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Abstract 
The awareness of our need for a sustainable society has encouraged the search for renewable, 
high quality materials that can replace oil-based products. This, in combination with increased 
competition in the forest industry, has stimulated a lot of research into different types of 
wood-based materials where cellulose-rich fibres are combined with different types of 
polymers. There is hence a large need to develop efficient fibre modification techniques by 
which the fibres can be tailored to obtain specific properties. Furthermore, by modifying only 
the surface of fibers a significant change in properties can be achieved although only a 
relatively small amount of the total fibre material is modified. The potential impact of a 
surface modification increases tremendously when nano-sized fibres are used due to the larger 
interfacial area between the fibres and their surroundings. Interest in smaller building blocks 
in the nanometer range has continued to grow rapidly in recent years due to both the 
availability and preparation/synthesis of smaller building blocks and to the discovery of the 
high performance of these types of nanocomposites. In this thesis, three different types of 
surface modifications are presented as new tools to design the properties of new novel 
cellulose-based materials. 
   In the first work, thermoresponsive nanocomposites have been assembled from specially 
designed thermoresponsive polymers and nanofibrillated cellulose. The polymers have one 
thermoresponsive block and one cationically charged block which can thus attach the polymer 
to an oppositely charged fibre/fibril surface. Multilayers were assembled with these polymers 
and the nanofibrillated cellulose utilizing the layer-by-layer technique, resulting in thin films 
with thermoresponsive behavior which for example could be used for controlled drug-release 
applications. 
   In the second work, an amphiphilic block copolymer with one high molecular weight 
hydrophobic polystyrene block and one cationic block was synthesized for use as a 
compatibilizer between fibres and hydrophobic polymer matrices in composites. These 
polymers self-assemble into micelles in water with the hydrophobic part in the core of the 
micelle and the cationic part in the shell. Due to the cationic charges, these micelles adsorb to 
oppositely charged surfaces where the hydrophobic parts can be liberated on the surface by a 
heat treatment, leading to a new, less hydrophilic, surface with a contact angle close to that of 
pure polystyrene. Atomic force microscopy was used to measure the adhesive properties of a 
polymer-treated surface using a polystyrene probe at different temperatures and contact times. 
The adhesion increased with increasing contact time for the treated surfaces, probably due to 
entanglement between the polystyrene blocks at the treated surface and the probe. The relative 
increase in adhesion with contact time was higher at the lower temperature whereas the 
absolute value of the adhesion was higher at the higher temperature, most probably due to a 
larger molecular contact area. This modification technique could be utilized to make fibre-
based composite materials with better mechanical properties. 
   In the third work, click chemistry was used to covalently attach dendrons to cellulose 
surfaces and further to modify them with mannose groups to obtain specific interactions with 
Concanavalin A. The protein interactions were studied at different protein concentrations with 
a quartz crystal microbalance. The multivalent dendronized surface showed a 10-fold increase 
in sensitivity to the protein compared to a monovalent reference surface. This could be used to 
design more sensitive cellulose-based biosensors in the future. 
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Sammanfattning 
Det finns idag en stor insikt av att vi behöver nya miljövänliga processer och produkter för att 
kunna skapa ett långsiktigt hållbart samhälle. Denna medvetenhet har stimulerat sökandet 
efter förnyelsebara, högkvalitativa material som kan ersätta oljebaserade produkter. I 
kombination med den ökande konkurrensen inom skogsindustrin, har detta stimulerat 
forskning inom olika typer av träbaserade material där cellulosarika fibrer kombineras med 
olika typer av polymerer så att vi använder vår förnyelsebara skogsråvara i så kallade 
högvärdesprodukter. Det finns därför ett stort behov av utveckling av effektiva tekniker för 
fibermodifiering där fibrer kan skräddarsys för att erhålla specifika egenskaper. Genom att 
endast modifiera fibrernas yta kan dessutom en markant förändring i egenskaper erhållas 
genom att endast modifiera en relativt liten del av det totala fibermaterialet. Den potentiella 
effekten av ytmodifiering ökar dessutom avsevärt när cellulosananofibriller används, eftersom 
gränsytan mellan fibrillerna och dess omgivning ökar dramatiskt när storleken minskar med 
flera tiopotenser. Intresset för mindre byggstenar i nanometerområdet har fortsatt att öka 
snabbt under de senaste åren, både tack vare tillgängligheten och ny teknik för 
tillverkning/syntes av mindre byggstenar, och insikter av de mycket goda egenskaper som den 
här typen av nanokompositer besitter. I föreliggande avhandling presenteras tre olika typer av 
fibermodifiering som kan användas som nya redskap för att skräddarsy egenskaper hos nya 
cellulosabaserade material. 
   I det första arbetet har termoresponsiva nanokompositer byggts upp från specialtillverkade 
termoresponsiva polymerer och nanofibrillerad cellulosa. Polymererna har ett block som är 
termoresponsivt samt ett andra block som är katjoniskt laddat och därmed kan fästa 
polymeren till en motsatt laddad fiber/fibrillyta. Multiskikt byggdes upp med dessa polymer 
och den nanofibrillerade cellulosan genom att använda lager-på-lager tekniken, vilket 
resulterar i tunna filmer med termoresponsivt beteende som exempelvis skulle kunna 
användas för kontrollerad frisättning av läkemedel. 
   I det andra arbetet har en amfifil block copolymer med ett högmolekulärt hydrofobt 
polystyrenblock och ett katjoniskt block syntetiserats för användning som kompatibilisator 
mellan fibrer och hydrofoba polymer matriser i fiber/fibrill förstärkta kompositer. Dessa 
polymerer självorganiseras i form av miceller i vatten med den hydrofoba delen i kärnan av 
micellen och den katjoniska delen i skalet. Eftersom micellerna har katjoniska laddningar 
adsorberar de till motsatt laddade ytor där de hydrofoba delarna kan frigöras på ytan efter en 
värmebehandling vilket leder till en ny, mindre vattenvätbar, yta. Ett atomkraftsmikroskop 
användes för att mäta de adhesiva egenskaperna mellan en polymerbehandlad yta och en 
polystyrenprob vid olika temperaturer och kontakttider. Adhesionen ökade med kontakttiden 
för de behandlade ytorna, troligtvis beroende på molekylär intrassling mellan polystyrenblock 
på den behandlade ytan och polystyrenproben. Den relativa adhesionsökningen, med ökad 
kontakttid, var högre vid den lägre temperaturen medan den absoluta adhesionskraften var 
högre vid den högre temperaturen, vilket troligen beror på en högre molekylär konataktyta vid 
den högre temperaturen. 
   I det tredje arbetet användes klick-kemi för att kovalent fästa dendroner till cellulosaytor 
och vidare modifiera dem med mannosgrupper för att erhålla specifik växelverkan med 
Concanavalin A. Proteininteraktionerna studerades vid olika proteinkoncentrationer med hjälp 
av en kvartskristallmikrovåg. Den flervärda dendroniserade ytan visade en 10-faldig ökning i 
känslighet gentemot proteinet jämfört med den envärda referensytan. Detta skulle kunna 
användas för att skräddarsy känsligare cellulosabaserade biosensorer i framtiden. 



v 

 

List of papers 
This thesis is a summary of the following papers, which are appended at the end of the thesis: 
 
Paper I.  
Thermoresponsive nanocomposites from multilayers of nanofibrillated cellulose and 
specially designed N-isopropylacrylamide based polymers 
Simon Utsel, Eva E. Malmström, Anna Carlmark and Lars Wågberg 
Soft Matter, 2010, 6, 342-352 
 
Paper II. 
Synthesis, adsorption and adhesive properties of a cationic amphiphilic block copolymer 
for use as compatibilizer in composites 
Simon Utsel, Anna Carlmark, Torbjörn Pettersson, Magnus Bergström, Eva E. Malmström 
and Lars Wågberg 
Manuscript 
 
Paper III. 
Tunable Bifunctional Dendronized Cellulose Surfaces 
Maria Isabel Montañez, Yvonne Hed, Simon Utsel, Jarmo Ropponen, Lars Wågberg, Anders 
Hult and Michael Malkoch 
Manuscript 
 
 
 
 
 
 
 
 
The contributions of the author of this thesis to these papers are: 
 
Paper I. Principal author. Performed all the experimental work. 
Paper II. Principal author. Performed all the experimental work. 
Paper III. Co-author. Performed all the QCM work and wrote the corresponding parts in 

the manuscript. 
 
 
 
  



vi 

 

List of Abbrevations  

 
AFM  Atomic force microscope 
 
APTAC (3-acrylamidopropyl)trimethylammonium chloride 
 
ATRP Atom transfer radical polymerization 
 
Con A Concanavalin A 
 
DLS Dynamic light scattering 
 
DMF Dimethylformamide 
 
LbL Layer-by-layer 
 
LCST Lower critical solution temperature 
 
MeI Methyl iodide 
 
NFC Nanofibrillated cellulose 
 
NMR Nuclear magnetic resonance 
 
PDMAEMA Poly(dimethylamino)ethyl methacrylate 
 
PEI Polyethyleneimine 
 
PET Polyelectrolyte titration 
 
PNIPAAM Poly(N-isopropylacrylamide) 
 
PS Polystyrene 
 
QCM Quartz crystal microbalance 
 
RH Relative humidity 
 
SEC Size exclusion chromatography 
 
SEM Scanning electron microscope 
 
SLS Static light scattering 
 
THF Tetrahydrofuran 
 
 
 



vii 

 

Table of Contents 
1. Objective ..................................................................................................................................... 1 
2. Introduction ................................................................................................................................ 2 
2.1 Surface modification of fibres ....................................................................................................... 2 
2.1.1 Thermoresponsive materials .................................................................................................. 3 
2.1.2 Compatibilizer in composites ................................................................................................. 3 
2.1.3 Dendronized surfaces ............................................................................................................. 4 

2.2 Physical modification ..................................................................................................................... 4 
2.2.1 The Layer‐by‐Layer technique ................................................................................................ 5 

2.3 Covalent modification ................................................................................................................... 5 
3. Experimental ............................................................................................................................... 6 
3.1 Materials ........................................................................................................................................ 6 
3.1.1 NFC ......................................................................................................................................... 6 
3.1.2 Silicon oxide surfaces ............................................................................................................. 6 
3.1.3 Cellulose model surfaces ........................................................................................................ 6 

3.2 Methods ........................................................................................................................................ 6 
3.2.1 QCM ........................................................................................................................................ 6 
3.2.2 AFM ........................................................................................................................................ 7 

3.3 Polymerization methods ............................................................................................................... 8 
3.3.1 Polymerization of thermoresponsive polymers ..................................................................... 8 
3.3.2 Polymerization of compatibilizer ........................................................................................... 8 

4. Results and discussion ................................................................................................................. 9 
4.1 Thermoresponsive nanocomposites ............................................................................................. 9 
4.1.1 Polymer preparation and characterization ............................................................................ 9 
4.1.2 Multilayer assembly ............................................................................................................. 10 
4.1.3 Thermoresponsivity of the adsorbed layers......................................................................... 13 

4.2 Cationic compatibilizer ................................................................................................................ 15 
4.2.1 Polymer preparation and characterization .......................................................................... 15 
4.2.2 Behavior of the micelles at the solid/liquid interface .......................................................... 17 
4.2.3 Adhesive properties of the compatibilizer ........................................................................... 19 

4.3 Dendronized surfaces .................................................................................................................. 21 
4.3.1 Surface modification with dendrons .................................................................................... 21 
4.3.2 Protein interaction ............................................................................................................... 22 

5. Conclusions ............................................................................................................................... 23 
6. Acknowledgements ................................................................................................................... 24 
7. References ................................................................................................................................ 25 





1 

 

1. Objective 
The main objective of this work was to develop new surface modification techniques for 
cellulose-based fibres in order to fabricate novel cellulose-based materials. In paper I, the 
objective was to develop a new type of thermoresponsive block copolymer and to assemble 
multilayers of this polyelectrolyte and nanofibrillated cellulose utilizing the layer-by-layer 
technique. In paper II, the objective was to develop a novel compatibilizer, to increase 
interactions between cellulose-based fibres and hydrophobic polymer matrices. The idea was 
to synthesize a cationic amphiphilic block copolymer which should be able to physically 
adsorb to oppositely charged surfaces, such as cellulose-based fibers, and also have a 
hydrophobic part that can favorably interact with the hydrophobic polymeric matrix. In paper 
III, cellulose surfaces covalently modified with dendrons and subsequently functionalized 
with mannose sugar groups were assembled and studied. The main objective was to improve 
the affinity between these functionalized multivalent dendronized surfaces and a specific 
protein compared to a monovalent surface. 
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2. Introduction 

2.1 Surface modification of fibres   
Interfaces exist all around us. All materials, from the cover of this thesis to a fat particle 
dispersed in water in milk, contain interfaces. An interface is what separates two materials 
from each other. A lot of interactions between bodies and their environment occur just at the 
interfaces which have a large influence on the final properties of the system.1 The larger the 
area of the interface, the greater is the influence of surface properties on the final properties of 
the material. A modification of the surfaces could therefore lead to a significant change in 
properties although only a small part of a material is modified. This could be used to improve 
existing properties of a material or to introduce totally new properties. 
   A typical example of a material where the final properties are determined by numerous 
interfacial interactions is wood, one of Sweden’s largest natural resources. The fundamental 
building block in wood is cellulose, which is the most abundant polymer in the world.2 
Cellulose, the main component in wood, contributes to its strength through a highly 
sophisticated hierarchal assembly, illustrated in Figure 1. However, its major advantage is 
probably the fact that it is renewable and biodegradable which are key factors in a sustainable 
society.  
   Today, there are numerous ongoing research activities seeking to find new ways to increase 
the value of this natural resource. Currently, the greater part of the wood raw material is used 
to produce sawn timber and fibre-based products of different kinds, for example 
communication papers or packaging board. These fibres have diameters in the micrometer 
range and a modification of their surfaces can give either improved properties of existing 
products or totally new properties such as magnetic3 or conductive4 properties. The wood 
fibres however can be disintegrated by different methods,5 and fibrils with diameters in the 
nanometer range can be obtained, usually called nanofibrillated cellulose (NFC). Due to their 
small dimensions they have a much higher available surface area which further increases the 
importance of surface modification to obtain the desired properties of the final material. 
Covalent attachment of small molecules onto the surface of fibrils6 or grafting of polymer 
chains to or from surfaces7, 8 are routes that have earlier been used to modify cellulose-based 
fibre surfaces. Physical modification using electrostatic interactions is another technique 
which is widely used to modify cellulose-based fibres,9 particularly in the pulp and paper 
industry. However, in the area of fibre-based composites, this type of surface modification is 
rare in the public literature which opens the way to the exploration of new modification 
techniques. 
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Figure 1. A schematic illustration from tree to wood to fibers to NFC 
(http://glyco3d.cermav.cnrs.fr/glyco3d/lessons/cellulose/index.html). A high magnification 
image of 1x1 µm obtained with an atomic force microscope (AFM) shows NFC adsorbed on a 
silicon oxide surface. 
 

2.1.1 Thermoresponsive materials 
Materials based on polymers and/or nanoparticles that in a controlled way can change 
properties when subjected to an external stimulus such as light, electricity or change in pH are 
often referred to as smart materials.10-13 A thermoresponsive polymer can change its physical 
form when subjected to a change in temperature. The most studied thermoresponsive polymer 
is perhaps poly(N-isopropylacrylamide) (PNIPAAm) which has a lower critical solution 
temperature (LCST) at 32 °C and a thermo-reversible behavior.14, 15 Below this temperature, 
the polymer is soluble in water but above this temperature the polymer becomes more 
hydrophobic which leads to a collapse of the polymer chains and the formation of aggregates 
in water. By attaching this polymer to a surface, new smart surfaces can be obtained. Earlier 
work has shown that by randomly cationizing PNIPPAm, in order to physically adsorb it at 
interfaces, the LCST behavior of the polymer was suppressed,16 which has been addressed in 
this work. PNIPAAm-based polymers can be utilized in many different areas such as in drug 
delivery systems, tissue engineering, membranes or chromatography.  
 

2.1.2 Compatibilizer in composites 
A general definition of a composite is a material made up of at least two different, 
macroscopically separable, components that together give a material with properties different 
from those that can be achieved by using the different components separately. Usually they 
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are composed of a reinforcing material with good mechanical properties, such as a high 
Young’s modulus, and a surrounding matrix with good viscoelastic properties. A critical issue 
in these kinds of materials is the compatibility between the different components which 
greatly affects the final properties of the composite.17, 18 The problem is most pronounced 
when the surface polarity of the reinforcing material differs greatly from the polarity of the 
matrix, which is the case in many cellulose-based composites.19-21 To overcome this problem 
the surface of the reinforcing material is often modified to become more compatible with the 
matrix. One way to do this is to chemically modify the surface of the reinforcing material with 
some suitable compound,6-8 often referred to as a compatibilizer. This will improve the 
interfacial adhesion between the different components and thereby improve the utilization of 
the mechanical properties of the reinforcing material in the composite, resulting in a 
composite with significantly better mechanical properties.  
 

2.1.3 Dendronized surfaces 
A dendrimer is a very well-defined, repeatedly branched, monodisperse macromolecule with a 
large number of end-groups on its surface.22-24 The dendrimers are assembled in steps from a 
core and each branching point leads to a new generation of the dendrimer. The large number 
of end-groups can be modified to a wide range of functional groups that can interact strongly 
with the surroundings. One arm of a dendrimer is called a dendron, and this can be attached to 
a surface and introduce a large number of end-groups, as shown in Figure 2. These can then 
be used for further functionalization of the surface, and this can significantly enhance various 
effects at the surface compared to direct modification of the surface without the use of 
dendrons.  

 
Figure 2. Illustration of a monovalent (left) and a multivalent (right) dendronized surface. 
 

2.2 Physical modification 
Physical adsorption is a very convenient way of attaching polymers to a surface. One type of 
physical adsorption is electrostatic adsorption where a charged polymer is attracted to and 
adsorbed onto an oppositely charged surface. This leads to a release of counterions and thus a 
gain in entropy, which is the driving force for the adsorption.25 One major advantage using 
this type of adsorption is that it is usually done in water under mild conditions which is a 
benefit when considering environmental aspects and upscaling purposes. This way of 
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attaching polymers to a surface can be seen as an attractive alternative to attachment using 
covalent bonds, provided that the link to the surface, via electrostatic interactions, is strong 
enough to attach the polymer to the fibre surface. 
 

2.2.1 The LayerbyLayer technique 
Attaching a single layer of polymer on a surface is the easiest and most common type of 
adsorption utilizing electrostatic interactions. However, more advanced structures can be 
assembled using electrostatic interactions utilizing the Layer-by-Layer (LbL) technique first 
introduced in the early 1990s.26, 27 The basic principle of this technique, shown in Figure 3, is 
to sequentially treat a charged surface with solutions containing oppositely charged 
polyelectrolytes or colloids. This leads to a build-up of alternating cationic and anionic layers 
on the surface which can be controlled on the nanometer level. This is a versatile method of 
surface modification to assemble thin films on surfaces for use in a wide range of applications 
from drug delivery to special coatings.  
 

 
Figure 3. Shows the basic principle of multilayer assembly using the layer-by-layer 
technique. The image is adapted from Decher, Science 277, 1232 (1997). 
 

2.3 Covalent modification  
There are several different types of covalent modification that can be applied to a surface. 
These include grafting-from and grafting-to techniques7, 8 where polymers are covalently 
attached to surfaces. Click chemistry is a technique developed during the last decade with the 
basic principle that small molecules in a modular way are “clicked” together using specific 
chemistries.28, 29 This way of assembling small molecules to macromolecules in a very 
specific and controlled way can be seen extensively in nature for example in protein synthesis 
from amino acid units. The use of click chemistry has grown significantly in recent years and 
today very well-defined dendrons are assembled, covalently attached to surfaces and further 
functionalized using this technique.28 
 

Cationic
polymer

Anionic
particles

Wash Wash
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3. Experimental 

3.1 Materials  

3.1.1 NFC 
Nanofibrillated cellulose (NFC) was prepared at Innventia AB, Stockholm. The procedure 
was similar to an earlier described high-pressure homogenizer technique30, 31 but with a 
different high-pressure homogenizer and a new pre-treatment of the wood fibres.32 The pulp 
was produced from a commercial sulfite softwood dissolving pulp (Domsjö Dissolving Plus; 
Domsjö Fabriker AB, Domsjö, Sweden) and the fibrils were used in their never-dried form. 
The fibrils are 5–15 nm wide and approximately 500–1000 nm long and have a surface charge 
of 426 meq/g.33 
 

3.1.2 Silicon oxide surfaces 
Silicon wafers were used as substrates for adsorption and were prepared as follows. A silicon 
wafer (p-type, MEMC Electronics Materials, Novara, Italy) was rinsed with Milli-Q water, 
ethanol and Milli-Q water and then blown dry with N2. The silicon wafers were then placed in 
an air plasma cleaner (Model PDC 002, Harrick Scientific Corporation, NY, USA) under 
reduced air pressure for 120 s at high effect (30 W), after which the wafers were ready for 
use.  
 

3.1.3 Cellulose model surfaces 
The preparation of cellulose model surfaces was based on an earlier described method.34 0.25 
g of acetone extracted dissolving pulp was dissolved in 12.5 g N-Methylmorpholine-N-oxide 
(NMMO) under stirring at 125 °C. After dissolution, 37.5 g dimethyl sulfoxide (DMSO) was 
added drop-wise. This solution was spincoated on polyvinylamine (PVAm) modified 
substrates and then precipitated and cleaned in Milli-Q water. PVAm is used as an anchoring 
layer and adsorbed to the substrate before the cellulose modification. 
 

3.2 Methods 

3.2.1 QCM 
A quartz crystal microbalance (QCM) is a gravimetric method used to measure mass and 
viscoelastic properties of compounds adsorbed to or in other ways coupled to a surface, i.e. a 
solid/liquid interface.35 A QCM-E4 and D-300, both from Q-Sense AB (Västra Frölunda, 
Sweden), were used for these studies. The D-300 was used in the batch mode and the E4 with 
a continuous flow of 100 µl/min. The QCM crystals used were AT-cut quartz crystals (5 MHz 
resonant frequency) with an active surface of sputtered silica prepared as follows. They were 
rinsed with Milli-Q water, ethanol and Milli-Q water and were subsequently blown dry with 
N2, before being placed in an air plasma cleaner (Model PDC 002, Harrick Scientific 
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Corporation, NY, USA) under reduced air pressure for 120 s at high effect (30 W). A 
relationship often utilised to convert a change in frequency into an adsorbed mass per area 
unit is the Sauerbrey equation:36  

n
fCm Δ

=     eq. [1] 

where 
=m Adsorbed mass per area [mg/m2] 
=C  Sensitivity constant, -0.177 [mg/(m2·Hz)] 
=Δf Change in resonant frequency [Hz] 

=n Overtone number 
 
This model assumes rigidly attached layers and the adsorbed amount determined contains 
both adsorbed polymer and water immobilised with this adsorbed polymer. In addition to the 
change in frequency, the energy dissipation of the crystal is measured as the decay in 
resonance amplitude that occurs when the driving voltage is switched off. The theoretical 
definition of the dissipation factor D is shown below and is a measurement of the viscoelastic 
properties of the adsorbed film:37 

stored

dissipated

E
E

D
π2

=    eq. [2] 

where 
=dissipatedE Energy dissipated during one oscillation period 

=storedE Energy stored in the oscillating system 
 

3.2.2 AFM 
An atomic force microscope (AFM) is an instrument which utilizes a tip or some other kind of 
probe attached on a cantilever to interact and collect information about a surface at the 
nanometer level.38, 39 High resolution force measurements can be performed at single points 
and force, height or phase images of different resolutions can be obtained by scanning a 
surface with a tip or probe. An AFM MultiMode IIIa (Veeco Instruments Inc. Santa Barbara, 
CA) was used both for imaging and adhesion measurements. For tapping mode imaging in air, 
an EV scanner was employed using standard non-contact mode silicon cantilevers. The 
adhesion measurements were made by capturing normal force curves in air at different 
temperatures and contact times using a high-temperature heater accessory (HJV scanner). For 
the force curves, tipless rectangular cantilevers (NSC12, MicroMasch, Madrid, Spain) were 
used and the exact values of normal spring constants were determined by a method based on 
thermal noise with hydrodynamic damping40. The thermal frequency spectra of the cantilevers 
were measured at room temperature without any particles attached.41  A crosslinked (2% 
DVB) polystyrene particle (PS06N, Bangs Laboratories, Inc. Fishers, IN) with a diameter of 
approximately 6.15 µm was attached to the end of the tipless cantilever using a small amount 
of a two-component epoxy adhesive. 
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3.3 Polymerization methods 

3.3.1 Polymerization of thermoresponsive polymers 

Block 1: Recrystallized NIPAAm was dissolved in a 2:1 methanol–water mixture under 
stirring. The initiator, 2-chloropropionate, and the ligand, tris(2-(dimethylamino)ethyl)amine, 
were added. The flask was sealed with a rubber septum, evacuated and filled with argon. The 
catalysts, Cu(I)Cl and Cu(II)Cl2, were added to the reaction mixture whereupon the reaction 
was left to proceed at room temperature for 5 h. 
   Block 2: Recrystallized NIPAAm and APTAC were dissolved in a 2:1 methanol–water 
mixture under stirring. The ligand, tris(2-(dimethylamino)ethyl)amine, was added and the 
flask was sealed with a rubber septum, evacuated and filled with argon. Cu(I)Cl and Cu(II)Cl2 
were added to the flask after which the whole mixture was added to the reaction flask of block 
1 with a syringe. The reaction continued at room temperature for 18 h. After this, the reaction 
mixture was precipitated in cold (-78 °C) diethyl ether and filtered. The polymer was 
dissolved in methanol and precipitated once more in cold (-78 °C) diethyl ether and filtered 
again. The product was finally dried in a vacuum oven (50 °C) for 24 h. For more details, see 
paper I. 
 

3.3.2 Polymerization of compatibilizer 

Block 1: Destabilized styrene was added to a round-bottomed flask. The initiator, ethyl 2-
bromoisobutyrate, and the ligand, N,N,N´,N´´,N´´-pentamethyldiethylenetriamine, were 
subsequently added whereupon the flask was closed with a rubber septum, evacuated and 
filled with argon. Thereafter the catalyst, Cu(I)Br, was added whereupon the reaction 
temperature was set to 110 °C and the reaction was left to proceed for 24 h. After the reaction, 
the polymer was dissolved in THF whereupon it was passed through a neutral Al2O3 column 
and precipitated in cold methanol (-78 °C). The polymer was then dried in a vacuum oven (50 
°C) for 24 h. 
   Block 2: The polystyrene block (block 1) was used as a macroinitiator, which was thoroughly 
mixed with DMAEMA in a round-bottomed flask whereupon PMDETA was added. The flask 
was closed with a rubber septum, evacuated and filled with argon. Thereafter the catalyst, 
Cu(I)Cl, was added after which the reaction temperature was set to 70 °C and was left to 
proceed for 20 h. After the reaction the polymer was dissolved in THF whereupon it was 
passed through a neutral Al2O3 column and precipitated in distilled water. The polymer was 
then filtered and dried in a vacuum oven (50 °C) for 24 h.  
   Quaternization: The block copolymer was dissolved in DMF whereupon MeI was added. 
The reaction was left to proceed for 3 h in room temperature whereupon it was precipitated in 
cold THF (-78 °C). The polymer was then filtered and dried under vacuum overnight. The 
resulting polymer is denoted PS-block-PDMAEMA-q.  
   Micelle formation: PS-block-PDMAEMA-q was dissolved in DMF. The mixture was added 
drop-wise to a flask with Milli-Q water. The mixture was then dialysed against MilliQ water 
for 3 days, using dialysis tubing with a 6000-8000 Da cut-off (Spectrum Laboratories Inc, 
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CA), and the water was continuously exchanged to fresh Milli-Q water. For more details, see 
paper II. 
 

4. Results and discussion 
This section is a summary of the results in paper I, paper II and of the protein-interaction 
studies in paper III. 
 

4.1 Thermoresponsive nanocomposites 
In this work thermoresponsive polymers based on NIPAAm were synthesized and evaluated 
in solution and at the solid/liquid interface. These were used together with NFC to assemble 
nanocomposites utilizing the LbL technique, and their thermoresponsive properties at the 
interface were evaluated. 
 

4.1.1 Polymer preparation and characterization 
The main purpose with the synthesized thermoresponsive polymers was to introduce charged 
groups to PNIPAAm while maintaining their thermoresponsive properties. This enables 
electrostatic adsorption of the polymers to oppositely charged surfaces and makes it possible 
to incorporate them in more advanced structures as multilayers. To do this, block copolymers 
were synthesized, where the charged groups were separated from the thermoresponsive part. 
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Figure 4. Polymerization of a thermoresponsive block copolymer: i) polymerization of 
thermoresponsive PNIPAAm block ii) subsequent polymerization of charged NIPAAm/APTAC 
block. 
 
Polymers were synthesized according to Figure 4 and Table 1 and the block copolymers are 
denoted P(B30/30), P(B60/20) and P(B20/60). The block lengths of the two blocks were 
varied, as well as the target charge densities of the charged blocks. A random copolymer of 
NIPAAm and APTAC, denoted P(R15), was also synthesized as a reference. 
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Table 1. Target molecular weights and target charge densities of the synthesized polymers. 
Polymer Target Mw, block 1 

(NIPAAm) 
[g/mol] 

Target Mw, block 2 
(NIPAAm/APTAC) 
[g/mol] 

Target 
APTAC/NIPAAm 
ratio, block 2 

P(R15) - 15 000 1/10 
P(B30/30) 30 000 30 000 1/6 
P(B60/20) 60 000 20 000 1/6 
P(B20/60) 20 000 60 000 1/6 

 
The block copolymers were analyzed with 1H-NMR spectroscopy, which showed that the 
polymers contained both NIPAAm and APTAC units. Molecular weights were measured by 
SEC and DLS and the values were close to the targeted values. PDI values of the different 
PNIPAAm blocks were also obtained from the SEC measurements and all PNIPAAm blocks 
had values of about 1.2. 
   LCST was measured with DLS for all the synthesized polymers. As expected, the random 
copolymer P(R15) did not exhibit a LCST under 80 °C at salt concentrations below 0.1 M 
NaCl. All the block copolymers had a LCST slightly higher than that of pure PNIPAAm. This 
is probably because the cationic block is more hydrophilic than the PNIPAAm block, which 
increases the solubility of the entire block copolymer. Figure 5 shows the LCST for the block 
copolymers and a literature value for PNIPAAm14, 15 plotted against the average charge 
density determined by polyelectrolyte titration, and a clear increasing trend can be observed. 

 
Figure 5. LCST in water as a function of the mean charge density of PNIPAAm(♦) and the 
block copolymers P(B60/20)(▲), P(B30/30)(■) and P(B20/60)(●). The error bars show the 
95 % confidence levels and the line is included merely as a guide to the eye. 
 

4.1.2 Multilayer assembly 
Single layers of the different PNIPAAm-based polymers were first adsorbed to silicon oxide 
surfaces to establish their adsorption behavior. Thereafter, two types of multilayers with 
different compositions were formed. In the first type, the NIPAAm-based block copolymers 

30

32

34

36

38

40

42

0.00 0.10 0.20 0.30 0.40 0.50 0.60 0.70 0.80

Charge density [meq/g]

LC
ST

 [º
C]



11 

 

were combined with anionic NFC, and in the second type the NIPAM-based block 
copolymers and NFC were combined with polyethyleneimine (PEI) in alternate cationic 
layers. 
   When multilayers of the first type were formed with the NIPAM-based block copolymers 
and NFC, all the multilayers showed similar adsorption behaviour as shown in Figure 6. The 
cationic NIPAM polymer was first adsorbed to the crystal in region 1, followed by a 
subsequent rinsing. After equilibration, the anionic NFC was adsorbed in region 2, followed 
by a subsequent rinsing, and this adsorption cycle was then repeated through the multilayer 
build-up. 
 

 
Figure 6. QCM-D results of a typical adsorption experiment with cationic P(B30/30) and 
anionic NFC forming multilayers. The left y-axis shows the fundamental frequency change 
recalculated from the third overtone and the right y-axis shows the change in dissipation. 
 
In the build-up of the first bilayer a large decrease in frequency was observed indicating a 
high adsorbed amount to the surface without any tendency of desorption on rinsing. In the 
build-up of the following bilayers, the frequency continued to decrease but a partial 
desorption was observed during rinsing of the polymer steps. After the formation of 5-6 
bilayers, addition of NFC begun to give an increase in frequency, indicating desorption from 
the surface and after this point it was difficult to add any significant amount of material. A 
reason for this could be that the charge densities of the components are not high enough to 
give a stable build-up.42 The NIPAAM segments could also probably hinder the adsorption 
between the charged parts, leading to an even lower electrostatic interaction.  
   A multilayer of the second type was formed using NFC and the block copolymer P(B30/30), 
but this cationic polyelectrolyte was replaced with PEI in every second layer. This was done 
in order to clarify whether it would be possible to form thicker layers of P(B30/30) and NFC 
and to see whether these layers still displayed thermoresponsive properties. This led to the 
formation of stable multilayers with no sign of desorption (QCM-D) upon rinsing. On the 
contrary, as shown in Figure 7, there was an apparently accelerating growth of the multilayers 
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at higher layer numbers. Obviously the PEI stabilised the multilayer and made it possible to 
form layers with large amounts of adsorbed polyelectrolyte and NFC.  
 

 
Figure 7. Adsorption of multilayers composed of P(B30/30)/PEI and NFC as shown by QCM-
D measurements. The left y-axis shows the fundamental frequency change recalculated from 
the third overtone and the right y-axis shows the change in dissipation.  
 
In order to further characterize the adsorbed layers, AFM images of multilayers of 
P(B30/30)/NFC and of P(B30/30)/PEI/NFC were collected, and the results are shown in 
Figure 8. There was already a high coverage of the fibrils on the surface when four layers had 
been adsorbed both with and without PEI. When the number of layers was further increased in 
the PEI system, much thicker films were formed and this is seen in the lower AFM images as 
a much denser fibril layer. The thickness was measured with AFM by scratching the surface 
and then analyzing the cross-section and this gave a mean thickness of 27.3±0.9 nm. 
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Figure 8. AFM tapping-mode images with height images to the left, phase images in the 
middle and typical height profiles across the images to the right. The images shows 4 layers 
of P(B30/30)/NFC (upper), 4 layers of P(B30/30)/PEI/NFC (middle) and 20 layers of 
P(B30/30)/PEI/NFC (lower). Standard non-contact silicon cantilevers with spring constants 
of 40 N/m were used. The z range of the images is 25 nm and the images are 2 x 2 μm2. 
Experiments were performed at 50 % RH and 23 °C. 
 

4.1.3 Thermoresponsivity of the adsorbed layers  
All the synthesized block copolymers had been shown to be thermoresponsive in solution and 
they could also form multilayer assemblies together with NFC. However, it still remained to 
be clarified whether they were thermoresponsive when adsorbed at solid/liquid interfaces and 
when incorporated in the multilayers, which was one of the main objectives of the work. To 
study the thermoresponsive properties of the adsorbed polymers, the adsorbed layers on the 
quartz crystals were subjected to a gradually increasing temperature in the QCM-D and the 
change in dissipation was studied as a function of temperature, i.e. . This corresponds 
to a change in viscoelastic properties of the film with temperature due to a change in 
conformation of the adsorbed polymer, in our case a collapse of the polymer.  
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Figure 9. The thermoresponsivity, measured as , for single layers of different polymers 
is shown in a linear interval between approximately 24 °C and 40 °C. The values are mean 
values of two experiments and the largest difference between the two replicates was 0.068 K-1. 
 
The results in Figure 9 show a clear difference between the polymers that did have and those 
that did not have an LCST in bulk solution at low salt concentrations. All the materials 
showed a specific response to temperature change, but because these thermoresponsive 
polymers transform from a random coil kind of structure to a dense globular structure, i.e. 
they collapse and release water, they exhibit a much higher response when temperature is 
changed. The polymer layer then has a more compact structure that affects the viscoelastic 
properties in such a way that the dissipation decreases. The change in the viscoelastic 
properties seems to be constant over the measured temperature interval between 24 °C and 40 
°C and no abrupt change, as for the polymers in solution, was observed. When the 
temperature was decreased, the dissipation increased i.e. the layer re-swelled showing that the 
thermoresponsivity of the block copolymers was reversible when they were adsorbed at the 
solid/liquid interface. 
   To investigate whether the polymers could also collapse when incorporated in multilayers, 
such layers were assembled with all three block copolymers together with PEI and NFC in the 
same way as described previously. They all showed a significant thermoresponsivity and the 
dD/dT values for the multilayers with P(B30/30), P(B60/20) and P(B20/60) were -0.89·10-6 
K-1, -1.07·10-6 K-1 and -0.71·10-6 K-1 respectively which are high values compared with those 
of the single layers. This shows that the polymers are able to reconform even when they are 
combined with other layers in a multilayer, and thus that the assembled nanocomposites are 
thermoresponsive. 
   By measuring and evaluating the changes in frequency in the same way as for the 
dissipation, it was possible to estimate the release of water from the adsorbed layers. The 
reductions in adsorbed mass on the crystals were 2.6 wt%K-1, 2.3 wt%K-1 and 2.1 wt%K-1 of 
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the total adsorbed mass for the single layers of P(B30/30), P(B60/20) and P(B20/60) 
respectively.  Since the temperature response was linear, the total amount of released water 
from these layers when the temperature was changed from 24 °C to 40 °C was 42 wt%, 37 
wt% and 33 wt% for P(B30/30), P(B60/20) and P(B20/60) respectively which are clearly 
significant amounts. 
 

4.2 Cationic compatibilizer 
In this work, a cationic amphiphilic block copolymer with one cationic block and one non-
polar block has been synthesized. These copolymers self-assemble into micelles in water with 
the non-polar blocks in the core and the cationic blocks in the shell. The micelles adsorb 
electrostatically to oppositely charged surfaces where during heat treatment they liberate their 
non-polar blocks from the core creating a new interfacial layer. This leads to a decrease in 
surface energy and also an increase in the adhesion to non-polar polymers. 
 

4.2.1 Polymer preparation and characterization 
To decrease the surface energy of a polar surface, a non-polar polymer can be attached to it, 
creating a new surface towards other materials. The non-polar polymer chosen for this 
purpose was PS (polystyrene). To obtain effective entanglements with a non-polar matrix, the 
attached non-polar polymer should also be of sufficiently high molecular weight.43, 44 
However, non-polar polymers are usually not water-soluble, and for this reason a hydrophilic 
cationic block was added to the PS polymer, creating a cationic amphiphilic block copolymer. 
This makes possible dispersability in aqueous media in the form of self-assembled micelles 
where the non-polar PS blocks make up the core while the cationic polar blocks make up the 
shell. The micelles were prepared by dissolution of the block copolymer in 
dimethylformamide (DMF) which was subsequently added drop-wise to water followed by 
dialysis against water. A dispersion in water could also be obtained by adding the block 
copolymer directly to water and stirring close to the boiling point, but this route was not used 
in this work due to the less defined particles achieved by using this procedure. Due to the 
cationic charges, the micelles also have the ability to electrostatically adsorb to oppositely 
charged surfaces. A reaction scheme for the polymerization and quaternization can be seen in 
Figure 10. 
 

 
Figure 10. Polymerization and quaternization of the block copolymer: (i) Polymerization of 
the PS block (ii) subsequent polymerization of the PDMAEMA block (iii) quaternization of the 
PDMAEMA block to obtain cationic charges. 
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SEC was used to determine the molecular weight of the PS block which showed a weight 
average molecular weight (Mw) of 130 kDa (DP ~1250) and a polydispersity index (PDI) of 
1.5. From the molecular weight of PS and the relationship between the different blocks from 
1H-NMR the molecular weight of the PDMAEMA block was calculated to 100 kDa (DP 
~650). PET was used to determine the charge density of the cationic micelles which was 
found to be 2.4 meq/g, which is a considerably high charge density. 
   Dynamic light scattering was used to determine the hydrodynamic radius (Rh) of the 
micelles in solution. A mean peak diameter of 142 nm, shown in Figure 11, was observed 
corresponding to Rh of 71 nm which is probably a result of a compact core of PS and a 
stretched out shell of PDMAEMA-q. 
 

 
Figure 11. Hydrodynamic diameter of micelles in water formed from PS-block-PDMAEMA-q 
analyzed with DLS. 
 
SLS measurements were performed at four different concentrations, ranging from 100-250 
mg/L. Partial Zimm plots were obtained for the different concentrations and a radius of 
gyration (Rg) of 60 nm was calculated as an average value for the four different 
concentrations. From these measurements and the molecular weight of the polymer, an 
average number of polymers per micelle could be calculated which resulted in an average 
value of 33 polymers/micelle.  
   Due to the hydrophobic nature of PS, it should not interact with the surrounding water and it 
should therefore be compact in the core. The PDMAEMA-q shell, however, is hydrophilic 
and easily water-soluble, and this leads to a more extended structure in water due to the 
preferred interactions. The high charge density along the blocks further adds to the extended 
structure due to the electrostatic repulsion between the different chains. By comparing the 
absolute values of Rg and Rh information about the structure in solution can be obtained. In 
this case Rg/Rh equals 0.85 which is slightly above that of a hard sphere with a smooth surface 
of 0.778.45 This shows that the micelles are compact in solution and have properties similar to 
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that of a hard sphere. However, the slightly higher value of the Rg/Rh ratio might indicate that 
the segments at the periphery of the shell of the micelles, to some extent, act like single 
polymers in solution. 
 

4.2.2 Behavior of the micelles at the solid/liquid interface  
Adsorption of the micelles at the solid/liquid interface was studied in-situ using the QCM-D 
with a concentration of 100 mg/L and pH 7 without any added salt. The data shown in Figure 
12 indicate adsorbed amounts around 5 Hz in fundamental frequency recalculated from the 
third overtone, corresponding to 0.9 mg/m2. This relatively small amount was probably a 
result of the high charge density of the micelles and a relatively low charge density of the 
silica surface at pH 7 and low electrolyte concentration.46  The adsorption was also fast, 
probably a result of the highly charged system, leading to a strong driving force, and a rather 
small size of the micelles. Dissipation was low, which indicated a rigid structure of the 
micelles on the surface with low viscoelastic losses. This supports the SLS and DLS data 
which shows a hard sphere behaviour, which can be interpreted as a compact, rigid structure. 
 

 
Figure 12. Adsorption of cationic micelles on silicon oxide surface studied with QCM-D. The 
left y-axis shows the fundamental frequency change recalculated from the third overtone and 
the right y-axis shows the change in dissipation. 
 
Both SEM and AFM images of micelles adsorbed to silicon oxide surfaces, shown in Figure 
13, show a homogeneous distribution and size of the micelles on the surfaces. The average 
diameter of the micelles, which were measured in the dry form, was about 30 nm with both 
techniques. AFM measurements also demonstrated that the height of the micelles was about 7 
nm which shows that the micelles are not perfectly spherical after adsorption onto the surface.  
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Figure 13. SEM (left), AFM height (middle) and AFM phase (right) images of adsorbed 
micelles on silicon oxide surfaces before heat treatment (upper images) and after heat 
treatment (lower images). The AFM images are 1x1 µm, the height images have a z-range of 
20 nm and the phase 23°. The scale of the SEM images is shown in the images. Experiments 
were performed at 50 % RH and 23 °C. 
 
When the micelles are adsorbed onto a solid/liquid interface directly from water, the 
hydrophobic PS blocks are situated in the core of the micelles while the hydrophilic charged 
blocks are surrounding it. To make the PS blocks available on the surface, which is desirable 
if the polymer is to interact with a hydrophobic matrix in a composite, they have to be 
liberated from the core of the micelles. This was achieved using a heat treatment at 160 °C for 
2 h, which is well above the bulk glass transition temperature (Tg) of PS which is about 95 
°C.47 This increases the mobility of the micelles and makes the PS blocks and allows for their 
spreading on the surface in order to minimize the surface energy. This can clearly be seen 
from both SEM and AFM images showing that the structure of the initially defined micelles is 
no longer present but that the polymers instead are evenly spread out on the surface. The 
adsorption and activation are schematically illustrated in Figure 14. 
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Figure 14. Illustration of a micelle in solution (top left), after adsorption on a silicon oxide 
surface (bottom left) and finally after activation through heat treatment (right). 
 
Figure 15 shows the results of contact angle measurements which were performed for a pure 
silicon oxide surface (Figure 15a), for a silicon oxide surface with adsorbed micelles (Figure 
15b) and finally for a silicon oxide surface with adsorbed micelles after the heat treatment 
(Figure 15c). After adsorption of the micelles, the contact angle increased slightly to 18° 
compared to the highly hydrophilic pure reference surface which was completely wetted by 
deionized water. The surface was still hydrophilic due to the charged hydrophilic parts of the 
adsorbed micelles which were still exposed on the surface. However, after the heat treatment, 
the contact angle increased to 70° which is close to values earlier reported for thin films of 
pure PS.48 This indicates that the PS blocks had been liberated from the core and were 
exposed on the surface contributing to the relatively high contact angle by decreasing its 
surface energy.  

 
Figure 15. Contact angle measurements of water on a pure silicon oxide surface (a, left), on a 
silicon oxide surface with adsorbed micelles (b, middle) and on a silicon oxide surface with 
adsorbed micelles after heat treatment (c, right). 
 

4.2.3 Adhesive properties of the compatibilizer 
AFM force measurements were performed to investigate the adhesive properties of the 
compatibilizer. A PS particle glued to a cantilever was used as a colloidal probe for these 
measurements.49, 50 The basic principle was to move the probe towards the surface until 
contact was reached. The probe was then left in contact for a pre-determined time followed by 
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separation. The force versus distance relationship was monitored during this procedure and 
finally evaluated. The block copolymer was adsorbed onto a silicon oxide surface and heat-
treated at 160 °C for 2 h in order to liberate the PS blocks. A pure silicon oxide surface was 
used as a reference surface and the measurements were performed at 160 °C and room 
temperature. At each temperature, six different contact times were investigated, 0, 1, 5, 10, 30 
and 100 s. Force curves for each temperature and contact time were obtained at 16 different 
positions and mean values were calculated. 
   The adhesive forces, collected from the force distance curves, were taken as the minimum 
value from the separation curves. The average adhesion values from each contact time are 
shown in Figure 16. The surface with the adsorbed compatibilizer at room temperature 
showed an initial relatively high increase in adhesion with contact times up to approximately 
20 s. This was probably due to entanglements between PS blocks at the surface and the probe, 
which has earlier also been shown for PS surfaces at room temperature.51 Entanglements 
between polymers from different surfaces below the bulk Tg of PS is possible due to the 
increased mobility of polymers at surfaces which results in a depressed Tg.47, 52, 53 After 
approximately 20 s contact time, no further increase was observed, showing that longer 
contact times do not affect the adhesion between these surfaces. The reference surface at room 
temperature showed only a very small increase in adhesion with increasing contact time. 
   At 160 °C, the surface with the compatibilizer also showed an initial increase in adhesion. 
This was followed by a lower increase in adhesion up to a contact time of 100 s. Also here the 
adhesion was probably due to entanglements between the PS chains at the surface and the 
probe. The further increase in adhesion at longer contact times could reflect the ongoing 
entangling of chains due to the increased mobility at the higher temperature of both the PS 
chains at the surface and the probe. Both the reference surface and the surface with the 
compatibilizer showed higher absolute adhesion values at 160 °C than at room temperature. 
This could be due to a larger molecular contact area due to a softening of the probe and an 
increased mobility of the polymers in the systems at the higher temperature. It could then be 
expected that there should be a higher increase in adhesion with contact time, compared to the 
measurements made at room temperature, due to the higher contact area, but the higher 
mobility in the system also makes it easier to separate the surfaces. However, if the surfaces 
were to be cooled down while still in contact, the mobility would decrease and the adhesion 
should increase dramatically, especially if effective entanglements has been obtained.43 The 
diameter of the probe, measured by SEM after the force measurements, did not change 
significantly compared to unused particles, indicating that the overall shape of the probe was 
not permanently changed. Data from the hard-wall region in the force curves also showed that 
the probe did not deform during the measurements at different contact times. It should also be 
added that the reference surface showed no increase in adhesion at contact times up to 100 s. 
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Figure 16. AFM force measurements showing adhesion as a function of contact time at room 
temperature (upper) and 160 °C (lower) for a surface with compatabilizer (squares) and for a 
reference surface (diamonds). The error bars are standard deviations and the lines are 
merely included as guides for the eye. 
 

4.3 Dendronized surfaces 
In this work, dendrons were covalently attached to cellulose surfaces using click chemistry 
and then further functionalized to improve specific protein interactions compared to those of 
corresponding monovalent surfaces. 
 

4.3.1 Surface modification with dendrons 
Two kinds of surfaces were prepared involving either a functionalized monovalent surface or 
a functionalized multivalent dendrimeric surface. Both methodologies are outlined in Figure 
17. For the dendronized surface, the cellulose-coated quartz crystal was first functionalized 
outside the chamber with azide groups (a). The click reaction with the fourth generation 
dendron was then performed in the QCM (b). The covalent bonding was monitored by 
measuring the decrease in frequency corresponding to an increase in sensed mass on the 
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surface. The next steps were performed in the same way for both the monovalent and the 
multivalent surfaces. Both were modified outside the chamber by reaction with an anhydride 
with further deprotection of acetonide (c, d). The last functionalization of the surfaces 
consisted of a click reaction with mannose acetylene, which was performed in the QCM (e). 
The results show a frequency decrease in both cases after injection of the reagents. The 
fundamental frequency decreased about 16 Hz and 120 Hz for the monovalent and the 
multivalent surfaces respectively, indicating that the multivalent surface contains 
approximately 7.5-times more mannose ligands than the monovalent surface. 
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Figure 17. Surface modification of cellulose-coated quartz crystals resulting in mono- and 
multivalent surfaces. Dotted arrows indicate that the reaction was carried out outside the 
QCM.  

 

4.3.2 Protein interaction 
The biorecognition properties of the surfaces were evaluated by the adsorption of 
Concanavalin A (Con A) onto the surfaces.  Figure 18 displays frequency-response graphs 
recorded for Con A-binding studied with different concentrations of the protein on the 
functionalized monovalent and multivalent mannose surfaces. When a solution of Con A in 
Hepes buffer was injected, the frequency dropped immediately as a consequence of the 
molecular recognition process, and the adsorption proceeded for approximately 60 minutes. 
After the adsorption had been stopped, the surface was rinsed with a highly concentrated 
mannose solution in buffer followed by a rinsing with a pure buffer solution. The frequency 
increased to a level close to that of the baseline before the protein adsorption, indicating an 
almost complete desorption of protein from the surface and thus a regeneration of the surface. 
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Desorption of protein from the surface when the mannose solution was introduced showed 
that the interaction of protein with the surface was specific.  
 

 
Figure 18. QCM response during Con A adsorption using different concentrations onto 
different mannose functionalized surfaces: A) monovalent  B) multivalent dendronized. 
 
The change in frequency, Δf, associated with the protein binding increased with increasing 
mannose density on the surface. The concentration of protein used on the monomeric surface 
needed to be increased by more than an order of magnitude to reach the same Δf response as 
for the dendronized surface. Furthermore, the detection limit was found at 0.05 µM for the 
monomeric surface, showing a very small but significant adsorption, whereas the lower 
detection for the multivalent mannose surface was found at 0.005 µM, indicating that the 
dendronized surface was sensitive to a 10-fold diluted protein solution compared to the 
monomeric surface.  
 

5. Conclusions 
In the first paper, a cationic NIPAAm-based block copolymer was synthesized with 
thermoresponsive properties similar to those of pure PNIPAAm, by locating the charges in a 
separate block. Single layers were adsorbed and multilayers were assembled with these 
polymers and NFC. The viscoelastic properties of these layers, measured with QCM, changed 
linearly (i.e. the layers collapsed) with temperature in the interval from 24 °C to 40 °C, 
showing a significant thermoresponsive effect. Estimations also showed that the release of 
water, when the adsorbed layers were heated from 24 °C to 40 °C, was 30–40 wt% of the 
single layers. These results thus show that thermoresponsive nanocomposites can be 
assembled with the prepared polymers and NFC using the LbL method, and this has a 
potential in applications as sensors, filters, membranes and drug-delivery systems. 
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   In the second paper, an amphiphilic block copolymer with a non-polar PS block with a 
molecular weight of 130 kDa and a PDMAEMA block with a molecular weight of 100 kDa 
was synthesized and quaternized in a final step to obtain cationic charges. These polymers 
self-organized into micelles in water with Rh = 71 nm and Rg = 60 nm and had a charge 
density of 2.4 meq/g. Due to the cationic charges, the micelles can adsorb to oppositely 
charged surfaces, such as cellulose-based fibres. Heat treatment activates the surfaces due to a 
softening and spreading of the micelles, leading to liberation of the PS blocks from the core of 
the micelles. This changes the surface from being hydrophilic to much less water wettable, 
due to the exposed PS blocks on the new surface. AFM force measurements were performed 
with a PS probe at both 160 °C and room temperature with different contact times between 0 s 
and 100 s. The surface with the compatibilizer showed an initial increase in adhesion with 
increasing contact time, indicating diffusion between the PS blocks at the interface and the PS 
probe leading to physical entanglement, followed by a plateau at room temperature. At 160 °C 
the adhesion increased continuously with increasing contact time, all the way up to a contact 
time of 100 s, indicating further entanglement due to a higher mobility at the higher 
temperature. This demonstrates that this type of polymer could be used to improve the 
compatibility between charged reinforcing materials and hydrophobic matrices in composite 
materials. 
   In the third paper, dendrons were covalently attached to cellulose surfaces and then further 
functionalized to improve specific protein interactions compared to those of corresponding 
monovalent surfaces. The biorecognition properties of the surfaces were evaluated by 
adsorption of Con A onto the surfaces with different concentrations of the protein. 
Concentration of protein used in the monovalent surface needed to be increased by more than 
an order of magnitude to reach the same frequency response as that of the multivalent 
dendronized surface. Furthermore, the dendronized surface was sensitive to a protein solution 
diluted 10 times that of the monovalent surface. This could be used to design new 
sophisticated biosensors, with advantages such as low detection limit, versatility and 
suppression of non-specific interactions. 
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