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Abstract 
The field of polymer chemistry has in recent decades had an immense development, 

resulting in new functional materials with groundbreaking applications. This has been 

driven partly by strong interdisciplinary alliances between the fields of medicine, biology, 

chemistry, and materials science. Thermoresponsive block copolymers, have been built 

for their ability to self-assemble, giving possibility of encapsulation and release of 

medicine. The dendritic polymer family have been demonstrated as a prime example of 

highly reactive and interactive functional materials, suitable for biomedical applications. 

The importance of amines is greatly appreciated in general and especially in polymer 

chemistry, due to their nucleophilic characteristics in reactions, but also for their ability to 

interact with other species. There’s also an increase in awareness of standard of living, the 

effects of climate change and population growth. These are challenges, in need of our 

outmost focus and knowledge, to direct our path to, towards a more bio based circular 

economy. This starts, in Sweden, by taking better care of our forest and utilizing its 

resourceful crop. This thesis seek out spontaneous crosslinking, of various functional 

polymers, with focus towards hybridizing with nanocellulosic material. 

Initially, interactive permanently charged amine-functional thermoresponsive tri- and 

star-block copolymers were composed. These were evaluated and used as electrostatic 

macro-crosslinker of cellulose nanofibrils (CNFs), resulting in thermoresponsive, low dry 

weight content hydrogels, with notable temperature dependent storage modulus. 

Secondly, reactive and interactive amine-functional dendritic-linear-dendritic (DLD) 

species were constructed and evaluated in vitro and in vivo. The DLD scaffolds were 

utilized as fast-degrading, inhibiting surgical site infection (SSIs) antibacterial hydrogel 

coatings. The crosslinking of the poly(ethylene glycol) (PEG) system was optimized in order 

to create a two component system, which could be applied with dual syringes. This 

enabled instantaneous gelation under physiological conditions. The hydrogels moduli 

could be varied to match various tissues. 

Thirdly, insights and characterizations were provided in the commercial heterofunctional 

poly(amido amine) carboxylate hyperbranched Helux. Amine post-modifications and 

intrinsic heterofunctionality alterations of Helux were explored, by increasing the 

molecular weight and forming Helux self-crosslinked films. Furthermore, two component 

hydrogels based on Helux and PEG demonstrated curing temperature dependent moduli 

in the rheometer. 

Finally, utilizing Helux in combination with CNFs to demonstrate the potential to mix on 

the nanoscale without aggregation. The CNF-Helux could form hydrogels, and wet-stable 

thermo-crosslinked CNF-Helux composites assemblies such as films and aerogels, with 

further excess of amines ready for post-modifications of the crosslinked 3D-network.  



 

Sammanfattning 
Polymerkemin har under de senaste decennierna haft en enorm utveckling, vilket har 

resulterat i nya funktionella material med banbrytande applikationer. Denna utveckling 

har drivits på av starka tvärvetenskapliga allianser mellan medicin, biologi, kemi och 

materialvetenskap. Termoresponsiva block-sampolymerer har bland annat tagits fram för 

sin förmåga att själv-organiseras, vilken möjliggör inkapsling och frisättning av medicin. 

Den dendritiska polymerfamiljen har visat sig vara ett utmärkt exempel på högreaktiva 

och interaktiva funktionella material, speciellt lämpliga för biomedicinska tillämpningar. 

Betydelsen av aminer är stor i allmänhet och speciellt inom polymerkemin, tack vare deras 

nukleofila egenskaper i reaktioner, men också för deras förmåga att interagera med andra 

fysikaliska konstellationer. Det finns också en ökad medvetenhet om vår ökande 

levnadsstandard, effekterna av klimatförändringar och jordens befolkningstillväxt. Dessa 

utmaningar, behöver vårt yttersta fokus och ökad kunskap, för att styra våra steg mot en 

mer biobaserad cirkulär ekonomi. I Sverige skulle vi kunna ta bättre hand om vår skog och 

utnyttja dess fina råmaterial och förädla den till nya material. Denna avhandling strävar 

efter spontan tvärbindning av olika funktionella polymerer, med fokus på hybridisering 

med nanocellulosa-material. 

Initialt framställdes interaktiva, permanent laddade, amin-funktionella termoresponsiva 

tri- och stjärnblocksampolymerer. Dessa utvärderades och användes som elektrostatisk 

makro-tvärbindare för cellulosa nanofibriller (CNF), vilket resulterade i hydrogeler med låg 

torrhalt och anmärkningsvärd termoresponsivitet och skjuvningsmodul. 

För det andra utvecklades och utvärderades reaktiva och interaktiva aminfunktionella 

dendritiska linjär-dendritiska (DLD)-polymerer in vitro och in vivo. DLD-polymererna 

användes som antibakteriella hydrogeler som var snabbnedbrytande och verkade 

hämmande för kirurgiskt påverkad sårinfekiton (SSI). Tvärbindning av poly(etylen glykol) 

(PEG) systemet optimerades för snabb applicering under fysiologiska förhållanden i from 

av tvåkomponentssystem samt för att kunna matcha olika vävnaders skjuvningsmodul. 

För det tredje introducerades och karakteriserades Helux, den hyperförgrenade 

kommersiella heterofunktionella poly(amidoamin) karboxylat polymeren. Aminreaktioner 

utfördes för att demonstrera lättillgängliga modifieringar av Helux. Hetero-

funktionaliteten utvärderades genom att öka molekylvikten och sedan bilda 

självtvärbundna Heluxfilmer. Dessutom framställdes även tvåkomponents-hydrogeler 

baserat på Helux och PEG som visade temperaturhärdningsberoende skjuvningsmodul. 

Slutligen användes Helux i kombination med CNF för att visa potentialen i att blanda på 

nanonivå utan aggregering. CNF-Helux visade sig kunna bilda hydrogeler och våtstabila 

termo-tvärbundna CNF-Helux-kompositsammansättningar, såsom filmer och aerogeler, 

redo för ytmodifiering av kvarvarande amin-grupper i de bildade 3D-nätverken.  
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1 Purpose of the study 
In recent decades, an increase in interdisciplinary cooperation between medicine, biology 

and chemistry within polymer science has resulted in new functional materials with 

interesting applications. New coupling chemistries, polymerization methods and 

enhanced approaches have pushed the limits of the possible. Highly reactive and 

interactive functional materials have been developed, some suitable for biomedical 

applications, some are more suitable to prolong the lifespan of our products. These 

materials have effectively improved our standard of living tremendously over the last 

decades in synergy with the evolution of the plastic era. There has also been an increasing 

awareness of the effect of climate change, providing the challenging perspective of a 

growing world population with the intent of improving their standard of living. However, 

there are massive amounts of possibilities, to which we need to focus our actions and 

knowledge in “going green” towards the future with a more bio based circular economy. 

The United Nations (UN) have discussed a few of our greatest challenges we face now and 

might face in the future. For that reason, the UN agreed upon 17 sustainable development 

goals1 to be reached before the year 2030, during the climate meeting in Paris 2015. Many 

of these goals can be related to bio based circular economy and focusing on materials 

from renewable resources. This can, in part, be achieved in Sweden, by taking better care 

of our forest in various ways, and by researching and utilizing more cellulose, hemi-

cellulose and lignin based materials. 

The general purpose of this thesis was to synthesize and evaluate a range of different 

polymeric materials, while identifying sustainable concepts of spontaneously chemically 

and/or physically crosslinked 3D-networks, where one of the components is emanating 

from cellulose. Furthermore, the aim was to explore the potential use of these innovative 

and highly heterofunctional materials in biomedical applications. 
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2  Introduction 

2.1 Polymers 
Much of what we see and surround ourselves with is made of polymers. Most people 

recognize that synthetic, manmade plastics are comprised of polymers. What is less 

obvious, however, is that natural materials are comprised of polymers too, i.e., the 

wooden table you are sitting at (made out of cellulose, hemi-cellulose and lignin), or your 

own hand (made out of proteins), which is moving the burger you’re eating (which is also 

made out of proteins and polysaccharides). Polymers are in fact just macromolecules, big 

molecules that are formed via connecting together smaller molecules known as 

monomers. These names come from the Greek words ‘poly’ (many), ‘mono’ (one) and 

‘meros’ (part). Polymers can be seen as long chains (linear) which can have branches, 

resulting in a shape resembling a comb (Figure1). Polymers can even have the shape of a 

starfish or a more globular dendritic, from ‘dendros’ (three), structure. Hybrid shapes are 

also possible, such as dendritic-linear-dendritic, which looks like a bow tie. There are also 

polymers that can, or have formed, a crosslinked 3D-network, looking like a fishnet. The 

polymer properties is also dependent on the monomers used along with their 

configurations forming different conformations and forming the final polymer with its final 

properties. 

 
Figure 1. Schematic illustration of different polymer architectures and compositions.  

There is a vast amount of naturally occurring polymers, including proteins and cellulose, 

and there is also an array of common synthetic polymers, including, polyethylene (PE), 

polypropylene (PP), polyethylene terephthalate (PET), and poly lactic acid (PLA). Polymers 

are exceedingly versatile materials that can be ductile or brittle, conductive or non-
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conductive, thermally insulating and corrosion resistant, to name but a few properties. 

The versatility and diversity of polymeric materials is immense and so are the possibilities 

of creating something remarkably useful to society. Without plastics (synthetic) our 

society would not be where it is today. Just think of how much polymers have come to 

change and revolutionize many aspects of our daily routines during the last century. This 

is the “plastic age” for better or worse2 and living in it presents unique challenges. 

However, by taking inspiration from the successes and gained knowledge made in just the 

past few decades we’re starting to see a better way to sustain our growing population and 

to save our environment at the same time. This requires moving towards a bio based 

circular economy with better raw materials and better polymers, leading to better 

products and applications.  

2.1.1 Synthetic polymers – the making of 
Polymerization is a process of reacting monomer molecules together in a chemical 

reaction to form polymer chains or three-dimensional networks. There are many forms of 

polymerization and different systems exist to categorize them. Step-growth polymers are 

defined as polymers formed by the stepwise reaction between functional groups of 

monomers, usually containing heteroatoms such as nitrogen or oxygen or sulfur, etc. Step-

growth polymers increase the molecular weight at a relatively slow rate at low conversions 

and reach moderately high molecular weights only at very high conversions. Chain-growth 

polymerization involves the linking together of molecules incorporating double or triple 

carbon-carbon bonds through, for example, free radical polymerization, which can be 

involved in production of polymers such as polyethylene (PE), polypropylene (PP), and 

polyvinyl chloride (PVC). A special case of chain-growth polymerization leads to controlled 

radical polymerization (CRP). The mechanism of control in CRP, lies in that chain 

terminations and chain transfer reactions are suppressed (close to none). The rate of 

initiation, in CRP, must be much higher than the rate of chain propagation. The CRP 

propagation is described as a type of reversible-deactivation radical polymerization. The 

polymerization ends by deactivation of the reactive site (e.g. by lowering the 

temperature). There are a few CRP techniques, atom transfer radical polymerization 

(ATRP), reversible addition-fragmentation chain transfer (RAFT) polymerization and 

nitroxide-mediated radical polymerization (NMP) are all examples of highly used CRPs, 

which result in a controlled polymer growth rate giving polymer chains with quite similar 

length (low dispersity index). In this thesis only a fraction of what can be used to make 

polymers will be demonstrated and discussed. 

2.1.1.1 Atom transfer radical polymerization of block copolymers 

ATRP emerged as one synthetic method of controlled radical polymerization (CRP) for 

preparation of polymers with accurate pre-determined molecular weights, narrow 
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molecular weight distributions, and preserved chain end functionalities which can 

conveniently be used for chain extension and to prepare block copolymers.3-5 

ATRP is a catalytic polymerization process using a metal complex, in which the transition 

metal, usually copper, is able to exist in two different oxidation states (Figure 2). During 

activation, the lower oxidation state metal complex Cu(I)/L reacts with the ATRP initiator 

RX (alkyl halide) to yield a radical R•, resulting in a higher oxidation state of the metal 

complex with a coordinated halide anion X-Cu(II)/L. The complex can then transfer the 

halogen atom back to the radical, re-generating the alkyl halide and lower the oxidation 

state of the metal complex, which is termed deactivation. The radicals (R• or polymer 

(Pn•))can react either with a monomer (M), which propagates the polymerization, or react 

with each other, terminating the polymerization permanently, or react back again with X-

Cu(II)/L to deactivate the radical, forming RX or PnX and Cu(I)/L. 

 
Figure 2. Equilibrium mechanism of ATRP. Adopted from Matyjaszewski.6  

When stopped, the polymerization yields the halogen-terminated polymer in its 

deactivated state ready to propagate with monomers if activated again. This differentiates 

ATRP (or other CRP) from conventional radical polymerization. The equilibrium formed is 

strongly shifted towards the deactivated state, leaving only a small number of growing 

chains at any given time. The control of the reaction is determined by the initiation rate 

and the rate constants for activation/deactivation/propagation. The rate of termination 

should be negligible. The control over the polymerization and therefore the molecular 

architecture enables preparation of polymeric libraries in a facile way. 

2.1.1.2 Block co-polymers – Thermoresponsive 

Block copolymers remains an intensive research area, due to technological interest of their 

unusual and useful properties.7 Currently, some applications of block copolymers are 

based on their ability to self-assemble into a variety of ordered nanoscale structures, i.e. 

hydrophilic and hydrophobic segments which can self-assemble into simple micellar to 

lamellar or more complex structures. Self-assembly studies demonstrate that the 

morphology/conformation is highly dependent on the polymers’ length, block length 

ratios, the dispersity, and block configuration. That is why it is crucial to control the 

polymerization of each segment in the block copolymer and attain a narrow molecular 

weight distribution. One collection of block copolymers which have received attention is 

responsive polymers, especially thermoresponsive polymers, due to their ability to 

demonstrate conformational changes to external stimuli such as temperature.8 There are 
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two main classes of thermoresponsive polymers which are defined by their solubility 

temperature. There are polymers with an upper critical solution temperature (UCST), 

meaning that the polymer is soluble above that temperature. The polymers with a lower 

critical solution temperature (LCST) are only soluble below that temperature. The latter 

class is more widely studied with polymers like poly(N-isopropylacrylamide) (PNIPAAm), 

the monomer of which has, in recent years, shown to exhibit neurotoxicity, making it less 

attractive for biomedical applications in general. This has resulted in more research on 

poly(2-(dimethylamino)ethyl methacrylate) (PDMAEMA), and poly(di(ethylene glycol) 

methyl ether methacrylate) (PDEGMA).9 

2.1.1.3 Dendritic macromolecules  

Dendritic macromolecules are highly branched and globular polymers that display a large 

number of functional groups and absence of intermolecular entanglements. These 

features result in materials with properties that largely differs from traditional linear 

polymer. In 1847, Berzelius10 reported the first hyperbranched macromolecule, which was 

a resin, formed by a reaction between tartaric acid and glycerol. This was further 

investigated in the beginning of the 1900s, by Smith11 and Kinele12, who conducted 

successful reactions resulting in species that would one day be known as hyperbranched 

polymers. The theorist Flory 13-17 was actually the one to propose the concepts “degree of 

branching” and “highly branched species”. These concepts were used for the calculation 

of molecular distribution in a polycondensation reaction of A2 and B3 monomers. 

However, there can be unintended crosslinking or gelation for systems with A2 and B3 

monomers. To overcome the crosslinking and to further expand his concepts, Flory altered 

the polycondensation theory monomer to the well-known and usually used ABn monomer 

(n ≥ 2). Today, most dendritic polymers, especially dendrimers being a subclass of 

monodisperse polymers, have greatly increased in popularity since their synthesis was 

successfully accomplished, via the divergent growth approach, including the work of 

Vögtle et al.18, Denkewalter et al.19-20, Tomalia et al.21-22, and Newkome et al.23. Their 

synthesis typically involves stepwise growth and activation reactions of the branching ABn-

monomers, and are complex and time consuming to construct. An alternative synthetic 

route to generate dendritic polymers, known as the convergent route, was introduced by 

Hawker and Fréchet.24 From the great number of scaffolds found in the literature, 

Tomalia’s poly(amido amine) dendrimers (PAMAM)s, based on a Michael addition and 

amidation of acrylates and diamines, are heavily represented and have an array of 

potential applications.25-27 

Dendrimers or dendrons are ideally visualized in a planar view (Figure 3). They possess a 

well-defined structure, with branching points for each generation (G) and are grown by a 

stepwise procedure, starting at the core or focal point. They also possess a number of 

functional end groups on their chemically exterior structure, hence the properties of a 

dendrimer or dendron are largely dictated by their branching and exterior functionality.28-
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30 The dendritic family also includes structurally imperfect hyperbranched polymers along 

with linear-dendritic hybrids, which are block copolymers with both linear and dendritic 

segments, i.e., diblocks (LD) or triblocks (DLD).31-33 LDs and DLDs with their multiple 

dendritic functionalities and their linear segments properties, demonstrate altered 

crystallinity and solubility as well as other useful properties for advanced materials.34-37 

 
Figure 3. Schematic representation of a monodisperse dendron and dendrimer, and polydisperse LD, 

DLD and hyperbranched species. 

2.1.2 Natural polymers – Resourceful forest 
The forestry industry contributes up to 10% of the total Swedish export market, with 

primary products such as timber, pulp and paper.38 The value of Sweden’s forests is 

immense, as forest accounts for up to 70% of the country’s land use. This explains the 

increasing focus in forestry, as a sustainable source of primary materials, from the Swedish 

research community and industry. Fortunately, there is a positive forest growth rate in 

Sweden, due to the practice of ‘one down two up’. One of the research topics are new 

materials from soft woods such as spruce and pine.38 The tree’s three major polymeric 

constituents are lignin (18-35%, based on aromatic monolignols), hemicelluloses (25-35%, 

based on copolysaccharides) and cellulose (40-50%, based on glucose units with β-1,4-

glycosidic bonds), with the remaining 4-10% made up of other extractives (e.g. tall oil).39 

2.1.2.1 Cellulose nanofibrils and their utilization 

Cellulose nanofibrils (CNFs), one of the fundamental constituents of wood, are obtained 

through different sequences of chemical and mechanical treatments of wood fibres 

(Figure 4).40-42 Since first being defined in the 1980s,43 CNFs have attracted much attention 

due to their many desirable properties which make them particular suitable as a 

reinforcing filler in nanocomposites.44-51 The liberated CNFs are 2-5 nm in width and up to 
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a few µm in length (high aspect ratio and size distribution) and are obtained as a low dry 

content gel (1-2 wt.%). On the individual fibril level, CNFs present several desirable 

properties such as high elastic modulus (138 GPa)52, being functionalized and having large 

specific surface area.53 The biocompatibility, biodegradability and low cytotoxicity of CNF 

has led to a growing interest in the material within the biomedical field, where it can be 

utilized in e.g. medical implants, tissue engineering, and drug delivery systems.48, 54-60 A 

number of high performing macroscopic materials such as filaments, aerogels and films 

have been produced from CNFs. These materials have been assembled through, for 

example, flow focusing61, ice-templating62-63 or simple filtration.64-65 

 
Figure 4. The structures of cellulose, TEMPO cellulose and carboxymethylated (CM) cellulose. 

An interesting approach to modify CNFs is by introducing responsive properties, through 

either covalent reaction66 or physical interaction of responsive polymers to the CNF 

surface.67-76 In a number of publications, block copolymers of thermoresponsive polymers 

and polyelectrolytes have been synthesized and adsorbed to oppositely charged surfaces. 

It has been shown that the responsive properties of the adsorbed polymers are 

maintained after adsorption.76-79 However, inclusion of other materials such as 

crosslinkers, polymers and other nanoparticles into a CNF based matrix presents a 

challenging task of mixing the components at nanoscale without aggregating the 

individualized CNFs. This issue is not a problem if the two components are non-interacting 

or repel each other. For example, perfectly mixed composites of anionic CNFs and other 

anionic polyelectrolytes80 or clay81 can be prepared simply by mixing the components in 

the dispersed state and subsequently assembling the mixture into a composite material. 

However, since dispersions of CNFs are commonly electrostatically stabilized by 

dissociated carboxyl groups on the surface of the CNF, the stability is sensitive to changes 

in pH and ionic strength which may induce aggregation or gelling.82 Conversely, 

aggregation of CNF dispersions can also be induced by mixing in cationic particles or 

polymers, which interact strongly with the CNFs through coulomb forces. The aggregation 

risks limit the materials which can be mixed with the CNF in a well dispersed state to create 

new materials. Another interesting approach to modifying CNFs could be heterofunctional 

polyelectrolytes, known as polyampholytes. These contain both weak anionic and cationic 

groups in their polymeric structure and can thus change the net charge to be either net 

cationic or anionic through pH-stimulation.83 Polyampholytes thus have the possibility in 

their anionic state to mix well with anionic CNFs in order to subsequently generate new 
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heterofunctional composite materials. In addition heterofunctional amine and carboxyl 

containing dendritic structures have been demonstrated as versatile template for gentle 

interaction in water based environments84.  

2.2 Exploring amines  
Amines are compounds that contain at least one nitrogen atom bonded to hydrogen 

atoms or to alkyl groups, by sigma bonds (σ-bonds), however the nitrogen atom also has 

a non-bonded electron pair. Amines are generally categorized as primary R-NH2, 

secondary (R)2-NH, or tertiary (R)3-N, depending on whether the nitrogen atom is bonded 

to one, two, or three alkyl groups, respectively (Figure 5). The non-bonded electron pair 

has the ability to bond one extra hydrogen atom rendering it cationically charged 

depending on the pH in the system. A tertiary amine can also react with another alkyl 

group forming a permanently quaternized ammonium salt (R)4-N+ which will be cationic 

at any given pH. One of the most valuable abilities of amines is that they can act as a base 

by accepting hydrogen atoms from more acidic molecules, neutralizing the surrounding 

solvent and forming these amine cations.85 

 
Figure 5. Structures of different amines demonstrating primary R-NH2, secondary (R)2-NH, or tertiary 

(R)3-N, and permanently quaternized (R)4-N+ at different pH, where R=alkyl.  

Amines are also acknowledged as key intermediates in the chemical industry due to their 

nucleophilic characteristic which confers a high reactivity to them. Amines can be used in 

various applications such as agrochemicals, drugs, detergents, lubricants, food-additives, 

and also polymers. Amines are of vital interest in polymer and composite fields, due to 

being key-monomers for the synthesis of polyamides, polyureas, and polyepoxydes, which 

are all of growing importance in automotive, aerospace, building, and health applications. 

Thus, all the possible reactions of various amines could lead to a vast array of polymer 

synthesis and materials with various properties and functions.86 

The importance of amines is greatly appreciated in general and especially in polymer 

chemistry. Therefore, there is a need to use and to synthesize specific bio-based amines 

and have them replace petrol-based amino compounds. Chitin, peptides and of course 

amino acids are among the most important natural compounds containing amine 

functional groups. Chitin, being the most abundant natural polymer in the world after 

cellulose, is deacetylated to obtain chitosan. Amino acids can be used as monomers, both 
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deamination and decarboxylation can be performed, which can give a mono- or 

difunctional acid or amine depending on the starting material, to be further utilized in the 

vast field of amino reactions and materials.86 Amino acids are also amphoteric compounds 

(or ampholytes), which unlike quaternary ammonium compounds, can exist in anionic, 

cationic or neutral (zwitterion) form depending on solution pH (Figure 6). Usually solubility 

is at a minimum at the zwitterionic pH, which is known as the isoelectric point.  

 
Figure 6. The amino acid β-Alanine structure at different pHs. 

The isoelectric regions vary depending on structure and environment, and may go as high 

as pH 9 and as low as pH 1.5. In acidic solutions, they behave similarly to quaternary 

ammonium compounds because they are cationic. There is also evidence that biocidal 

activity is enhanced by increasing the number amine groups.87 Amines will, therefore, be 

a part of future advanced materials and applications. 

2.3 3D-networks – polymers and hybrids 
Thermosets, one of the oldest synthetic 3D-network, can be described as a polymer or 

monomer system that is irreversibly hardened/crosslinked by curing from soft solid or 

liquid components. The crosslinking can be induced by heat, suitable radiation, high 

pressure or with a catalyst. In some cases, the crosslinking may occur spontaneously in 

mild conditions. The chemical reactions result in extensive crosslinking between polymer 

chains to produce a strong and insoluble polymer network. Thermosetting 

polymer/monomer constituents are often designed to be molded into the final shape by 

usually being soft and malleable or liquid prior to curing. Once crosslinked, the material 

cannot be reshaped. Thermoplastic polymers are often distributed in the form of pellets, 

and shaped into the final product form by melting, pressing, or injection molding. 

Furthermore, thermosets are generally stronger than thermoplastics due to the 

crosslinked 3D-network of covalent bonds, which also makes them better suited for high 

temperature applications. The higher the crosslink density, the higher the mechanical 

strength and hardness, and the higher resistance to heat degradation and chemical attack, 

although this comes at the expense of brittleness. Moreover, decreasing the crosslink 

density can form softer, more elastic material, but at the expense of chemical resistance. 

Depending on what the final application might be, there are a vast monomeric ocean to 

tailor for the final application. The properties of a crosslinked 3D-network can be modified 

by decreasing the crosslink density, and using hydrophilic monomers/polymers, resulting 

in a new class of material, known as hydrogels, that readily swells in an aqueous 

environment due to their high affinity for water. Hydrogels, can be, unlike or compared to 

thermosets be crosslinked covalently or physically. Therefore, all water swelling 
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thermosets are hydrogels but not all hydrogels are thermosets. Hydrogels can have 

mechanical properties near to that of actual biological tissue, hence, their utilization is in 

biomedicine among many other fields.88 The most common applications are biomedical 

devices, tissue engineering, and controlled delivery and release of pharmaceuticals.89-90 

Moreover, by removing the water in various ways, lyophilization (freeze-drying) or by 

solvent exchange followed by drying or critical point drying (CPD), lightweight materials 

such as aerogels can be obtained.65, 91 The latter, CPD, allows the hydrogel to be slowly 

dried without causing the solid matrix of the hydrogel to collapse from capillary action, 

and avoid altering the structure excessively, as would occur with conventional 

evaporation. A variety of functional aerogels have been produced, including wet-stable 

CNFs, non-leaching antibacterial sponges, highly flame-retardant materials, batteries and 

supercapacitor materials.92-96 

2.4 Biomedical applications 
The polymers and materials mentioned so far can all be suited to biomedical applications. 

A biomedical material is any engineered material with the intent to interact (or not) with 

a biological system for medical purposes. To succeed, there is a need for an array of 

interdisciplinary elements of medicine, biology, chemistry and materials science. Defining 

a biomedical material as biocompatible should be done with care, as it is application 

specific, meaning that a biomedical material can be biocompatible or suitable for one 

application, however may not be biocompatible for another application. To clarify, the 

biocompatibility and mechanism of action of the biomedical material needs to be tailored 

for its intended area of application in order to avoid interfering with the healing process 

or inducing adverse effects to the surrounding tissue. There are a few initial tests that can 

be done in vitro and in vivo, which are absolutely vital before actually implementing the 

device or system in humans, and these must be done on every aspect of the material, 

including degradation products. Therefore, designing a material, such as a hydrogel, which 

has therapeutic value, with focus around fighting the increasing bacterial problem 

presented in today’s society is one example of biomedical devices of high importance.97-

99 

Several areas benefit from the use of antibiotic substances nowadays. However, their use 

in medicine, which is of outmost importance for the survival of the human race, or rather 

their misuse is forming a problem as bacteria is getting more and more resistant towards 

antibiotics.100 Therefore, the interest in antibacterial material is certainly increasing. There 

is an application where the use of antibiotics is critical, and that is in conjunction with 

surgical interventions. These surgical interventions, will become more exposed to risks as 

the bacteria grows more and more resistant making it more difficult to protect the surgical 

site from infections. Despite all precautions already made with antibiotics, between 2-5 % 

of all surgical interventions result in surgical site infections (SSIs).101 These post-operative 
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infections can lead to a prolonged healing process, unnecessary pain and even, in extreme 

cases, death. The mortality of SSIs is estimated to 5 %102 and has been identified to be 

approximately one third of the total cost for the health care system.103 Consequently, 

there is a need to decrease the risk of post-operative infections, especially as the bacteria 

is getting more and more resistant to antibiotics. Hence, the use of antibacterial polymers 

could take that fight with SSIs in future biomedical applications. 

2.5 Useful chemistries 
Polymeric materials can be made or post-modified by an array of different chemistries. 

The following section is to name but a few that can be used in polymer chemistry. Several 

esterification and amidation reactions have been used in this thesis. These involve the 

formation of an ester or amide from the reaction between a carboxylic acid and either an 

alcohol or an amine, respectively. They are usually performed at elevated temperature 

with the aid of a catalyst and are compatible with a wide range of carboxylic acids, and 

primary and secondary alcohols or amines, depending on their nucleophilicity.104 

Dicyclohexylcarbodiimide (DCC) mediated esterification (or amidation) is also a 

convenient coupling reaction to produce esters105-106 or amides. The most common use of 

the DCC chemistry is to first form the anhydride and then subsequently to form the ester 

or amide. 1,1’-carbonyldiimidazole (CDI) can be used to activate an acid followed by a 

traditional substitution reaction with the alcohol107 or amine acting as a 

nucleophile (Figure 7). CDI can also react with alcohols, forming a carbonate bond. There 

are several reports on CDI chemistry being used to produce dendrimers.108-109 

 
Figure 7. General reaction scheme of CDI chemistry with a generic carboxylic acid and primary amine. 

N-hydroxysuccinimide (NHS) chemistry is widely used in biomedicine and peptide 

synthesis due to its mild conditions together with the rapid reaction rate and high degree 

of selectivity in reacting with primary amines (Figure 8).110-111 

 
Figure 8. General reaction scheme for an amidation reaction via an NHS-activated acid and a 

primary amine. 
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Michael addition has a multitude of uses in polymer chemistry. The widespread use of 

Michael addition stems from its convenient reaction conditions, high conversion and 

selectivity, as it is used in crosslinking112 and post-functionalization to polymerization.25 

Nature’s selectivity is difficult to attain in the field of organic chemistry, which has led to 

the development of the field of protective chemistry. This is especially in focus when a 

multifunctional compound is required to be selectively modified on one reactive site only, 

resulting in a need to temporarily block the other reactive sites. To synthesize a bis-MPA 

dendrimer, protective chemistry is unavoidable.113 Usually for bis-MPA, or any 1,2-, 1,3-or 

1,4-substituted diols, a cyclic acetal commonly known as acetonide is used as a protecting 

group, stemming from 2,2-DMP. Protection and deprotection is carried out under acidic 

conditions with close to quantitative yields in both directions (Figure 9).113 

 
Figure 9. Acetonide protection of bis-MPA with 2,2-DMP in acetone and deprotection in methanol. 

tert-Butyl carbamate (BOC) is another protecting group developed in combination with 

solid state peptide synthesis.114 It has since been extensively used in peptide and 

heterocyclic chemistry as the main protecting group for amines (Figure 10).115-116 

However, it can also be used with alcohols and even thiols. The hydrophobicity of the 

protecting group also affords solubility in most common organic solvents as well as 

purification protocols. 

 
Figure 10. BOC protection and deprotection of a generic amine.  
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3 Experimental 

3.1 Materials 
A general overview of the materials used in this thesis can be found below. For full material 

details please see the appended papers and their supporting information. 

1,1,4,7,10,10-Hexamethyltriethylenetetramine (HMTETA) (97%), α-bromoisobutyryl 

bromide (BiB) (98%), ethylene bis(2-bromoisobutyrate) (EbBiB) (97%), copper(I)chloride 

(CuCl) (99%), copper(II)chloride (CuCl2) (97%), trimethylamine (TEA) (99%), and 4-

(dimethylamino)pyridine (DMAP) (99%) were purchased from Sigma-Aldrich, Stockholm, 

Sweden. Iodomethane (99%) was purchased from Riedel-de Haën. 2-

(Dimethylamino)ethyl methacrylate (DMAEMA) (98%, Sigma-Aldrich) was passed through 

a column (Al2O3-activated basic Brockmann I, Sigma-Aldrich) prior to use in order to 

remove the inhibitor. Di(ethylene glycol)methyl ether methacrylate (DEGMA) (95%, 

Sigma-Aldrich) was passed through a column (Al2O3-activated neutral Brockmann I, Sigma-

Aldrich) prior to use in order to remove the inhibitor. Methanol-d4, chloroform-d (CDCl3) 

(99.8%), dimethyl sulfoxide-d6 (99.8%) (DMSO-D6) were acquired from Cambridge 

Isotope Laboratories, Inc. E. faecalis, E. coli, P. acnes, P. aeruginosa, S. aureus, S. 

epidermidis, Methicillin resistant S. aureus (MRSA), and human dermal fibroblast (hDF) 

and mouse monocyte cells (Raw 264,7) were obtained initially from American Type 

Culture Collection (ATCC). LIVE/DEAD™ BacLight™ Bacterial Viability Kit and Pacific Blue™ 

Succinimidyl Ester was purchased from ThermoFisher Scientific. LB broth (Lennox) was 

obtained from Alfa Aesar. Dialysis membrane Spectra/Por® 6 Standard RC Pre-wetted 

Dialysis Tubing (MWCO 1kDa) and Spectra/Por® Biotech CE Tubing MWCO (0.5-1 kDa) was 

purchased from SpectrumLabs. Poly(vinylamine) (PVAm) (Xelorex RS 1300, Mw = 340 kDa) 

was supplied by BASF SE (Ludwigshafen, Germany), poly(diallyldimethylammonium 

chloride) (pDADMAC Mw = 400-500 kDa) was purchased as a 20 wt% solution from Sigma 

Aldrich. P-doped and polished silicon wafers (d = 150 mm) were purchased from Siltronic 

Corp. (Munich, Germany). 

All other chemicals were purchased from commercial sources (Sigma Aldrich/Merck, VWR, 

Chemtronica, Fisher) and used as received. 

Helux 33/16 (Native Helux) was kindly provided by Polymer Factory AB (Sweden). 2,2-

bis(hydroxymethyl) propionic acid (bis-MPA) and di-trimethylolpropane (Di-TMP) (98%) 

were kindly provided by Perstorp AB (Sweden). Carboxymethylated CNFs (20 g/L, form 

never-dried pulp fibres) with a charge density of 600 µmol/g, were kindly provided by RISE 

Bioeconomy (Stockholm, Sweden).  
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3.2 Instrumentation 
A general overview of the instrumentation used in this thesis can be found below. For full 

instrumental details please see the appended papers and their supporting information. 

Nuclear magnetic resonance (NMR) was performed on a Bruker AM NMR spectrometer. 
1H-NMR and 13C-NMR spectra were recorded at 400 MHz and 101 MHz respectively. 1H-

NMR spectra were acquired using a spectral window of 20 ppm, a relaxation delay of 1 

second and 16 scans. 13C-NMR spectra were acquired using a spectral window of 240 ppm, 

a relaxation delay of 2 seconds and 512 scans unless otherwise stated. Analyses of 

obtained spectra were performed using MestReNova v9.0.0-12821 (2013 Mestrelab 

Research S.L). 

Size exclusion chromatography (SEC) with dimethylformamide (DMF) was conducted at 

a flow rate of 0.2 mL/min with 0.01 M LiBr as the mobile phase at 50 °C using a TOSOH 

EcoSEC HLC-8320GPC system equipped with an EcoSEC RI detector and three columns (PSS 

PFG 5μm; Microguard, 100Å, and 300Å) (MW resolving range: 300-100 000 Da) from PSS 

GmbH. Sample solutions with a concentration of 2.5 mg/mL were used with toluene as 

internal standard. A conventional calibration method was created using narrow linear 

PMMA and PEG standards. PSS WinGPC Unity software version 7.2 was used to process 

the data. 

SEC with water/NaOH was carried out on a Dionex Ultimate-3000 HPLC system (Dionex, 

Sunnyvale, CA, USA) maintained at 40°C with 10 mM NaOH as mobile phase flowing at a 

rate of 1 ml/min. The system consisted of three PSS suprema columns in series (300 × 8 

mm, 10 μm particle size) with 30 Å, 1000 Å and 1000 Å pore sizes, together with a guard 

column (50 × 8 mm, 10 μm particle size). The system was equipped with a LPG-3400SD 

gradient pump, a WPS-3000SL autosampler and a DAD-3000 UV/vis detector (Dionex, 

Sunnyvale, CA, USA) in addition to a Waters-410 refractive index (RI) detector (Waters, 

Milford, MA, USA). Pullulan standards ranging from Mp = 342 to 708,000 Da (PSS, 

Germany) were used for calibration. The samples were dissolved in 10 mM NaOH at a 

concentration of 3–5 mg/mL, filtered through 0.2 µm Nylon filter and 40 μL of the solution 

was injected in the system. 

SEC with dimethyl sulfoxide (DMSO), and LiBr (0.5 wt.%) as mobile phase at 60 °C (0.5 

mL/min) was performed on a PSS SECcurity 1260 system equipped with a PSS SECcurity 

1260 refractive index (RI) detector at 40 °C and three columns (PSS GRAM 10 µm; 

Precolumn, 100 Å column and 10,000 Å). The samples had a concentration of 3–5 mg/mL. 

Calibration was performed by PSS pullulan standards. PSS WinGPC UniChrom V 8.10 was 

used to process the data. 
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Matrix-assisted laser desorption/ionization time of flight mass spectroscopy (MALDI-

TOF-MS) was performed on a Bruker UltraFlex MALDI-TOF MS with SCOUT-MTP Ion 

Source (Bruker Daltonics, Bremen) with a gridless ion source and the N2-laser operating at 

337 nm. The intensity of the laser was set to the lowest possible for acquisition of high 

resolution spectra of the product. The instrument was calibrated using SpheriCalTM 

calibrants. The received spectra were analyzed with FlexAnalysis Bruker Daltonics, 

Bremen, version 2.2. Matrixes were prepared by dissolution at a concentration of 10 g/L, 

salts at a concentration of 1 g/L and analyte at a concentration of 1 g/L all in THF. Samples 

were prepared at a ratio of 4:1:0.5 for the matrix, counter ion and analyte respectively. A 

2 μl droplet was deposited on a MPT 284 target ground steel TF Target plate. 

Rheological measurements were conducted on a TA Instruments Discovery Hybrid 2 

(DHR-2) rheometer equipped with a Peltier plate-plate accessory, using a stainless-steel 

upper geometry (8, 20, 25 or 60 mm). Samples were tested with “amplitude sweep” and 

“frequency sweep” in the linear viscoelastic region (LVR) region before “time sweep” and 

“temperature sweep” when applicable. 

Polyelectrolyte titration (PET) was done to determine the charge density by using a 

Stabino® (Particle Metrix GmbH) equipped with a cylindrical PTFE chamber with an 

oscillating piston and two electrodes measuring an alternating voltage, streaming 

potential, when the piston is moving up and down. To calculate the charge of the polymer, 

a 10 mL diluted sample was prepared and an addition of titrant via a precision pump from 

a known and calibrated charge concentration of two polyelectrolytes, KPVS (0.316 

μmol/mL) and PDADMAC (0.429 μmol/mL). The charge density of Helux was determined 

by polyelectrolyte titration117 at different pH values (3-11) and at different salt 

concentrations (0 and 10 mM NaCl). At pH < 10 Helux was titrated with potassium 

polyvinylsulfonate and at pH ≥ 10 with pDADMAC. 

Quartz crystal microbalance with dissipation (QCM-D) (E4, Q-sense AB, Göteborg, 

Sweden) was used to study the adsorption, including associated water, and dissipative 

behaviors of samples in multilayers on cellulose model surfaces and clean SiO2 surfaces at 

different pH values. The multilayers were prepared in the QCM by consecutively flowing 

(0.15 mL/min) Helux and CNFs (0.05 g/L) over the surface and allowing them to adsorb on 

the surface while the change in oscillatory frequency and dissipation were monitored. In 

between the Helux and CNF adsorptions a rinsing step with water of the same pH was 

performed. 

Stagnation Point Adsorption Reflectometry (SPAR) was used to study the adsorption of 

multilayers of Helux and CNFs on cellulose model surfaces and on oxidized silicon wafers 

(78 nm SiO2) using SPAR118, an instrument from the Laboratory of Physical Chemistry and 

Colloid Science, Wageningen University (Wageningen, The Netherlands). The 
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concentration of Helux and CNF was 0.025 g/L and the pH of the rinsing solution, the Helux 

solution and the CNF dispersion were all set to either pH 10 or 6.5. The flow of the liquid 

through the cell was approximately 1 mL/min. The laser light reflected from the surface 

was divided into its perpendicular and parallel components and the intensity (Si and Sp) of 

each was measured continuously. The intensity ratio S constitutes the primary output. A 

baseline intensity (S0) was initially recorded and the shift ΔS due to adsorption was 

measured. For thin films the shift is proportional to the adsorbed amount. 

Dynamic Light Scattering (DLS) was used to determine the hydrodynamic diameters of 

the particles by using a Zetasizer ZEN3600 (Malvern Instruments Ltd., U.K.) from the 

intensity correlation function (ICF) using the cumulants method. The measurements were 

conducted on dilute samples (0.1 g/L) in order to be below the overlapping 

concentration,119 to have individualized particles and to limit inter-particle interactions. 

For all DLS measurements, the measurement duration (10 s per run) and measurement 

position (4.65 mm from the cuvette wall) were kept constant. Data was processed using 

Malvern Zetasizer software v7.11. 

Atomic Force Microscopy (AFM) imaging was used to examine the morphology and 

adsorption of Helux treated CNF. The imaging was performed on CNFs adsorbed onto a 

freshly cleaved mica surface coated with pDADMAC. The pDADMAC and CNFs were 

adsorbed sequentially by submersion in first a pDADMAC solution (50 mg/L) followed by 

submersion in a CNF dispersion (0.1 g/L) with a milliQ rinsing step in between. The surface 

was finally dried in a stream of N2 gas. The adsorbed CNFs were imaged in air using a 

Bruker Multimode 8 (Bruker, Santa Barbara, CA) run in the ScanAsyst mode with a 

cantilever having a nominal tip radius of 2 nm (SCANASYST-AIR, Bruker, Camarillo, CA, 

USA).  
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3.3 Synthesis and methods 
A general overview of procedures and methods used in this thesis can be found below. 

For full experimental details, please see the appended papers and their supporting 

information.  

3.3.1 Paper I: High Water-Content Thermoresponsive Hydrogels 

via Electrostatic Macrocrosslinking of Cellulose Nanofibrils 

3.3.1.1 Star-ATRP-initiator 

The synthesis of tetra functional ATRP initiator, di-TMP-BiB4 was done by dissolving di-

TMP, TEA and DMAP in THF in a round bottom flask equipped with a magnetic stirrer. BiB 

was dissolved in THF and added drop-wise to the reaction. The round bottom flask was 

then sealed and left to react for 14 h. The THF was removed and the product redissolved 

in DCM, and purified by washing with 10wt% aq. NaHSO4, 10wt% aq. Na2CO3, and 

saturated aq. NaCl, before being dried with MgSO4. The DCM was then removed by 

evaporation, yielding Di-TMP-BiB4. 

3.3.1.2 General/Summary of ATRP procedure 

The linear tri-block and star-tri-block polymers based on DEGMA and DMAEMA were 

produced using a conventional ATRP approach. The PDEGMA macroinitiators (linear and 

star) was prepared by having the amount of DEGMA, deionized water and acetone kept 

constant in all reactions. The amounts of initiator (EbBiB or di-TMP-BiB4), HMTETA and 

CuCl were adjusted to give the desired reaction ratios. Later on the Chain-Extension of 

PDEGMA Macroinitiators with DMAEMA units, the amounts of macroinitiator and 

deionized water were kept constant and the amount of DMAEMA, HMTETA, and CuCl 

were adjusted to achieve the desired molecular weights of the block copolymer. All 

reagents and solvents were added to a round bottom flask equipped with a magnetic 

stirrer sealed with a septum and placed in an ice/water bath. The flask was purged with 

argon (5 min) before CuCl was added to the reaction mixture and purged two more cycles. 

The flask was placed in a preheated oil bath (50 °C), and left to polymerize. The reaction 

was terminated by the addition of 50 mg of CuCl2, to preserve the brominated end-groups, 

or by exposure to air. The reaction mixture was either dissolved in or diluted with THF and 

passed through a short Al2O3 (activated, neutral) column. The reaction mixture was 

concentrated, precipitated in cold heptane (dry ice) and the final polymer (linear- or star-

tri-block-co) was dried under vacuum overnight.  

3.3.1.3 Quartinization of the PDMAEMA block 

The quaternization procedure of the PDMAEMA block was done by dissolving the block 

copolymer in THF in a round bottom flask equipped with a magnetic stirrer. Iodomethane 

was dissolved in THF and added under vigorous stirring. The flask was sealed and left to 
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react at room temperature for 14 h before being purified by precipitation in cold heptane 

(dry ice) and dried in vacuum overnight. 

3.3.1.4 Hydrogel preparation  

The preparation of hydrogel composites consisted of three steps. The diluted CNF (3.4 g/L) 

was mixed (vortexed) at 0 °C with the polymer solution at a 5:1 charge ratio to CNF charge. 

The hydrogels formed instantly and were stored at 4 °C until rheological measurements 

were performed. The final CNF concentration in all hydrogels was 3 g/L. 

3.3.2 Paper II: Antibiotic-Free Cationic Dendritic Hydrogels as 

Surgical-Site-Infection-Inhibiting Coatings 

3.3.2.1 Dendritic-linear-dendritic scaffolds 

DLD synthesis was performed using a conventional divergent dendrimer growth approach 

of efficient anhydride mediated esterification of bis-MPA-Acetonide anhydride using 

DMAP as catalyst, pyridine to maintain basic conditions and DCM as solvent. Via an 

adjusted ratio between hydroxyls, pyridine and DMAP of [1]: [3]: [0.2] resulted in fully 

substituted dendritic blocks. Acetonide protective chemistry was utilized and 

deprotection was performed using Dowex w50 (100 wt%) in MeOH. Progression of both 

growth and activation steps was monitored by 1H, 13C-NMR as well as MALDI-TOF-MS. The 

same reaction conditions were utilized to build all generations of the DLD-hybrids used in 

Paper II and can be looked at for more specifics. 

The β-alanine functionalization procedure of the DLD-scaffolds was done via anhydride 

mediated esterification of β-alanine-BOC anhydride with a similar set up as for the 

dendritic structure of bis-MPA at the PEG-spacer. The deprotection of the BOC was 

achieved by dissolving the functionalized scaffolds in TFA or chloroform:TFA or MeOH:TFA 

in a round bottom flask equipped with magnetic stir bar and a chimney. The reaction was 

allowed to proceed under vigorous stirring for 30 minutes and the progression was 

monitored by 1H-NMR. Upon completion, the residual TFA was removed in vacuo, the 

resulting solid was dissolved in minimal amount of MeOH and reverse-precipitated in 

ether. 

3.3.2.2 PEG-NHS procedure 

The (xk)PEG-NHS was synthesized by adding PEG-OH to a round bottom flask equipped 

with a magnetic stirrer which was dissolved in pyridine and DCM. DMAP was added and 

under vigorous stirring succinic anhydride was slowly added as a powder. The reaction 

was allowed to proceed for 14 hours and the progression confirmed with 1H-NMR, 13C-

NMR and MALDI-TOF-MS. The crude reaction mixture was washed with 10wt% aq. 

NaHSO4, dried with MgSO4 filtered and precipitated in ether twice. The PEG-COOH was 

dissolved in DCM in a round bottom flask with a magnetic stirrer. Carbonyldiimidazole was 
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slowly added under inert environment (Ar flow) and allowed to react for one hour at room 

temperature. N-Hydroxysuccinimide was added and the reaction was allowed to proceed 

for 14 hours. The crude reaction mixture was diluted with DCM and washed with 10wt% 

aq. NaHSO4. The organic phase was dried with MgSO4, filtered and concentrated (solvent 

evaporation) followed by precipitation in ether. Product was collected as a fluffy white 

powder. 

3.3.2.3 NHS-amidation chemistry for PEG-dendritic hydrogel network formation 

Hydrogels were made in situ the rheometer, equipped with a Peltier plate-plate accessory, 

using a stainless-steel upper geometry (Ø = 20 mm) at a temperature of 34˚C. The amine 

functional polymer was dissolved in water together with NaHCO3 (amount eq. to a pH of 

7.4 as determined by titration). The PEG-NHS (4, 8, 16, 32 or 64 eq. per Ala-DLD) was 

dissolved in a separate vial in deionized water. Both components were dropped separately 

in the rheometer (final composition 10 wt-% solid) and mixed with a pre shear program of 

30 rad/s for 3 seconds. Time sweeps were conducted at strain (ϒ) = 1% and frequency (ω) 

= 1 Hz. To ensure all measurements were carried out in the linear viscoelastic region (LVR), 

complimentary frequency and amplitude sweeps were carried out from 0.01 to 100 rad/s 

and 0.01 to 100% strain. All measurements were performed in triplicates. Freestanding 

gels were done using the same solutions as mentioned above. They were either casted by 

drop casting, loaded into twin syringe biomedical material delivery system, M-System 

(Medmix) equipped with spreader tip (animal study and MMC, MIC assays) or a spray tip 

(spray testing). Gels were allowed to assemble for 60 s undisturbed before extracted or 

moved. 

3.3.2.4 Biocompatibility and antimicrobial effects 

A general overview/list of in vitro and in vivo procedures and methods used for 

biocompatibility and antimicrobial effects can be found below. For full experimental 

details please see the appended paper II and its supporting information. 

Minimal microbicidal concentration (MMC) assay, cytotoxicity assay, minimal inhibitory 

concentration (MIC), MMC antibacterial effect of gel thickness and bacterial 

concentration, MMC antibacterial effect of gel formulations, membrane permeability 

assay, co-localization study, and in vivo antibacterial evaluation (harsh SSI mouse model). 
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3.3.3 Paper III: Helux: A heterofunctional hyperbranched 

poly(amido amine) carboxylate 
Helux 33/16 (Native Helux) was kindly provided by Polymer Factory Sweden AB. The 

Native Helux was processed through different purifications and alterations/modifications, 

including reverse precipitation (RP), quick dialysis (QD), neutralized, “salted”, and dialyzed 

(NSD), post-condensated (PC) and neutralized, “salted” and dialyzed post-condensated 

(NSD-PC) Helux. Different post-functionalizations of NSD-Helux was conceptualized, 

including, aqueous-mediated Michael addition, guanylation, and ring-opening of sultone, 

as well as water/ethyl acetate-mediated amidation of imidazole-activated pentenoic acid. 

Two networks were formed made prepared performed, firstly, the inherent 

heterofunctionality of Helux, amines and carboxylic groups, was explored by a one-

component self-crosslinking approach that yielded a dendritic poly(amido amine) 

network. Secondly, dendritic hydrogels based on Helux were produced by a spontaneous 

NHS-amidation reaction with difunctional 10kPEG-NHS. The experimental procedures 

described in this work can be found in Paper II and its supporting information. 

3.3.4 Paper IV: The combination of a dendritic polyampholyte 

and cellulose nanofibrils – a new type of functional 

material 

3.3.4.1 Preparation of CNF-Helux d-VAS 

The CNF-Helux mixture was initially evaluated by mixing samples of different 

concentrations and compositions and tested through an “inverted-gel test”. The different 

ratios was mixed by mixing the CNF dispersion in a Vortex Lab Genie followed by adding 

the Native Helux and the CNF Helux dispersion was further mixed for 15 s and let stand to 

rest. The d-VAS was tested after 24 h and mixed again and let stand for 24 h and tested 

again. 

3.3.4.2 Preparation of crosslinked CNF-Helux hydrogels 

Hydrogels from CNF and Helux were prepared by mixing CNF dispersions of different 

concentrations, with pH set to 10.5 to avoid aggregation, with Helux to achieve dispersions 

with different weight ratios of CNF and Helux. The samples are referred to as, for example, 

100:10 which refers to dispersion with a Helux content corresponding to 10wt% of the dry 

CNF content. A stainless steel tube reactor was subsequently completely filled with the 

dispersion and tightly sealed and heated to 150°C for 1h after which the crosslinked CNF-

Helux hydrogel could be extracted. Any tests on the hydrogel were performed shortly after 

its preparation to avoid structural and compositional changes.  
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3.3.4.3 Rheology of CNF Helux d-VAS and hydrogels 

CNF Native Helux gels (6 mL) were made by mixing the two components and quickly place 

in the rheometer, equipped with a Peltier plate-plate accessory, using a stainless-steel 

geometry (ø = 60 mm) with a set temperature of 4˚C for the time sweep/crosslinking 

kinetic study. The CNF dispersion (6 mL) was place in a vial and place in a Vortex Lab Genie. 

Native Helux was then added and the CNF Helux dispersion was the mixed for 15 s and 

then 2 mL of the 6 mL was quickly placed in the rheometer for a time sweep (1Hz, 0.5 

strain%, 3600s) and the modulus build up was studied during 60 min. The dispersion left 

(4 mL) in the vial was then vortexed again for 15 s and then 2 mL was quickly added to the 

rheometer for a 2nd run time sweep to follow the modulus build up. The last 2 mL was 

vortexed and studied in the same procedure for the 3rd run in the rheometer. To ensure 

all measurements were carried out in the linear viscoelastic region (LVR), complimentary 

frequency sweep (0.5 strain%, 0.1-100Hz) and amplitude sweep (1Hz, 0.01-100 strain%) 

were carried out. 

The crosslinked CNF Native Helux hydrogels was studied in the rheometer, equipped with 

a Peltier plate-plate accessory, using a stainless-steel upper geometry (ø = 8 mm) with a 

set temperature of 4˚C. The CNF Helux hydrogel was cut into a smaller disc and placed in 

the rheometer followed by frequency sweep (0.5 strain%, 0.1-100Hz) and amplitude 

sweep (1Hz, 0.01-100 strain%) to ensure the linear viscoelastic region (LVR). 

3.3.4.4 Film and Aerogel preparation 

The CNF-Helux film and aerogels mixtures was initially similarly achieved by mixing CNF 

dispersion in a beaker equipped with magnetic stir bar. The Native Helux was added during 

vigorous stirring and left mixing for 15 min. The different ratio mixtures was then poured 

into differently sized plastic petri dishes, for the films (Ø=10cm) and for the aerogels 

(Ø=4cm). The preparation of films the prepared petri dishes was placed in a desiccators 

with a gentle flow of air for the solvent casting of the films to go faster. The aerogels were 

formed by “freeze-linking” procedure including the slow freezing in freezer (-20 °C) 

followed by freeze-drying. The films and aerogels was tested as is or further altered by 

heat treatment at 150 °C for 1 h. 

3.3.4.5 NHS-amidation as post-modification of CNF-Helux films and aerogels 

Phosphate buffer (pH 7) was added to a vial with CNF-Helux films or aerogels (oven treated 

at 150°C for 1 hour) and disperse-red-succinic-NHS dissolved in DMSO was added and let 

to react for 10 min before the film or aerogel was washed with an excess of DMSO and 

H2O until the specimen could be considered free of physically adsorbed dispersed red. 
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4 Results and discussion 
This thesis includes the investigation of different amine-functional polymers, several 

modifications of them, their reactions or interactions towards crosslinked systems either 

chemically, physically or both, and a few cases together with CNFs.  

4.1 Paper I: High water-content thermoresponsive hydrogels via 

electrostatic macro-crosslinking of cellulose nanofibrils 
Permanently charged amines can act as macro-crosslinkers. Tri- and star-block copolymers 

of PDEGMA and quaternized PDMAEMA were synthesized by ATRP from a difunctional 

(triblock), or tetra-functional (star-block) initiator. All synthesized polymers were 

composed of PDEGMA as the inner block(s) and quaternized PDMAEMA as the outer 

blocks, forming ABA block copolymers. This allowed for electrostatic crosslinking between 

the cationic thermoresponsive block copolymers and the anionic CNFs. 

4.1.1 Synthesis of linear and star triblock quaternized amine 

functional thermoresponsive polymers 
The synthesis of the tetra functional ATRP-initiator (di-TMP-BiB4) was done by acyl halide 

esterification in basic conditions. The initiator was purified by washing the organic phase 

(DCM) with base and acid followed by evaporation of the solvent. The two different 

macro-initiator architectures of the thermoresponsive block were synthesized by ATRP 

and forming linear- and star shaped PDEGMA (Figure 11) of varied molecular weights. The 

reactive end groups were preserved for further derivatization by stopping the reaction by 

addition of CuCl2. The chain-extension of the macro-initiators by ATRP with approximately 

20 amino functional DMAEMA units at each reactive site. Furthermore, to ensure a 

permanent electrostatic interaction, the post-modification to the linear and star 

architecture thermoresponsive polymers was to quaternize the tertiary amino group at 

the DMAEMA block with an excess of Methyl Iodide (MeI). 



23 
 

 
Figure 11. Synthesis route of the star-block copolymer. 

4.1.2 Structural evaluation of thermoresponsive polymers 
The characterization of the thermoresponsive polymers showed that even with a 

controlled polymerization of the macro-initiators, such as ATRP, it was difficult to 

determine the actual molecular weight accurately. Therefore, the use of two different SEC 

systems, utilizing DMF and DMSO (Figure 12) as eluents, was deemed necessary to get as 

close as possible to determining the correct molecular weights. There was a large 

deviation amongst the molecular weights as determined by the different SEC systems, 

which was likely caused by the different standards and mobile phases (Table 1). The 

architectural differences and thermoresponsiveness of these polymers further 

contributed to the difficulties in their analysis. It can, for example, be difficult to determine 
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the Mw of a star-block polymer when performing the calibration with linear standards. 

Furthermore, the columns of the SECs are also heated above room temperature and 

therefore above the LCST of the polymers. Block copolymers displaying their 

thermoresponsive behavior in DMF at an elevated SEC temperature, have previously been 

reported.120 Therefore, molecular weights were determined by DMSO-SEC (Figure 12). The 

block copolymers clearly revealed that a chain-extension of the PDEGMA macro-initiators 

had occurred, but it also showed lower molecular weights for the short star block co-

polymer. This could be an indication that the properties of the PDMAEMA block had 

negatively affected the hydrodynamic volume. This could explain why there is an increase 

in dispersity index (Table 1) and the polymers being bimodal in the SEC curve for the star 

macro-initiator and star-block copolymers. The molecular weights should therefore be 

viewed with caution for all the polymers, as usual. 

 
Figure 12. (left) DMSO SEC for PDEGMA macro-initiators and (right) DMSO–SEC for PDEGMA-

PDMAEMA triblock copolymers. 

 

Table 1 Molecular weights of the synthesized macro-initiators and block copolymers. 

Polymer sample 
Mn 

a 

[g/mol] 
Ða 

Mn 
b 

[g/mol] 
Ðb 

PDEGMAshort 13 200 1.3 20 500 1.2 

PDEGMAlong 59 200 1.7 87 200 1.5 

Star PDEGMAshort 33 200 1.5 38 600 1.5 

Star PDEGMAlong 64 100 1.4 78 000 1.5 

Triblock PDMAEMA – PDEGMAshort 19 300 1.3 - - 

Triblock PDMAEMA – PDEGMAlong 73 400 1.4 - - 

Star-block PDMAEMA – PDEGMAshort 30 700 1.9 - - 

Star-block PDMAEMA – PDEGMAlong 80 100 1.6 - - 
aMolecular weights and dispersities determined by DMSO-SEC. bMolecular weights and dispersities 

determined by DMF-SEC. 
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The introduction of permanent cationic charges in the tri- and starblock copolymers 

PDMAEMA block was interesting and a first step into understanding the cationic nature of 

amino groups. DLS revealed that all quaternized block copolymers had an onset LCST of 

20–21 °C in PBS solution, clearly displaying the desired thermoresponsive behavior. The ζ-

potentials for all block copolymers were close to +20 mV, showing that they were 

cationically charged. The block copolymers demonstrated a clear adsorption to anionic 

CNFs. The charge density of the polymers was evaluated by adsorption at CNFs with QCM-

D measurements, and were used in the crosslinking formulation. 

4.1.3 Electrostatically crosslinked low organic content 

thermoresponsive composite hydrogel 
One of the main scientific objectives was to investigate whether a dilute and liquid CNF 

dispersions could be electrostatically crosslinked with the synthesized cationic block 

copolymers, as these contained a minimum of two quaternized blocks at each chain-end, 

and could potentially function as electrostatic macro-crosslinkers (Figure 13). 

 
Figure 13. Schematic illustration of the ionic cross-linking of CNF and star-block copolymer resulting 

in hydrogel formation. 

The procedure of forming composite hydrogels by electrostatically crosslinking of high 

aspect ratio anionic CNF with cationic polymers, resulted in hydrogels which had a low 

total organic content (TOC) (Table 2). In contrast to ordinary chemically crosslinked 

hydrogels, this could only be achieved by having a dilute (liquid) CNF dispersion. The 

electrostatic crosslinking of the CNF with the block copolymers was instantaneous, and 

was stable enough to withstand the “inverted-gel-test”. 
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Table 2. Composition of electrostatically crosslinked low organic content thermoresponsive 

composite hydrogel. 

Hydrogel sample a 
CNF 

content[mg/mL] 

Polymer 

content[mg/mL] 

Water 

content[%] 

Triblock qPDMAEMA–PDEGMAshort 3 5.30 99.2 

Triblock qPDMAEMA–PDEGMAlong 3 16.1 98.1 

Star-block qPDMAEMA–PDEGMAshort 3 5.20 99.2 

Star-block qPDMAEMA–PDEGMAlong 3 8.20 98.9 
aFinal hydrogel sample contents of CNF respective polymer. 

The block copolymers were added at a charge ratio of 5:1 relative to the CNF, based on 

the mass adsorbed in QCM-D measurements. This ratio was chosen based on the 

observation that a lower charge ratio between the CNF and polymers failed to form free-

standing hydrogels. The final formulated hydrogels formed free-standing stable hydrogels, 

with the exception of the long linear triblock, which formed a viscous fluid. This attempted 

hydrogel was therefore excluded from the discussion below. The mechanical properties 

of the three free-standing electrostatically crosslinked low TOC hydrogels were tested 

with stress- and frequency-sweep measurements in a DHR-2 rheometer. The stress and 

frequency sweeps were done below and above the polymer’s LCST (Table 3). The elastic 

moduli were in the range between 0.72 and 2.9 kPa, comparable with an elastic moduli of 

adipose and muscle tissue. 121-123 

Table 3. Storage modulus (G′) and loss modulus (G″) from the frequency-sweep measurements of the 

CNF/polymer hydrogels, determined by rheology measurements, at temperatures below and above 

the LCST of the block copolymers. 

Hydrogel sample Temperature [°C] G' [kPa] G'' [kPa] 

Triblock qPDMAEMA- PDEGMAshort 10 2.59 0.27 

Triblock qPDMAEMA- PDEGMAshort 40 2.90 0.21 

Star-block qPDMAEMA- PDEGMAshort 10 0.72 0.07 

Star-block qPDMAEMA- PDEGMAshort 40 0.86 0.07 

Star-block qPDMAEMA- PDEGMAlong 10 0.89 0.12 

Star-block qPDMAEMA- PDEGMAlong 40 0.99 0.13 

The storage modulus decreased with increasing length of the PDEGMA block which could 

be explained by the inherent flexibility of the polymer chains in solution and the crosslink 

density. Longer polymer chains, with fewer crosslinking sites per mol, result in a lower 

elastic modulus due to a larger hydrogel mesh size, and as a consequence, result in a more 

flexible gel compared with hydrogels produced from shorter polymer chain counterparts. 

Seemingly, the rheological results of the hydrogels indicate that the modulus is 

independent of the molecular weight for the star polymer. However, it is necessary to take 

the architecture and dimensions of the polymer into account. The small star polymer may 

be too short to actively crosslink the CNFs, e.g., only adsorbed to one CNF resulting in a 
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weaker physically crosslinked network. In contrast, the long star may be long enough to 

better reach and crosslink with the CNFs but may however be too long, resulting in the 

final hydrogel having a similar modulus as the short star.  

Gravimetric analyses were performed in order to investigate the extent to which the 

hydrogels responded to changes in temperature. The mass of the formed hydrogels was 

measured after “swelling” in deionized water below and above the LCST of the block 

copolymers (Figure 14). The decrease in mass was expected to be larger. The time needed 

for deswelling of the hydrogels was also relatively long, and could have retained its weight 

and structure due re-conformation of the network, e.g., due to the rigid CNF network 

construction preventing the thermoresponsive polymers from contracting the entire 

hydrogel body and resulting in lower deswelling. 

 
Figure 14 Gravimetric results from the deswelling of the composite hydrogels. 

However, these results somewhat contradict those from the rheological measurements, 

which indicated that the short star was not completely attached with all four chain ends 

at CNFs. It could also indicate that much longer time or energy needs to be added for 

crosslinking to occur. A dynamic system, for example, even if seemingly forming 

immediate, takes longer time than expected to settle in its final position. The rheological 

measurements showed that the short linear polymer formed the most rigid hydrogels and 

exhibited the most thermoresponsive behavior compared with the star polymers. The 

gravimetric deswelling measurements did, however, show that all hydrogels possessed 

thermoresponsive behavior. Overall, this concept utilized in this study to crosslink CNFs 

with cationicallly charged block copolymers proved to be a simple and efficient way to 

make thermoresponsive hydrogels out of CNF. Conversely, further understanding and 

improvement of polymers to spontaneously crosslink with CNFs is required. 
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4.2 Paper II: Antibiotic-Free Cationic Dendritic Hydrogels as 

Surgical-Site-Infection-Inhibiting Coatings 
Primary amines can both be reactive and interactive. In this paper the precise dendrimer 

chemistry of anhydride mediated esterification is utilized to form dendritic-linear-

dendritic (DLD) polymers based on a PEG core/spacer and a bis-MPA dendro-structure that 

is functionalized with β-alanine (Ala). Crosslinking of the cationic primary amine 

functionalized DLDs was done by using another PEG difunctionalized with N-

hydroxysuccinimide (NHS)-activated succinic acid (PEG-NHS). All of this was done with the 

intent of making antibacterial hydrogels for use as surgical-site-infection (SSI) inhibiting 

coatings. This was motivated by the substantial risk of infection associated with major or 

minor surgical interference during the first 24 to 48 h of the healing process. SSIs can cause 

unnecessary discomfort and suffering for the patient and can also result in a serious 

financial burden for the healthcare system. This work attempts to minimize the risk of SSIs, 

by the use of a simple two-compartment syringe with a spray nozzle loaded with the Ala-

DLDs and PEG-NHS systems which was designed to instantly form antibacterial SSI-

inhibiting coatings under physiological conditions. The explored antibacterial effect of the 

amine-functional DLDs was tested in vitro both in planktonic/solution mode for the 

polymer as well as for the hydrogel coating and finally a harsh in vivo antibacterial effect 

in a mouse model. 

4.2.1 Synthesis of crosslinker Ala-DLDs and PEG-NHS 
Defense mechanistic materials inspiration can be taken from nature and human proteins 

by looking at their functional groups, which composition possess a few common 

denominators: I) they are highly cationically charged with a single or a multitude of 

cationic groups; II) a high charge density; and III) they are both hydrophilic and 

hydrophobic within the polymer chain. The crosslinker Ala-DLDs – consisting of PEGs 

solubility benefits, bis-MPAs dendritic block and β-alanine peripheral functionality – were 

designed to be biocompatible, degradable, and to be aggressive towards Gram positive 

and negative as well as resistant strains of bacteria, and were intended to fulfill all the 

above conditions. DLDs were synthesized using 10k or 20k PEG as spacer and bis-MPA as 

the dendritic block. The 1st to the 6th generation of DLDs were constructed by a 

conventional divergent growth approach using acetonide protected anhydride mediated 

esterification with consecutive and repeated deprotection and growth to achieve DLDs 

with 4 to 128 peripheral hydroxyls (OH). The OH-DLDs were then functionalized in similar 

anhydride mediated esterification with β-Ala-BOC and consecutively deprotected into the 

cationic form (Ala-DLD). The protective and consecutively de-protective BOC chemistry 

deemed necessary to attain the polymeric structure. The functionalization was done with 

more focus at the 4th to the 6th generation DLD scaffolds peripherally decorated with 32 

to 128 amines per molecule (Figure 15).  
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Figure 15. Synthetic scheme for DLDs and amine functionalization, only showing up to ykPEG-G3-

(Ala)32 scaffold, where y is either 10 or 20 g/mol. 

20kPEG-G6-(Ala)128 was fluorescently labeled by statistically modifying 2 out of the 128 

amines using NHS functionalized “Pacific Blue”, which was used to investigate the 

antibacterial mechanism of action in planktonic mode. 

To enable the formation of a protective hydrogel coating, PEG-NHS was utilized for NHS-

amidation reaction of just enough primary amines to be crosslinked together with 

crosslinker Ala-DLDs. NHS esters were chosen due to their highly reactive nature under 

biological conditions with primary amines. PEGs of 2 to 10 kDa were efficiently converted 

to acid functionalities using succinic anhydride and then into NHS-esters (Figure 16). 

 
Figure 16. Synthetic scheme for zkPEG-NHS, where z is either 2, 6 or 10 g/mol. 

4.2.2 Structural evaluation of DLDs 
Materials were characterized using 1H-NMR, 13C-NMR, SEC and MALDI-TOF-MS. Generally 

good correlation were demonstrated between theoretical and obtained values. There is 

however a divergence due to the dendritic structure and analytical method, but all 

scaffolds maintained low dispersities. Mass analysis was difficult to attain for the amine 

functional DLDs, due to their charged nature. The BOC protected precursor was therefore 

analyzed prior to deprotection. The deprotected amine functionality was analyzed with 

the Kaiser test, PET and pH titration, all with good correlation to theoretical values. Briefed 

analytical details can be found in Table 4. Full experimental and analytical details can be 

found in the appended Paper II and ESI.   
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Table 4. Structural evaluation of DLDs from Paper II. 

Polymer MwTheo Mw
(a) Đ (a) MwTheo

(b) Mw
(b) 

10kPEG-G1-(OH)4 10250 12631 1.05 - - 

10kPEG-G2-(OH)8 10704 13135 1.06 - - 

10kPEG-G3-(OH)16 11617 14760 1.03 - - 

10kPEG-G4-(OH)32 13442 16102 1.05 - - 

10kPEG-G5-(OH)64 17093 19145 1.05 - - 

10kPEG-G6-(OH)128 24394 23518 1.06 - - 

20kPEG-G1-(OH)4 20238 19537 1.04 23212.6 23217.7 

20kPEG-G2-(OH)8 20692 19556 1.05 23677.1 23685.8 

20kPEG-G3-(OH)16 21605 20218 1.06 24605.9 24616.8 

20kPEG-G4-(OH)32 23430 21771 1.05 26478.7 26463.7 

20kPEG-G5-(OH)64 27081 23275 1.06 30179.2 30196.9 

20kPEG-G6-(OH)128 34382 26886 1.04 37610.3 37623.4 

20kPEG-G4-(Ala)32-BOC 28907 27272 1.04 - - 

20kPEG-G5-(Ala)64-BOC 38035 30038 1.04 - - 

20kPEG-G6-(Ala)128-BOC 56291 32952 1.06 - - 

10kPEG-G6-(Ala)128-BOC 46303 22929 1.03 - - 

20kPEG-G4-(Ala)32 29350 - - - - 

20kPEG-G5-(Ala)64 38921 - - - - 

20kPEG-G6-(Ala)128 58062 - - - - 

10kPEG-G6-(Ala)128 48074 - - - - 

20kPEG-G6-(PB)2-(Ala)126 58514 - - - - 

2kPEG-NHS 2393 1998 1.03 2416.2 2418.0 

6kPEG-NHS 6403 6883 1.01 6422.6 6424.9 

10kPEG-NHS 10412 11724 1.05 10429.0 10430.6 
(a) obtained by DMF SEC (b) obtained by MALDI-TOF-MS 

4.2.3 Planktonic in vitro effect 
The antibacterial properties of the 20kPEG based DLDs, from the 4th to the 6th generation 

containing from 32 to 128 amines, were initially evaluated by their solution/planktonic 

effect in vitro, using a minimal microbicidal concentration (MMC) assay (Table 5). Four 

different bacteria strains were used. The underlying antibacterial effect of the DLDs – seen 

in all strains – was found to increase with increasing dendritic generation, i.e., with the 

amount or density of amines per DLD or charge density. 

The attention was then shifted to the highest generation and a thorough minimal 

inhibitory concentration (MIC) assay was performed using bacterial strains commonly 

associated with SSIs including both Gram-positive and Gram-negative strains (Table 5). 

The material was found to have broad-spectrum effects, preventing growth of bacteria 

with values down to nano-molar range. Furthermore, the cytotoxicity of 20kPEG-G6-

(Ala)128 was evaluated with human dermal fibroblasts (hDF) and mouse monocyte cells 

(Raw 264.7) using the AlamarBlue assay (Figure 17). The broad-spectrum antibacterial 

activity of the DLDs was observed slightly above 0.1 wt%, well below the limit of its 

cytotoxicity defined at 70% viability. 
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Table 5. Planktonic in vitro effect evaluation of amine functional DLDs’ antibacterial properties. MMC 

assay (µmolar polymer) using gentamicin sulfate as positive control. MIC for 20kPEG-G6(Ala)128 

(nmolar polymer). Bacterial strains used: Staphylococcus aureus (S. aureus), Pseudomonas aeruginosa 

(P. aeruginosa), Escherichia coli (E. coli) and Enterococcus faecalis (E. faecalis), methicillin resistant S. 

aureus (MRSA), Staphylococcus epidermidis (S. epidermidis) and Propionibacterium acnes (P. acnes). 

ND = Not Determined. 

 

 

  
Figure 17. Cytotoxicity evaluation of 20kPEG-G6(Ala)128 in human dermal fibroblasts (hDF) and mouse 

monocyte (Raw 264.7) cell lines using the AlamarBlue assay. Data represented as mean value (n=5). 

The mechanism of action of the antibacterial DLD was investigated by exposing E. coli (and 

S. aureus ESI Paper II) cultivated with a fluorescent dye to 20kPEG-G6-(Ala)128. The 

observed release of fluorophore indicated that the bacterial membrane was ruptured, 

which can be seen as at least one mechanism of antibacterial activity (Figure 18). To 

further explore and specify the antibacterial mechanism, the bacteria were also exposed 

to fluorescently tagged 20kPEG-G6-(PB)2-(Ala)126 and studied in a confocal microscope 

(Figure 18). After exposure of the fluorescent DLD, live bacteria (green stain) displayed a 

halo of DLD (blue florescence), indicating that the polymer was localized at the bacteria 

membrane. The DLD had entered the dead bacteria (red stain) indicating that the 

membrane was ruptured. 
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Figure 18. Mechanistic evaluation of 20kPEG-G6-(Ala)128: a) membrane disruption measured as 

observed release of fluorophore from E. coli (fluorescent cultivated) upon addition of DLD, data is 

presented as a mean value (n=5); b) localization of 20kPEG-G6-(PB)2-(Ala)126 (blue) in E. coli together 

with alive (green) and dead (red/pink) stains. 

4.2.4 Hydrogel formulation – NHS-amidation chemistry 
NHS-amidation is a fast and effective reaction but the NHS-ester is also sensitive towards 

hydrolysis, so the dual compartment syringe delivery system of the two components is of 

outmost importance for the crosslinking kinetics and final properties of the hydrogel. The 

system requires slow enough kinetics to avoid crosslinking in the syringe but fast enough 

to optimize the surgery time. The consequential hydrogel moduli also have to be in the 

range of surrounding tissue to affect it as little as possible. Hydrogel formulation was 

initially established using 20kPEG-G6-Ala and 10kPEG-NHS, and the number of amines 

utilized for crosslinking was varied from 4 to 32 of the total 128 amines of the DLD. The 

altering of the number of crosslinks led to different crosslinking times and modulus which 

were demonstrated to be able to be tuned from what can be seen as equivalent to fat 

tissue to soft cartilage (Figure 19). However, since the pendant amines provide the 

antibacterial effect the aim was to maintain as many amines as possible. Significant 

improvements were achieved in mechanical properties of the hydrogels by exploiting 8 

instead of 4 amines for crosslinking. However, increasing the number of crosslinks even 

further was deemed counterproductive considering the decrease in amine content and 

the not so significant increase in storage modulus (Figure 19). The formulation utilizing 8 

out of the 128 amines was selected for further optimization. The length of both linear PEG 

segments was varied, in order to both increase the amine content, and therefore the 

antibacterial effect, and to effectively vary the average distance between the crosslinks 

and thus possibly change the storage modulus of the hydrogel. This is illustrated in 

Figure 19, where y is either 10 or 20 kDa and z is 2, 6 and 10 kDa, for amine and NHS 

functional components, respectively. The calculated Mw between crosslinks and the 

density of amines as well as the attained storage modulus can be seen in Figure 19. The 

attained storage modulus appears to expectedly increase when decreasing the length of 
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the linear part of the DLD, but decreasing Mw further it resulted in a lower modulus than 

expected. This could be due to intramolecular instead of intermolecular crosslinks, which 

can result in loops. The three formulations out of four that had a modulus in the range of 

muscle or low cartilage were chosen for further evaluation in the dual syringe delivery 

system from Medmix (the M-system) with spreader, air-assisted and non-air-assisted 

spray attachment, and resulted in firm hydrogel coatings. 

x

Cartilage

Muscle

Stromal

Fat

Brain

Lung

z

y

x

x

 
Figure 19. Evaluating the crosslinking of amine-functional DLDs and NHS-functional PEGs. a) 

Displaying the dual syringe application system with air-assisted spray attachment. b) Illustration of 

varying degrees of crosslinking (x). c) Illustration of varying the linear segments lengths for both the 

amine-functional DLD (y) and the NHS-functional PEG (z). d) Time of crosslinking and storage modulus 

(G’) as a function of varying degrees of crosslinking for the 20kPEG-G6-(Ala)128 X “x” 10kPEG-NHS 

system where x is 4, 8, 16 or 32 theoretical crosslinks. e) Theoretical molecular weight between 

crosslinks, theoretical mM amine m-3 and measured storage modulus as a function of varying length 

of the linear block in the amine-functional DLD and the NHS-functional (ykPEG-G6-(Ala)128 X “8” 

zkPEG-NHS where y is either 10 or 20 Da and z is 2, 6 and 10 Da), data is presented as a mean value 

(n=3). 

4.2.5 Degradation of SSI-inhibiting hydrogel 
The degradation profile for this type of short time use for SSI-inhibiting hydrogels, is a 

crucial property to evaluate. The hydrogel should only act momentarily but effectively 

during the most crucial time (24 to 48 h). If the hydrogel becomes permanent, it is an 

implant, which have other requirements for biocompatibility measures. Therefore, the 

degradation kinetics of the hydrogel system based on 20kPEG-G6-(Ala)128 x8 10kPEG-NHS 

was investigated in the rheometer. The hydrogels were crosslinked in situ in the 

rheometer, but were then analyzed until no modulus remained in aqueous buffers of pH 

7, 8, 9 and 10 and in human blood plasma. The degradation study was done to distinguish 
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between the hydrolytic and enzymatic contributions for the degradation. The initial slope 

of the degradation profiles (Figure 20) was used to determine the degradation rate in Pa/s. 

The results primarily demonstrate a hydrolytic degradation of ester bonds rather than 

enzymatic. The hydrogels were fast-degrading in human blood plasma (pH 7.4) and had a 

modulus below 0.1 kPa after 22.5 h, rendering them not mechanically stable. The 

degradation time of the hydrogels appears, therefore, to depend only on the surrounding 

pH and the initial modulus. 

 
Figure 20. Normalized storage modulus (G’/G’0) time sweep (rheometer) during degradation at 37 °C 

in different pH values and in blood plasma (pH 7.4) for 20kPEG-G6-(Ala)128 x8 10kPEG-NHS. 

4.2.6 Hydrogel in vitro effect 
To test the biocompatibility of the hydrogel and their degradation adducts a minimum 

essential media (MEM) elution cytotoxicity test was also done on hDF cells, which 

demonstrated an overall biocompatibility with the hydrogel and its varying degrees of 

degradation, which is correlated to the degradation profile (Figure 21). 

a) b) Ala

Ala

Ala

S. aureus P. aeruginosa E. coliMRSA  
Figure 21. In vitro-effect evaluation of antibacterial hydrogels: a) MEM elution cytotoxicity test using 

hDF cells was used as is or diluted 10 and 100 times. The weight in the legend refers to the total 

amount of hydrogel added to the media; b) modified MMC assay a on 24-well plate horse blood agar 

varying the length of the linear segment of the Ala-DLD as well as the length of the PEG-NHS (160 µL 

total of each gel with a dry content of 10 wt% was applied to each well). Initial bacterial dose 100 

CFU, data is presented as a mean value (n=5). Both Gram-positive (S. aureus and MRSA) and Gram-

negative (E. coli and P. aeriginosa) bacteria were tested. 
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The antibacterial effect of the three different hydrogel formulations was investigated with 

a modified MMC assay using a 24-well plate with horse blood agar. The hydrogels were 

formed as thin films in the wells, covering the horse blood agar and a 100 CFU bacterial 

suspension was added on top of each well. Polyhexanide (PHMB) was used as positive 

control (Figure 21). All formulations displayed a 100% reduction of MRSA but had a quite 

low effect against E. coli. The results are still promising as Gram-positive bacteria from the 

Cocci family are far more common in SSIs. The 20kPEG-G6-(Ala)128 crosslinked with 

10kPEG-NHS system was further investigated in a mice in vivo study. 

4.2.7 In vivo effect 
As a final point in this study, the 20kPEG-G6-(Ala)128 x8 10kPEG-NHS hydrogel system was 

developed for the use of an in vivo mice study as a proof-of-concept. The two-component 

composition was successfully applied with the dual syringe system in the SSI mouse model 

using an S. aureus infected suture (Figure 22). The clinical suggestion for this product is a 

surgical site with a low infection dose or risk (few CFU). It is challenging to mimic a surgical 

site with its risk of infection in an animal model. Therefore, the use of a proven in vivo 

model with a high infection load of 106 CFU– compared to the 100 CFU in the in vitro test 

– allows for obtaining a more statistically stable model. These harsh conditions pushed the 

material to its limits and therefore allowed for a proper study of its antibacterial effect. 

Regardless of the high infection dose, an 80% reduction of bacteria 4 hours after infection 

and a full log (90%) reduction after 6 hours in vivo was observed (Figure 22). The hydrogel’s 

ability to withstand the harsh conditions with an initial infection inoculum of 106 CFU, 

supports our initial proposition that the antibacterial fast-degrading dendritic hydrogels 

could be utilized to inhibit the initial (24 h) infection risk. 

b)

Ala Ala

Infected suture
(S. aureus, 106 CFU)

20kPEG-G6-(Ala)
128

x8 10kPEG-NHS
hydrogel

Incision 1 cm

Shaved areaa)

 
Figure 22. In vivo effect evaluation of the antibacterial hydrogels. a) Illustration of the mouse model; 

b) mice study using S. aureus infected suture (106 CFU) model. The graph contains both bacterial 

reduction in percent of control and log CFU, using the antibacterial hydrogel. Each wound was treated 

with 100 µL of antibacterial hydrogel with a dry content of 10 wt% (Mann-Whitney U-test. * = p<0.05. 

n = 5 for each group). 
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4.3 Paper III: Helux: A heterofunctional hyperbranched 

poly(amido amine) carboxylate 
Heterofunctional dendritic scaffolds are of great interest, however many reports have 

focused on monodisperse and monofunctional dendritic and linear polymers. From an 

applicability point of view, there are a great number of features that need to be fulfilled 

in order to realize future products based on dendritic and linear functional polymers. 

Three critical features are I) availability in large scales allowing accessibility for the industry 

and research community, II) robust functionalities, such as amine, COOH etc., that cover 

the utilization in important chemistries, and III) reactive dendritic or linear scaffolds that 

can perform sustainable modifications under a wide range of conditions, including 

aqueous solution. Helux, produced by DSM124-127, could potentially be interesting and 

cover these features as it is a truly heterofunctional hyperbranched poly(amido amine) 

carboxylate scaffold. This section will describe the synthesis of Helux, its characterization 

via reverse engineering, an in-depth property assessment of commercial Helux, as well as 

facile post-functionalization protocols in aqueous conditions. This section will conclude 

with an evaluation of Helux as a potential multifunctional crosslinker, in which its unique 

properties allow for one-component intermolecular self-crosslinkable networks as well as 

the formation of two component hydrogels with PEG-NHS. 

4.3.1 Structural evaluation of commercial and altered Helux 
The patents124-127 of Helux describes its synthesis through Michael addition and amidation 

of diethyl maleate (DEM) and diaminohexane (HMDA), analogous to the synthesis of 

PAMAM (Figure 23). The heterofunctional nature of Helux, with internal amides, primary 

and secondary amines as well as complementary carboxylic acids, comes from the 

hydrolysis of the ethyl esters of the DEM unit. This occurs during the polymerization in 

aqueous conditions due to Michael addition and amidation reactions. This cascade of 

reactions counteracts gelation, which the patent owners says124-127 contradict Flory’s 

theoretical work of branched polymers13-17 (Figure 23). 

To fully explore Helux’s promising features as a multifunctional dendritic scaffold, a 

comprehensive characterization of the constituents was conducted on the commercially 

available Native Helux. The conventional characterization techniques used included pH, 
1H-NMR, 13C-NMR, SEC and MALDI-TOF MS. These characterization techniques described 

Helux as a low-molecular weight poly(amido amine) carboxylate at pH 10.5-11 with 

polyampholyte character (pH-dependent charge, Figure 29) comprised of primary and 

secondary amines as well as carboxylic acids.  
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Figure 23. Synthesis of Helux 33/16 (Native Helux) as interpreted from its patent.124-127 

Characterization of the Native Helux was initially challenging, hence various purification 

steps were attempted (Figure 24). These included reverse precipitation (RP Helux) in THF 

and diethyl ether (ether), quick dialysis for 24h (QD Helux) and neutralized-salted-dialyzed 

for 5 days (NSD Helux) of which QD and NSD Helux were lyophilized. Collectively, the 

Native Helux is more of an oligomer due to the overrepresented presence of lower 

molecular weight adducts, with a 5-20 wt% above 1 kDa, mostly formed during the 

reaction of the Native Helux. The NSD purification protocol (7.8 kDa, 5 wt% yield) was 

considered to generate the purest Helux and further chemical manipulations conducted 

in this work were based on NSD Helux. 
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Figure 24. a) Schematic representation of the purifications of the Heluxes and b) Molecular weights 

(kDa) of Helux (H-) from Water SEC (10 mM NaOH). 

The heterofunctional nature of Helux, with its multiple complementary amines and 

carboxylic groups, makes it an excellent scaffold for inter- and intramolecular crosslinking. 

Based on this, larger structural build-ups were attempted, simply by the post-

condensation (PC) procedure of Native Helux. By the NSD purification method a Mw 

increase of 5 times Native Helux resulted in NSD-PC Helux (21% yield, (Figure 24 and 27)). 

Full experimental and analytical details can be found in the appended Paper III and ESI. 

4.3.2 Reverse engineered Helux 
The reverse engineering (RE) of Helux, which assisted in the understanding and 

characterizing the composition of Native Helux, was classified as an amino terminal 

hyperbranched polymer. The RE Helux was comprised of the same monomers (HMDA and 

DEM) as Native Helux but the growth was approached in a different manner. The 

monomeric ratio 1:1 was bulk polymerized to avoid hydrolysis of the ethyl esters and only 

get trans-amidation and Michael addition reactions without the risk of gelation 

(Figure 25). NMR characterization detailed the absence of carboxylic acids as terminal 

groups. A Mw of 4.4 kDa from SEC and with the significantly lower dispersity of 1.4 should 

be noted. Unfortunately, a yield of only 16% was achieved. It should be pointed out that 

the termination strategy is not limited to HMDA (Figure 25) and that alternative amino 

functional compounds can be utilized for future functionalization. This allowed for the 

tailoring of the hyperbranched Helux structures with desirable terminal functional groups 

as well as with a primary amine as a focal point. 
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Figure 25. Synthesis of RE-Helux poly(amido amine), where the end-capping was made with an excess 

of HMDA. 

4.3.3 Evaluation of Post-modification of Helux 
Post-modification strategies for various scaffolds is of interests to increase the 

heterofunctionality and thus the complexity of a system, e.g., to mimic nature. Due to the 

apparent scaffolding ability of Helux, various facile modification strategies were 

considered to modify the primary amines (Figure 26). A number of model functionalization 

reagents were carefully selected due to their allylic functionality via amidation reaction 

with imidazole activated pentenoic acid, amination through Michael addition with 

dimethyl acrylamide, guanidines using guan-pyrazole and sulfonation by ring-opening of 

sultone butane. 1H-NMR (Figure 26), 13C-NMR and SEC confirmed the success of the 

reactions as can be in seen in the appended Paper III and ESI. 
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Figure 26. a) Schematic of guanylation, Michael addition, amidification of imidazole acid and ring-

opening modification reactions, b) 1H-NMR, with the different regions highlighted in black boxes.  

The allylation was done by alkalization of an aqueous solution of NSD Helux which was 

added to a EtOAc solution of imidazole activated 4-pentenoic acid. The Helux-Pentenoic 

(H-allyl) reaction was envisioned to proceed in a two-phase system (50:50 solvent ratio), 

but upon mixing only one phase was visualized. This was reasoned to be due to the 

amphiphilic character of Helux, i.e. acting as a reactive phase transfer agent. The Michael 

addition of DMA to NSD Helux was easy to purify by extraction of any unreacted DMA, 

followed by lyophilization. The H-DMA SEC showed multimodal and broad molecular 

weight distribution (Mz = 1620 k Da, Đ=27.0), and it was visually observed that H-DMA 

(>20 wt%) in aqueous conditions behaved as a weak gel. This could be due to 
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intermolecular hydrogen and polyelectrolyte interaction. Ring-opening of the sultone 

butane to obtain Helux-sulfonate (H-SultB) was accomplished similar to the DMA 

modification of NSD Helux; however, the reaction was conducted at 50°C and purification 

was achieved through extracting the unreacted regents and lyophilization. The 

guanylation of NSD Helux was also successfully accomplished at 50°C after some miscibility 

challenges at room temperature, probably due to carboxylic interaction. The Helux-

Guanidine (H-Guan) was dialyzed and lyophilized, but NMR revealed the presence of 

pyrazole in small amounts in the final H-Guan. This have been due to the high affinity of 

pyrazole towards the carboxylic groups, and can be avoided with an excess of NaCl and 

dialyzing. SEC measurement of H-Guan failed as the hyperbranched polymer precipitated 

upon the addition of 10 mM NaOH eluent. 

4.3.4 Self-crosslinking of Helux 
The heterofunctional nature of Helux, which made it possible to form PC-, NSD-PC-Helux 

(Figure 27) also makes it an excellent scaffold to form a fully self-crosslinked network 

(Helux SX). The Helux SX film was achieved by simply heating the Native Helux (50 wt% 

aqueous solution) at 125 °C for 24 h on a glass substrate (Figure 27). The Helux SX film 

demonstrated surprising fluorescence (Figure 27), under UV irradiation (356nm) especially 

at the film surface which had not been in contact with air when cured. This may be due to 

a non-oxidative degradation in close conjugation to the glass surface and oxidative 

degradation of the film surface in contact with oxygen. The Helux SX was mechanically 

evaluated, in dry and 50 wt% swelled state, in a DHR-2 rheometer. A temperature ramp 

performed on dry Helux SX showed a glassy state plateau followed by a broad glass 

transition temperature (Tg) at 59°C. To ensure measurements at the linear visco-elastic 

(LVR) region, amplitude and frequency sweeps were conducted at 25°C and 90°C with 

storage modulus (G’) at 7.0 MPa and 0.9 MPa, respectively. The amplitude sweep failed to 

give strain at break as the sample began slipping at higher oscillation stresses of 48 kPa 

and 23 kPa, at 90°C and 25°C respectively. The Helux SX (50% swelled) had a G’ of 0.8 MPa 

at 25°C, comparable to the dry state of Helux SX at 90°C. The similarity in G’ between the 

wet and dry at elevated temperature could be due to the plasticizing effect from the water 

giving a G’ value close to the rubbery plateau of the dry state of Helux SX at 90°C. Similarly, 

as for the dry samples, the amplitude sweep of the wet sample slipped at an oscillation 

stress of 16.3 kPa. 



42 
 

 
Figure 27. Schematic representation of Native Helux post condensation as well as Native Helux SX; b) 

temperature ramp (2.5 ˚C/min, 1 Hz, 0.02% strain, 100 to 10 ˚C) of Native Helux SX dry showing Tg 

around 59 ˚C; c) Native Helux SX and d) under UV (356nm) demonstrating fluorescence especially at 

the “inert” side where the glass has been. 

4.3.5 Helux-PEG hydrogel formation 
The NSD Helux was used as an amine crosslinker to further evaluate its multi-functional 

purposes, together with NHS functional PEG, 10kPEG-NHS34. The generated dendritic 

hydrogels (Figure 28) was prepared (similarly to Paper II) to undergo a spontaneous 

amidation reaction in aqueous conditions. The formulated hydrogels had a ratio of 1:2.5 

(NHS:primary amine) and 20 wt% dry content after crosslinking, which is comparably 

higher dry content and less primary amines left than the amine DLD hydrogels in Paper II. 

This however was a necessity as the NSD Helux is much smaller in Mw and in 

hydrodynamic volume. The possible antibacterial effect wouldn’t have been affected, 

since there are still a lot of secondary amines in the network. Similarly, the gelation was 

fast – perhaps a bit too fast – since only around 2-3 seconds elapsed before solidification, 

and a tough and cartilage like texture was obtained (Figure 28). The crosslinking of the 

hydrogel was evaluated at room temperature using a rheometer to be able to observe the 

increase in modulus. However, no representative values for the crosslinking time and 

modulus were obtained. To get more representative and reproducible data, the 

components were initially dissolved and mixed at 0 °C (to slow down the kinetics) before 

added to the rheometer peltier plate (4 °C). The gelation started as soon as the 

temperature was rapidly (rheometer programmed) increased from 4°C to 25°C or 37°C. 

The modular crossover (represented as a red line in Figure 28) was successfully obtained 

after 70 and 53 seconds for 25°C and 37°C, respectively. 
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Figure 28. a) Schematic representation of NSD Helux crosslinked with 10kPEG-NHS; b) showing 

crosslinking (in situ) time sweep (1% strain and 1 Hz) at 25 ˚C and 37˚C starting from 4˚C where the 

red line marks the modular crossover; c) amplitude (0.1 to 500% strain at 1 Hz); d) frequency sweep 

(0.1 to 100 Hz at 1% strain) and e) demonstrating the compressibility of NSD Helux 10kPEG hydrogel. 

The crosslinking temperatures were chosen to reflect skin and body temperatures of 

humans, in order to demonstrate a temperature dependent modular build-up as a 

possible tailoring for biomedical devices. The hydrogels produced at 25°C exhibited a 

storage modulus (G’) of 8 kPa, and stress and strain at break of 11.5 kPa and 162.5%, 

respectively. Hydrogels produced at 37°C yielded G’ of 14.5 kPa, with a stress and strain 

at break of 22.7 kPa and 160.5%, respectively. The strain at break occurred, and resulted 

in the sample being sheared into pieces. 

4.4 Paper IV: The combination of a dendritic polyampholyte and 

cellulose nanofibrils – a new type of functional material 
Helux have the potential to form heterofunctional materials in combination with 

anionically charged, high aspect ratio CNFs mixed on the nanoscale, without aggregation. 

In this section the focus is on CNF and its combination together with Helux with interest 

in forming a new proof-of-concept material platform. Consequently, the focus is also on 

the fundamental possibility for interactions between CNFs and the polyampholyte, Helux, 

and how the two components can work in synergy and to be processed. The 

polyampholyte character of Helux can be tuned to adapt to the chemical conditions where 

CNFs can be effectively processed to from 3D-objects composite and advanced materials, 

for instance, low dry content hydrogels, aerogels and films of which can be further used 

in functionalization of the surface due to Helux excess in amines. 
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4.4.1 Nanoscale mixing of CNF and Helux- d-VAS 
As the net charge of Native Helux is tunable (Figure 29) and can be varied between being 

net cationic below pH 10, due the secondary and primary amines, and net anionic above 

pH 10, due to the carboxylic acids, it was easily mixed with carboxylated high aspect ratio 

CNFs in its anionic form (600 µmol/g). In contrast to several other polyampholytes Helux 

displayed no self-coacervation or precipitation at its isoelectric point, even after several 

hours. This can be due to its relatively small size. Initially, the mixing of Native Helux and 

CNFs (constant CNF conc 4 g/L, CNF:Helux weight ratios from 100:1 to 100:100) was done 

using only a magnetic stir bar, without causing any visible aggregation in the system. 

 
Figure 29. Charge density of CNF (600 µmol/g) and Helux with its pH-dependent net charge. 

Optical clarity of the mixed dispersion was verified by dynamic light scattering (DLS) and 

atomic force measurements (AFM)-imaging, supported that the addition of Helux to the 

CNF dispersion did not have any impact on the particle size distribution (Figure 30). The 

view of the still non-aggregated individual CNF-Helux mixture in AFM-imaging (Figure 30) 

was a further indication that the CNFs and Helux remained mixed on the nano scale even 

at high concentrations of Helux. Nonetheless, it was evident that the two components 

were interacting, but these interactions did not disrupt the well dispersed state. 

 
Figure 30. Dynamic light scattering size distribution plots of CNF-Helux mixtures. AFM-imaging of CNF-

Helux adsorbed onto a silicon wafer where individual CNFs with widths of approximately 3 nm were 

observed. 
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4.4.2 CNF and Helux – the dynamic volume filling arrested state 
The interaction between CNFs and Helux was demonstrated by the thixotropic behavior 

of the mixture, which became apparent almost immediately after mixing. The interaction 

between Helux and CNF was therefore studied on model cellulose systems in Stagnation 

Point Adsorption Reflectometry (SPAR) (and QCM-D, Paper IV and ESI). As expected, the 

SPAR (and QCM-D) measurement revealed an adsorption of Helux onto the cellulose at 

pH 10 (Figure 31). However, the adsorption of anionic Helux onto anionically charged 

cellulose is counterintuitive, but, considering that a Helux has a distribution of pKa values 

originating from the primary and secondary amines as well as the carboxyls 128 could result 

in enough cationic groups present at pH 10 to drive the adsorption. A sequential Layer-by-

Layer (LbL) assembly in SPAR (and QCM-D) was attempted but no proper build-up41 of 

subsequent layers was achieved (Figure 31). This is presumably due to the ampholytic 

properties of low cationic charge density in combination with anionic carboxyls. The 

adsorbed outermost part of Helux was desorbed from the surface and adsorbed onto 

passing CNFs and was subsequently washed away, in the measurements. Therefore, with 

this type adsorption and desorption, a hypothesis is put that the Helux adsorbs irreversibly 

but also reversibly, depending on the layer thickness of Helux at the CNFs and the 

incoming entity attracting and thus removing Helux from the surface CNF.  

 
Figure 31. (A) Adsorption at pH 10 of Helux onto a cellulose model surface observed in SPAR. A 

significant amount of Helux is irreversibly adsorbed. The two consecutive adsorption cycles of CNF 

and Helux displayed a cyclic behavior where loosely bound Helux was desorbed and washed away; 

(B) rheological time sweep of CNF:Helux 100:100 (CNF conc. 4 g/L) displaying a higher modulus (1st 

run) comparing to the 2nd and 3rd run where a similar behavior and final lower modulus was achieved 

after equilibria between CNF and Helux. 

The profound behavior of the CNF-Helux mixture was initially evaluated by just mixing 

samples of different concentrations and compositions and tested through an “inverted-

gel test” (Table 6). The inverted gel test revealed that with increasing CNF and Helux 

concentrations an arrested state were developed from the initially viscous CNF dispersion. 

Tentatively, at a CNF concentration close to the overlapping CNF concentration, the Helux 

cannot bridge between the CNFs and thus create a 3D network of Helux-bridged CNFs. 
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Table 6. Demonstrating at which concentrations CNF and Helux could form a d-VAS stable enough to 

withstand an “inverted-gel test” of a vial. X = not a gel, O (weak) = gel not turnable, O = gel and 

turnable 

Sample CNF concentrations 

CNF:Helux 0.5 (g/L) 1 (g/L) 2 (g/L) 3 (g/L) 4 (g/L) 

100:100 X O (weak) O O O 

100:50 X O (weak) O O O 

100:10 X X O (weak) O O 

100:5 X X X O (weak) O 

100:1 X X X O (weak) O 

100:0 - - - - O (weak) 

Rheology was used to examine and follow the build-up of the modulus of successfully 

inverted gel compositions by doing time sweeps for freshly mixed CNF-Helux dispersions 

(1st run) (Figure 31). This was followed by two more time sweeps (2nd and 3rd run) which 

was carried out by exposing the same mixture for high shear mixing followed by 

monitoring the re-formation of their moduli. The general observed trend for the CNF-

Helux samples were that all mixtures displayed a thixotropic behavior (modular build-up) 

and that the 1st run always had a higher moduli than the 2nd and 3rd run. The increase in 

modulus is supposed to be the result of increasing number of joints between the CNF and 

the Helux which is forming a volume filling arrested state (VAS)129. The observed lower 

moduli for the subsequent 2nd and 3rd run could be due to that the Helux is accommodated 

around the CNFs differently. The change in moduli could be due to that the Helux is 

bridging (1st run) between CNFs to mainly having interactions (2nd and 3rd run) with a single 

CNF and Helux-Helux overlapping interaction between the Helux covered CNFs (Figure 31). 

Furthermore, this could be why the CNF-Helux system forms such a well dispersed state. 

The Helux can subsequently adsorb on to CNFs and desorb while adsorbing onto less 

covered CNFs until the whole system is at a dynamical continuous network formed by 

physical CNF-Helux/Helux-CNF interactions. The dynamical continuous network formed by 

these physical interactions can therefore be viewed as a dynamic system (d-VAS). The 

different d-VASs ranged from 10 Pa (4 g/L 100:5 CNF:Helux) to 70 Pa (4 g/L 100:100 

CNF:Helux) after one hour time sweep, where the latter is 3.5 times higher than the 

modulus of pure CNF (Figure 32). 

4.4.3 CNF-Helux hydrogels 
The ability for heterofunctional Helux to self-crosslink with itself at elevated temperatures 

(Paper III) provides the opportunity to create an irreversibly crosslinked 3D-network of the 

CNF-Helux d-VAS as the fibrils and Helux are in close contact. The crosslinking of CNF-Helux 

d-VAS was performed by hermetically sealing a freshly prepared mixture (i.e. 4 g/L, 100:50 

ratio) in a cylindrical pressure reactor and curing at a temperature of 150°C for 1 hour. The 

result was a freestanding hydrogel (99.4 wt% water for the 4 g/L, 100:50) which could 
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retain its cylindrical shape (Figure 32). The storage modulus of the hydrogel (1.8kPa, 

Figure 32) was increased significantly compared to the corresponding concentration of d-

VAS. Crosslinked hydrogels could also be produced with CNF concentrations as low as 

2 g/L (100:100 CNF:Helux ratio). These solid bodies consisted of 99.6 wt% water and while 

still retaining their shape. The highly dispersed state of the CNFs and Helux in the hydrogel 

was also retained, which was demonstrated by the high transparency, allowing light to 

pass through without severe scattering (Figure 32). The irreversibility of the crosslinked 

hydrogel was supported by its ability to stay intact and to not swell or disintegrate even 

after prolonged (>24h) contact with water. The d-VAS properties were also lost after heat 

treatment indicating that the Helux and the CNFs were locked in their positions and 

therefore unable to rearrange and form new joints. 

 
Figure 32. (A) Showing amplitude sweeps (2nd runs) of Helux concentration dependent moduli (10-

70 Pa) of a constant CNF concentration of 4 g/L., and, amplitude sweep (G’=1.8kPa) of (B) hydrogel of 

CNF:Helux 100:50 (4 g/L CNF) and (C) showcasing its optical transparency (green box = hydrogel). 

4.4.4 Films and Aerogels – amine functional 3D-networks 
The CNF-Helux system, being well dispersed, thus presented the possibility of producing 

homogeneously assembled films that possessed the ability to be further functionalized. 

The film formation (solvent casting) was significantly improved (smoother) even with just 

a small amount of Helux was added. Furthermore, the addition did not have any negative 

effect on the transparency of the films. In addition mechanical properties were evaluated, 

stress at break (190 MPa) and Young’s modulus (7 GPa) of the films formed were 

unaffected for non-crosslinked and crosslinked films up to a CNF:Helux ratio of 100:10. 

The inherent heterofunctionality of Helux was utilized by crosslinking the films (Figure 33) 

through heat treatment. The crosslinked films was rendered wet-stable, however could 

be further functionalized, consequently, due to the excess of amines still present in the 

Helux after crosslinking. The proof-of-concept reaction of primary amine and Disperse red 

succinic-NHS in water was used to functionalize the film surface. This ability to perform 

water based amine chemistry opens up possibilities of grafting a large number of other 

functions on to the CNF-Helux material. 
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Figure 33. 100:5 CNF Helux film (A) after casted and cut, (B) oven treated at 150 C for 1 h, and, (C) 

functionalized with Disperse red Succinic-NHS. 

To further increase surface available for future functionalization of the CNF-Helux system, 

ice-templating (followed by lyophilization) was used to create a highly porous material (ρ 

= 5.9 – 8.8 kg/m3, 100:0-100:100 CNF:Helux) with interconnecting CNF-Helux composite 

sheets (100 nm thick), extending through the aerogel object formed (Figure 34). The CNF-

Helux remained well mixed in the pore walls, as demonstrated by the evenly distributed 

orange color (Figure 34) of the samples after heat treatment. This being an indication of 

crosslinking reactions taking place homogeneously throughout the entire aerogel 

structure, resulting in wet stable chemically crosslinked aerogels. Furthermore, these 

crosslinked aerogel networks was functionalized with Disperse red succinic-NHS (Figure 

34). The wet stability was tested by submersion of an untreated aerogel in water, where 

it disintegrated easily under mild shearing. In contrast, the oven treated aerogels 

remained stable in water under shearing conditions for several weeks. 

 
Figure 34. 100:5 CNF Helux aerogel (A) after ice-templating and lyophilization, (B) SEM-image of (1 

mm bar) (C) oven treated at 150 C for 1 h, and, (D) wet state of C functionalized Disperse red 

Succinic-NHS. 

The compressive modulus of slow ice-templated aerogels increased with small additions 

of Helux in the non-crosslinked state, increasing from 17.6 kPa for 100:0 aerogels to 30.5 

kPa for the 100:5 aerogels. At higher Helux contents, 100:50 and 100:100, the aerogels 

displayed a slight decrease in modulus to 27.9 kPa and 21.5 kPa, respectively. The initial 
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increase is interpreted as an increase in adhesion and joint strength between the Helux 

covered CNFs, forming a stiffer structure while at higher additions the properties of the 

softer Helux take over and plasticizes the structure, resulting in a lower modulus. The 

crosslinked structure on the other hand displayed a monotonous increase in compressive 

modulus with increasing Helux addition from 42.5 kPa, 52.6 kPa and 89.4 kPa for the 100:5, 

100:50 and 100:100, respectively. In addition to the increased mechanical performance of 

the material the most profound gain was the heterofunctionality added by Helux, which 

is useful for crosslinking as well as for further post-production functionalization using 

simple water-based amine chemistries. 

4.4.5 Critical point drying of CNF-Helux hydrogel 
Ice-templating is a facile technique to prepare a highly porous 3D structure of which CNF-

Helux lyophilized aerogels can be crosslinked to produce wet stable 3D-objects. However, 

this technique comes at the cost of dropping the valuable high surface area and the 

properties of the individual CNFs as the ice crystals force the components together 

forming composite sheets. Gradual solvent exchange, followed by critical point drying 

(CPD) using CO2 is a tedious but efficient approach to manufacture even highly porous 

systems without disrupting the internal structure of wet systems to a great extent. The 

oven treated and irreversibly crosslinked hydrogel had the nanoscale structure of the 

Helux covered CNFs preserved after CPD treatment (Figure 35).The produced CPD-aerogel 

had a density of 4 kg/m3 and a blueish hue which is associated with silica aerogels and 

therefore indicated that the aerogel contained nanoscale elements. The density was lower 

than theoretically possible, and seemingly a fraction of the CNFs or the Helux was washed 

away during the time-consuming solvent exchange. Even though some of the material was 

lost, the remaining structure retained integrity and also displayed wet-stability when 

soaked in water; again suggesting that the structure was irreversibly crosslinked. The 

compressive modulus revealed an elastic modulus of 53 kPa and a yield stress of 3.7 kPa, 

which was similar to the corresponding lyophilized ice-templated aerogel (52.6 kPa) which 

had a density of around 7 kg/m3. 

 
Figure 35. (A) CPD-dried aerogel (4 g/L, 100:50) on a feather; (B) high resolution SEM-imaging of the 

well dispersed state of a CPD dried aerogel (1 µm bar).  
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5 Conclusions 
The synthesis and evaluation of different polymeric materials, which was utilized in 

spontaneously crosslinked 3D-networks, while exploring the hybridization with cellulose 

nanofibrils and the potential use in biomedical applications for the new innovative and 

highly heterofunctional materials. Several physical objects were successfully investigated 

with promising results. 

Initially, thermoresponsive tri- and star-block copolymers were composed and chain-

extended with quaternized amine blocks through the use of ATRP. These were evaluated 

with QCM-D measurements to demonstrate that the cationic block copolymers were 

adsorbed to CNF and did not desorb when rinsed with water. The observed trend was 

expected; the longer block of PDEGMA adsorbed at larger mass ratio than the one with 

the shorter PDEGMA block. This was clear for the linear block copolymers, but not as 

pronounced for the star-block copolymers. The tri- and star-block copolymers were then 

utilized as electrostatic macro-crosslinkers that, when added to CNF water dispersions 

formed free-standing hydrogels instantaneously with a final water content of 99.2 wt% 

and a notable 2.9 kPa in storage modulus. The frequency and amplitude sweep together 

with gravimetric measurements demonstrated that the hydrogels possessed 

thermoresponsive properties, tested above and below the block copolymers’ LCST, with a 

dehydration of 30 wt%. The methods utilized in this study proved to be a simple and 

efficient way to make thermoresponsive hydrogels out of CNF. However, further 

experience and development of the polymeric material to interact with CNFs to do so 

more efficient is required. 

Secondly, amine-functional DLDs were developed using divergent growth (up to the 6th 

generation) of the dendritic bis-MPA structure of the linear PEG segment (10 and 20 kDa) 

and by functionalizing the end groups with the BOC protected (later deprotected) simple 

amino acid β-alanine. Their planktonic in vitro antibacterial properties were explored, 

which established that the 6th generation was the most effective against a broad set of 

both Gram-positive and negative as well as resistant bacteria, with the lowest MIC values 

of 0.1 nM against P. Acnes and MMC values of 0.43 µM against P. Aeruginosa. To be able 

to test this material further as a biomedical device, crosslinking of Ala-DLDs into hydrogels 

together with PEG-NHS (2, 6 and 10 KDa) was carried out. By varying the number of amines 

involved in crosslinking (4, 8, 16 and 32 out of the total 128), the modulus of the material 

could be tailored with mechanical values from soft fat tissue (500 Pa) up to stiff cartilage 

tissue (8 kPa). To finally test the hydrogel coating, a very harsh SSI in vivo mice study was 

done as a proof-of-concept, to demonstrate the antibacterial potential of the material. 

Regardless of the high infection dose, an 80% reduction of bacteria after 4 hours’ post-

infection and a full log (90%) reduction after 6 hours’ post-infection in vivo was observed. 

The hydrogels’ ability to withstand the harsh bacterial conditions, and that it’s fast-
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degrading properties makes it a viable hydrogel coating to be utilized for inhibitory effect 

for the initial (24 h) infection risk for surgical interventions. 

Thirdly, an exploratory study is presented which provides insights into the commercial 

heterofunctional hyperbranched Helux, considered as a low molecular weight 

polyampholyte. Different purification methods were established and as a result, different 

“grades”, including increased Mw of Helux were obtained. The NSD Helux, was used for 

post-modification to corroborate the facile manipulation. These reactions included 

Michael addition, one-phase water/ethyl acetate-mediated amidation of imidazole-

activated pentenoic acid, guanylation, and ring-opening of a sultone. Exploration of the 

intrinsic heterofunctionality of Helux, was demonstrated by a self-crosslinking approach 

that yielded a dendritic poly(amido amine) 3D-network, exhibiting surprising auto-

fluorescence. Two-component hydrogels based on Helux and the NHS-amidation reaction 

with 10kPEG-NHS, demonstrated different mechanical properties depending on the curing 

temperature used in the rheometer. 

Lastly, Helux demonstrated the potential to form heterofunctional materials in 

combination with anionically charged, high aspect ratio CNFs mixed on the nanoscale, 

without aggregation. The mixture displayed thixotropic behavior and the CNFs and Helux 

formed a d-VAS which could reform after having been disturbed. The d-VAS could be 

irreversibly crosslinked into a self-supporting hydrogel containing 99.4% water with a 

storage modulus of 1.8 kPa. The non-crosslinked CNF-Helux composite assemblies were 

constructed by various methods, such as solvent casting, used for films, lyophilized ice-

templating, used for aerogels. The resulting 3D-networks were crosslinked by post heat 

treatment. These materials displayed wet stability, heterofunctionality as well as the 

potential for further amine post-functionalization. The films did not suffer any loss in 

mechanical performance due to a small additions (up to 100:10) of Helux. It was possible 

to tune the compressive elastic modulus (up to 89.4 kPa) of the aerogels, both the non-

crosslinked and crosslinked state, by varying the amount of Helux added. Lastly, CPD 

aerogels were obtained by careful solvent exchange from highly dispersed CNFs covered 

with Helux. These aerogels displayed superior mechanical stiffness compared with the 

corresponding lyophilized ice-templated aerogel. 
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6 Future work 
Amine-functional polymers have a multitude of possibilities to form highly functional 

materials. To pin point one research area not covered in this thesis, is the need of bio 

based amines in the future. This can be achieved by focusing more in finding new ways to 

utilize and refine amino based resources in a similar manner as the forestry industry are 

focusing on refining their resources into new materials. 

Nanocellulosic materials display great potential as future components in nanocomposite 

material for a bio based circular economy. However, there are still some challenging 

aspects to take into account when it comes to utilizing the full potential of the 

nanocellulosic properties. One of which is the challenge of incorporating heterofunctional 

entities in cellulose matrices, i.e., amines combined with anionic CNFs as both are 

interactive but can also be reactive. 

The work presented in this thesis has just scratched the surface of the possibilities of 

combining CNF and heterofunctional polyampholytes. There is always more to explore, so 

there is much more to be done in this area. It would be interesting to focus more on 

interactions between nanocelluloses and polyampholytes by comparing weak and strong 

polyampholytes, low and high molecular weights. The polymer synthesis of Helux (or 

similar) could definitely be further developed to reach higher conversion and molecular 

weight. Another possible study  would be the reaction of high and low molecular weight 

branched poly(ethylene imine) with DEM statistically, subsequent hydrolysis of of the 

esters to mimic the Helux functionality, followed by characterization and use, similar to 

the combination of CNF-Helux. 

In this thesis there was only one, but successful, attempt in actually testing a material 

concept for biomedical application, the amine-functional DLDs hydrogels. The intention is 

to use experience and knowledge from the DLD project to explore the potential for the 

other projects as biomedical materials. To evaluate the biocompatibility and there 

potential antibacterial properties. It would be interesting to explore the properties of 

combining CNF and the amine-functional DLD concept to form a covalent and physical 

hydrogel network in physiological conditions. The work of functional 3D-networks using 

amine chemistries for applications in fields of biomedical materials will continue.   
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