(AS/CS)x, PAH(SNP/CS)x, and 
PAH(NFC/CS)x. The buckling wavelength increased linearly with film thickness, as 
expected from buckling theory and assuming that the properties of the films are not 
changed with film thickness, for all three systems, with deviations for the thinnest films 
approximately 20 nm thick. For PAH(AS/CS)x, the buckling wavelength at this thickness 
(i.e., 20 nm) was too short to be imaged using optical microscopy. For PAH(SNP/CS)x 
and PAH(NFC/CS)x, on the other hand, the buckling wavelength and consequently the 
Young’s modulus were higher than expected from buckling theory and from the linear 
trend seen in the rest of the thickness range. For polymers such as PS and poly(methyl 
methacrylate), the opposite trend has been reported, i.e., a decrease in Young’s modulus 
for thin films [108]. The reason for the opposite behavior of PAH(SNP/CS)x and 
PAH(NFC/CS)x is unclear, but may be due to the incorporation of stiff nanoparticles in 
the LbL films.  
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In the linear thickness/wavelength range, it can be seen that the buckling wavelengths at 
a given film thickness increased when changing from AS to SNP and NFC, as can also 
be seen in Figure 20. The average Young’s modulus in this range was 0.6, 0.9, and 1.8 
GPa, respectively, for PAH(AS/CS)x, PAH(SNP/CS)x, and PAH(NFC/CS)x. It is thus 
possible to change the elastic properties of starch LbL films by using different 
components. Pure starch produced the softest LbL films while LbLs containing NFC 
were the stiffest, which was not surprising considering the large aspect ratio and high 
stiffness of NFC. Looking only at these data, it is not obvious from an adhesive joint 
strength perspective which starch LbL combination would create the toughest joints. 
However, the SIEBIMM technique makes it possible to measure and tailor the Young’s 
modulus of starch LbL films, so by combining these data with single-fiber joint strength 
measurements [87] and ordinary paper testing for the same systems, it should be possible 
to draw conclusions about the molecular mechanisms determining the strength of starch-
LbL-reinforced joints. Fragmentation tests [138] could possibly be used to supplement 
our understanding of the stress and strain properties of starch LbL films.  
  

 
Figure 23. Buckling wavelength (open symbols) and Young’s modulus (filled symbols) 
of starch LbL films as a function of film thickness; PAH(AS/CS)x (squares), 
PAH(SNP/CS)x (triangles), and PAH(NFC/CS)x (circles).  

 

5.4.2 Effect of humidity on the elastic properties of starch 
and NFC LbL films 

SIEBIMM measurements were made in vacuum (0% RH) in situ in the SEM for 
PAH(NFC/PEI)15.5 (Figure 19b) and for PAH(AS/CS)29.5, PAH(SNP/CS)9.5, and 
PAH(NFC/CS)19.5 (Figure 21). For PAH(NFC/PEI)15.5, the Young’s modulus was 17.2 ± 
1.2 GPa at 0% RH, representing a more than tenfold decrease when the humidity was 
increased to 50% RH (1.5 GPa). This very large humidity effect was attributed both to 
the swelling of NFC and to the very hygroscopic nature of PEI, as discussed earlier. For 
the starch LbL films, the effect was not as large, though the modulus was 4.5, 3.6, and 2 
times lower at 50% RH than at 0% RH for PAH(AS/CS)29.5, PAH(SNP/CS)9.5, and 
PAH(NFC/CS)19.5, respectively. It is unclear why the effect was so much larger for 
PAH(NFC/PEI)15.5, though again it was probably due to the hygroscopic nature of PEI. 
A recent study [109] found that the Young’s modulus for LbL films formed from 
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PAH/PAA was up to 1.7 times lower at 48% RH than at 12% RH, which is in the same 
range as that of the starch LbL films.  
 

5.4.3 Comparison with related polymer films 
Various polymer thin films have previously been investigated using SIEBIMM, for 
example, PS [97], polymer brushes [110], and various synthetic LbL films [109, 113, 114]. 
The Young’s modulus of these films under ambient conditions was in the 2.6–7.0 GPa 
range, which is somewhat higher than for the starch and NFC LbL films investigated 
here. In addition to comparisons with other thin films measured using SIEBIMM, it is of 
course also interesting to compare the mechanical properties of the LbL films examined 
here with the properties of thick, micrometer-range films of related materials. In the 
research reported in paper VII, the Young’s modulus of pure solvent-cast NFC films 
was found to be 6 GPa at 50% RH. This was somewhat lower than found previously for 
pure NFC films (9.6–30 GPa) [39, 139, 140], but still considerably higher than for 
PAH(NFC/PEI)x measured using SIEBIMM, probably due to the softening of PEI, as 
discussed earlier. Thick free-standing films of (PEI/NFC)150 have recently been 
investigated using dynamic mechanical analysis, and a storage modulus of 4.6–11.5 GPa 
at 30% RH was found [38]. Considering the differences in relative humidity, in 
experimental setup, and between Young’s modulus and storage modulus, these results 
are in good agreement with the 1.5 GPa found for PAH(NFC/PEI)x at 50% RH in this 
thesis.  
 
Thick starch films are usually plasticized, for example, with glycerol, and their 
amylopectin/amylase ratios are variable, making direct comparison with the starch films 
of the present study difficult. However, Young’s modulus values in the 100 MPa–2 GPa 
range have typically been found for thick starch films [141, 142], which is of the same 
order of magnitude as those of the starch LbL films studied here. When NFC was used 
to reinforce thick amylopectin films, the Young’s modulus increased to approximately 6 
GPa for films softened with glycerol and with 70% NFC [40, 142] and to approximately 
9 GPa for films containing 40% NFC and no glycerol [40]. For the LbL films 
investigated using SIEBIMM in this thesis, the Young’s modulus also increased from 0.6 
to 1.8 GPa when NFC instead of AS was incorporated into the films. The modulus of 
PAH(NFC/PEI)x (1.5 GPa) was somewhat lower than that of PAH(NFC/CS)x at 50% 
RH, while at 0% RH the modulus was much higher for PAH(NFC/PEI)x. This is 
probably again explained by the hygroscopic nature of PEI.  
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6 CONCLUSIONS 
The work presented here focused on various factors influencing the adhesive properties 
of LbL thin films. Conclusions about molecular mechanisms can be drawn from the 
study of synthetic well-defined PAH/PAA, but it was also demonstrated that much more 
complex LbL systems containing starch and NFC could be studied using fundamental 
techniques such as SPAR, QCM-D, colloidal probe AFM, and JKR and SIEBIMM 
measurements. Furthermore, it was demonstrated to be possible to tailor both the 
adhesive and mechanical properties of these LbL films.  
 
Colloidal probe AFM measurements showed that the wet adhesive interactions between 
silica substrates covered with PAH/PAA LbL films were dependent on the time in 
contact at maximum load, the molecular weight of the polyelectrolytes in the LbL films, 
and the polyelectrolyte adsorbed in the outermost layer of the LbL films. The adhesive 
forces were higher when more mobile polyelectrolytes capped the LbL films. These 
results support the hypothesis that interdiffusion of polymer chains across the interface 
is essential for achieving strong adhesive interactions.  
 
SPAR and QCM-D measurements showed that LbL films can be constructed from 
cationic and anionic starches and that the water content of these films was high, 
approximately 75–92%. It was demonstrated that the charge density of the starches must 
exceed a certain value to be able to recharge the surface and allow LbL film formation. 
This critical charge density increased when the salt concentration was increased. The wet 
adhesive properties of starch LbL films, as evaluated using colloidal probe AFM, were 
characterized by multiple adhesive events, increased with layer number and were 
dependent on the salt concentration and on the polyelectrolyte adsorbed in the 
outermost layer, similar to the behavior of PAH/PAA. These results show that starch 
LbL treatment could improve adhesive interactions between substrates and that the 
properties can be tailored, for example, using combinations of starches of different 
charge densities. Considering the abundance and low cost of starch, these results should 
also be relevant to practical and industrial systems such as papermaking.  
 
LbL films containing cellulose I nanofibrils were constructed using anionic NFC in 
combination with either cationic NFC or PEI. The cationic/anionic NFC LbL films 
were of special interest since they contained only cellulose. Colloidal probe AFM 
measurements revealed that the forces upon approach were dominated by electrostatic 
repulsion and, for PEI/NFC systems, on steric repulsion as well, and that film 
compression increased with increasing film thickness. The adhesive forces upon 
separation, characterized by multiple adhesive events similar to those of starch LbL films, 
were higher for PEI/NFC than for cationic/anionic NFC.  
 
PDMS caps were successfully coated with LbL films containing NFC, enabling the first 
known JKR adhesion measurements between cellulose/cellulose, cellulose/lignin, and 
cellulose/glucomannan surfaces. The measured adhesion and adhesion hysteresis were 
similar for all three systems, and this was also seen when calculating the work of 
adhesion from contact angles and surface energy determinations, though at a higher level 
than the JKR results. These results suggest that there are no profound differences in the 
interactions between these different wood biopolymers.  
 
The SIEBIMM technique was applied to LbL films constructed from PAH(NFC/PEI)x 
and to starch LBL films formed from various components. The Young’s modulus of 
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PAH(NFC/PEI)x was lower than expected, only 1.5 GPa at 50% RH, ascribed mainly to 
the hygroscopic nature of PEI (at 0% RH, the modulus was more than 10-fold higher, 
17.2 GPa). For the starch LbL films, the Young’s modulus at 50% RH was 0.6, 0.9, and 
1.8 GPa for PAH(AS/CS)x, PAH(SNP/CS)x, and PAH(NFC/CS)x, respectively. Thus, it 
is possible to tailor the mechanical properties of starch LbL films by replacing AS with 
SNP or NFC. Of course, other components could also be used to change the properties 
still further. At 0% RH, the modulus of PAH(AS/CS)x, PAH(SNP/CS)x, and 
PAH(NFC/CS)x was 4.5, 3.6, and 2 times higher, respectively, than at 50% RH. This 
effect of humidity was lower than for PAH(NFC/PEI)x but similar to the effects 
observed for other LbL films described in the literature.  
 
It has previously been demonstrated that the relationship between the viscoelastic layer 
properties and adhesive forces of PAH/PAA LbL films measured using AFM [80, 81] 
can be further expanded to apply to single-fiber joint strength measurements [87] and 
finally to direct studies of paper strength [7, 85]. Thus, by applying knowledge obtained 
from model studies such as the present work, also including information on mechanical 
properties, it will be possible to tailor interactions between macroscopic substrates in 
applied systems.  
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8 ABBREVIATIONS 
AFM  Atomic force microscopy 

AS  Anionic starch 

CNC  Cellulose nanocrystals 

CS  Cationic starch 

DMAc  Dimethyldiacetamide 

DMSO  Dimethylsulfoxide 

D.S.  Degree of substitution 

JKR  Johnson-Kendall-Roberts 

LBL  Layer-by-layer 

MASIF  Measurement and Analysis of Surface Interaction Forces 

NFC  Nanofibrillated cellulose 

NMMO N-methylmorpholine-N-oxide 

PAA  Poly(acrylic acid) 

PAH  Poly(allylamine hydrochloride) 

PDADMAC Poly(diallyldimethylammonium chloride) 

PDMS  Polydimethylsiloxane 

PEI  Poly(ethylene imine) 

PS  Polystyrene 

PSS  Poly(styrene sulfonate) 

PVP  Poly(2-vinylpyridine) 

RH  Relative humidity 

rms  Root-mean-square 

SFA  Surface force apparatus 

SIEBIMM Strain-induced elastic buckling instability for mechanical measurements 

SEM  Scanning electron microscopy 

SNP  Silica nanoparticles 

SPAR  Stagnation point adsorption reflectometry 

TEMPO 2,2,6,6-tetramethylpiperidine-1-oxyl 

QCM-D Quartz crystal microbalance with dissipation 
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