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Abstract
In the last decades there has been significant advances in polymer chemistry. New coupling
chemistries, polymerization techniques and accelerated approaches enable researches to push the
limits of structural control. One outcome of such development is the field of linear dendritic (LD)
and dendritic linear dendritic (DLD) hybrid materials, drawing benefit from both linear and
dendritic material properties. LD-hybrids with their high density of functional groups and
customizability offer much promise for use in biological applications. This thesis deals with the
potential use of sophisticated LD-hybrid materials focusing on the field of biomedicine and
biomedical applications. The linear component is manly poly(ethylene glycol) (PEG) while the
dendritic part consists of 2,2-Bis(hydroxymethyl)propionic (bis-MPA) building blocks.
Initially a family of unsymmetrical LD amphiphiles was constructed and evaluated as carriers for
drug delivery of chemotherapeutics. Through self-assembly driven by their amphiphilic nature
nanocarriers (NC) were constructed with a hydrophobic core and hydrophilic corona. NC were
found to enhance the effect of conventional therapeutics by relocating the drug from just the
nucleus to the mitochondria among other organelles. Their versatile nature allowed for dual
loading of a combination of chemotherapeutics and circumvented the resistance mechanism of
resistant cancer cells.
Dendrimers containing a disulfide in the backbone were also constructed, these enabled the
selective fragmentation of the dendrimer by reduction to small molecular thiols. The fragments
were also envisioned to disrupt the delicate thiol-disulfide balance intracellularly causing reactive
oxygen species (ROS). Dendrimers were elaborated by conjugation to linear PEG creating LDhybrids and evaluated in vitro and where found to cause high degree of ROS in cancerous cells.
Thiol functional polymers were created, including linear polymers, dendrimers and DLD-hybrids.
The DLD-hybrids were utilized as hydrogels through two efficient chemistries relying on the
versatility of the thiol. By varying the generation of the LD-hybrid and the cross-linking chemistry
the modulus could be tuned.
Amine functional LD-hybrids were constructed utilizing the amino acid alanine. Scaffolds were
utilized as antimicrobial hydrogels for prophylaxis during surgical intervention. LD-hybrids were
initially evaluated in planktonic mode, and were found to have broad spectrum effect and were
highly effective against resistant bacteria. Gelation was studied relying on N-hydroxysuccinimide
(NHS) esters as cross-linkers, enabling instantaneous gelation under biological conditions. The
gels moduli could be varied to match various tissues including stromal and muscle. The effect of
the antimicrobial coatings was investigated with promising results both in vitro and in vivo.
Finally, more industrially applicable hyperbranched LD-hybrids were constructed. The synthetic
strategy relied on a convenient pseudo one-pot approach using Fisher esterification along with
sequential monomer addition. Materials were found to have properties and characteristics similar
to those of perfect dendritic LD-hybrids. And the scaffolds were evaluated in a range of
applications such as hydrogels and isopourous films with promising results.

Sammanfattning
Under de senaste decennierna har stora framsteg skett inom polymerkemin. Ny kopplingskemi
och polymerisationstekniker har givit forskare möjligheten att ta fram mer kontrollerade polymera
strukturer. Ett resultat ur polymerkemins framfart är linjär dendritiska (LD) hybrider som tar
fördel av både materialegenskaper från linjära polymerer såväl som dendritiska. Deras struktur och
egenskaper är lovande för framtida användningar inom medicinska och biomedicinska
applikationer. Den här avhandlingen granskar användningen av LD-hybrider i ett flertal
biomedicinska applikationer. Linjär poly(etylenglykol) används som linjär del och den dendritiska
strukturen baseras på 2,2-Bis(hydroxymethyl)propionic (bis-MPA).
Inledningsvis så utvärderas osymmetriska LD-hybrider, modifierade för att vara amfifila, som
bärare inom drogleverans av cancer droger. Genom ”self–assembly” orsakad av deras amfifila
karaktär så bildades nanobärare (NB) med hydrofob insida och hydrofilt yttre skal. NB fanns öka
effekten av konventionell kemoterapeutiska droger genom att omlokalisera drogerna från bara
cellkärnan till andra organeller, bland annat mitokondrien. NB kunde bära en kombination av
cellgifter och kringgå resistansmekanismen av resistenta cancerceller.
Dendrimerer som innehåller en intern disulfidbrygga togs farm. Deras natur möjliggjorde selektiv
fragmentering under reduktiva förhållanden. Fragmenten består av lågmolekylare tiol funktionella
molekyler med potentiell användning inom ytbehandling. Fragmenten kunde störa cellers balans
mellan tiol och disulfide vilket resulterar i reaktiva syreföreningar (RSF). Dendrimererna kunde
brytas ner under biologiska förhållanden och skapade ROF i cancerceller.
Tiolfunktionella polymerer framtogs däribland linjära polymerer, dendrimerer och LD-hybrider.
LD-hybriderna användes för konstruktion av hydrogeler genom två olika typer av tvärbindnings
kemi. Deras modul kunde varieras genom att variera dendristisk generation och
tvärbindningskemi.
Aminfunktionella LD-hybrider framtogs genom användning av aminosyran alanin. Strukturerna
användes för att utveckla en ny metod av profylax, en antibakteriell spraybar gel, som ska hindra
infektioner associerade med kirurgiska ingrepp. Strukturerna hade bredspektrums effekt , även
mot resistenta bakterier. Genom N-hydroxysuccinimide (NHS) ester baserade tvärbindare kunde
geler med modul motsvarande från fett upp till broskvävnad skapas under biologiska förhållanden.
Gelerna visade god effekt både in vitro och in vivo.
Slutligen, skapades hyperförgrenade LD-hybrider mellan PEG och bis-MPA som ett mer
industriellt applicerbart alternativ. Genom enkel kemi med sekventiella additioner av bis-MPA
monomer kunde ett span av LD-Hybrider skapas med egenskaper liknande de perfekt dendritiska
motparterna.
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1. Purpose of the study
Developments in the field of medicine and biomedicine are dependent on the design of
new functional materials. The dendritic polymer family is a prime example of functional
materials suitable for biomedical applications. The dendritic polymer family draws
benefit for their perfectly branched and highly functional structures. Utilizing the
structural control offered by these materials, in depth structure to property evaluation
between chemical and biological properties is made possible. Within the dendritic
polymer family, linear dendritic (LD)-hybrid materials are foreseen by the authors as
highly relevant materials for biomedical applications. With their precise number of
functionalities and controlled structure offered by the dendritic segments and solubility
and size offered by the linear segments they are forerunners for a myriad of biomedical
applications.
The general purpose of this study was to synthesize and evaluate a range of different LDhybrid materials based on linear poly (ethylene glycol) (PEG) and 2,2bis(hydroxymethyl)propionic acid (bis-MPA) and evaluate their potential use in
biomedical applications. LD-hybrids were tailored to several selected biomedical
applications utilizing the customizability provided by the controlled architecture.
Thorough evaluation of their suitability and benefits were made for each application.
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2. Introduction
2.1 Polymers
Polymers are the foundations of all life; they carry oxygen to our organs and encode the
genetic instructions essential during growth, development and reproduction of all living
organisms.[1]. Much like iron that changed the world around 1200 BC, polymers have
come to revolutionize many aspects of our everyday life during the last century. One
might even dub the age we live in as the “plastic age”.[2] Polymers are all around us, from
the keyboard used to write this thesis to the very paper you are reading from. Polymers
are exceedingly versatile materials that can be non-conductive or conductive, ductile or
brittle, thermally insulating and corrosion resistant to name a few. The versatility and
diversity of polymeric materials come back to the immense design possibilities of
polymeric materials. Polymers are constructed by covalently linking many small
molecules, called monomers, into long chains. The monomers can be assembled into a
vast array of compositions and configurations. Since the basic component of a polymer
is one or several types of monomers connected into a longer chain, this chain can be
connected together in as many ways as there are monomers in the chain. The chain can
be assembled in various ways. If the monomer across the entire chain is the same it is
called a homopolymer and if two or several different types of monomers are used it is
called a copolymer. The monomers can also be assembled into one single long chain or
be divided into shorter chains connected together, called branching, see Figure 1.

Figure 1 Assembly of monomers into different polymer architectures

This thesis almost exclusively deals with the branched structures and more specifically
dendritic materials.

2.2 Dendritic polymers
Dendrimers are among the latest addition to the polymer family. They are branched
precision structures with a perfection exceeding commercial peptide and proteins. Their
defined structure along with high degree of functionality allows in depth structure to
property evaluation highly suitable for biomedical research.[3-4]
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Figure 2 The dendritic polymer family displaying both the monodisperse and polydisperse
frameworks

Dendrimers alike other polymers can be constructed in an array of different
architectures, generally they can be divided into the monodisperse and polydisperse
frameworks, see Figure 2. The monodisperse frameworks present similarly to a protein
or peptide as a monodisperse entity with only one molecular weight. They also possess
a defined number of functional groups located in the periphery, hence the properties of
the dendrimer or dendron are largely dictated by their peripheral functionality.[3-4]
Of the available dendritic materials, the monodisperse frameworks are by far the most
complex and time consuming to construct. Their synthesis typically involves stepwise
growth and activation reactions of branching ABx-monomers (x ≥ 2), where A and B
react selectively with each other. Traditional synthesis of dendrimers can follow either a
convergent or a divergent growth approach, starting from the periphery or the core
respectively.
The dendritic family also comprises hyperbranched polymers, dendronized polymers as
well as linear-dendritic hybrids. They can be in the form of diblocks (LD-hybrids) or
triblocks (DLD-hybrids)[5] Hyperbranched polymers are structurally imperfect
dendritic structures with a set of properties that is reasonably similar to that of the
corresponding dendrimers.[6-7] The concept “pseudogeneration” is used to characterize
hyperbranched structures, where a hyperbranched polymer of pseudogeneration two
theoretical has the same number of end groups and molecular weight as a dendrimer of
generation two. In comparison to dendrimers and dendrons, hyperbranched polymers
can be synthesized in large scale through one-pot procedures, which enables commercial
availability and promotes their use in application-driven research.[7-9] LD and DLDhybrids are block co-polymers with both linear and dendritic segments. They benefit
from the multiple functionalities from the dendritic structure as well as the properties of
the linear segment such as crystallinity and solubility.

3

Figure 3 Synthetic pathways towards dendrimers. a) Convergent growth approach, b) Divergent
growth approach and c) Hyperbranched growth. All with an AB2 monomer.

The first reports on dendrimer synthesis[10-12] used the divergent growth strategy, also
called the “inside-out” or “bottom-up approach”. In the divergent growth strategy,
depicted in Figure 3a, the dendrimer is initiated from a core, with functionalities Bn (n ≥
2). The monomer used is of the ABx type (x ≥ 2) where A is an activated group while B
can be deactivated/protected permitting controlled growth. The active “B”
functionalities of the core are reacted with an excess of the “A” functionalities of the ABx
monomer, forming the first generation of the dendrimer, also called the dendritic layer.
In order to continue the growth, the “B” functionalities of this first layer are
activated/deprotected, resulting in a first generation reactive dendrimer. Thereafter, a
new monomer layer can be added to the macromolecule which results in a generation
two dendrimer. These step-wise growth reactions require rigorous purification between
each growth and activation, removing excess AB x monomer and eventual side products
and reagents. Subsequent repetition of these growth and activation steps leads to an
increase in dendrimer generation, as well as an exponential increase in the number of
functional end-groups. A major drawback of the divergent growth strategy is the risk of
structural defect dendrimers due to incomplete conversion during the growth or
activation step, that are impossible to separate from perfect dendrimers. With increasing
generation, the periphery of the dendrimer gets increasingly crowded, causing steric
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hindrance during further growth steps. However, since the divergent growth approach
only requires an excess of inexpensive monomers and reagents, most of the commercially
available dendrimers are prepared using this strategy.
Convergent growth approach, introduced in the early 1990s, builds from the outside in.
The A functionality is protected and a monomer with the B functionality is reacted on to
the active B functionalities.[13-14] Subsequently the focal point (A functionality) of the
resulting G2 dendron is deprotected and then reacted onto a monomer with protected
A functionality. This is repeated until desired generation is reached whereupon the
dendron is attached to a core. Only two reactions are required for each growth step
regardless of generation, as opposed to the staggering number required towards higher
generations in the divergent growth approach.[15] The drawback of the convergent
growth approach is the heavy losses of valuable dendron in each step as compared to loss
of monomer in the divergent growth approach. The faster and more facile synthesis of
hyperbranched polymers can be seen in Figure 3c.

Figure 4 Dendrimer and dendron drawn schematically in planar view marking key components
and concepts.

A dendrimer depicted in an idealized planar view, see Figure 4, conforms to a more
globular structure in solution after a critical generation is reached. The dendron is built
in layers and each layer is depicted as a generation (G). Each substituting wedge of the
dendrimer is in itself a dendron that consists of a focal point, branching points, and
peripheral end groups.
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Dendrimers that can carry more than one type of functionality belong to the more
challenging dendritic structures to construct, see heterofunctional dendrimers in Figure
2. Nevertheless, since their potential is envisioned to be found in more demanding fields,
e.g. nanomedicine,[16] dendrimer chemists are now challenged to accomplish the
synthesis of these structures efficiently.[17] The final architecture expresses at least two
different functional groups, which can be located either on the surface of the dendrimer
or on the inside. These scaffolds can further be functionalized with different substituents
depending on the targeted application.
In this thesis dendrimers, heterofunctional dendrimers, LD and DLD-hybrids will be
discussed.

2.3 Coupling chemistries
To produce the polymeric scaffolds for each appended paper, several different
chemistries have been used. Each will be described briefly below.
2.3.1 Esterification and amidation reactions
Several esterification chemistries have been used in this thesis and will be discussed in
details below.
2.3.1.1 Fisher esterification
Fisher esterification creates an ester out of a carboxylic acid and an alcohol, it is usually
performed at elevated temperature with an acid catalyst. It is compatible with a wide
range of carboxylic acids but requires the alcohol to be fairly nucleophilic, usually
primary or secondary.[18] The reaction produces water as a byproduct and is an
equilibrium, which makes the removal of water critical to its progression. For the
mechanism see Figure 5. The harsh conditions associated with traditional esterification
are generally ill-suited for precision scaffolds such as dendrimers where controlled
substitution is often demanded.

Figure 5 Mechanism of acid catalyzed Fisher esterification.
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2.3.1.2 DCC mediated esterification
Dicyclohexylcarbodiimide (DCC) mediated esterification is a convenient coupling
chemistry to produce esters. It proceeds through several different mechanisms, see
Figure 6. At elevated temperature without catalysis it yields esters (I) as well as the
unwanted inactive by-product N-acrylisourea (II). At room temperature with the
addition of 4-(Dimethylamino)pyridine (DMAP) or 4-(Dimethylamino)pyridinium 4toluenesulfonate (DPTS) as catalyst the unwanted by-product can be minimized
commonly called Steglich esterification (III).[19-20] The most common use of the
coupling chemistry is to first form the anhydride (IV) and then subsequently form the
ester (V). The additional step presented by IV allows for purification of DDC urea byproduct before the alcohol is introduced leading to less tedious purification and cleaner
over-all reaction outcome. Anhydride mediated esterification is commonly used for the
production of dendritic structures due to the higher reactivity and cleaner reaction
progression, affording less by-products.[21-22]

Figure 6 A general reaction scheme showing the different possibilities using DCC coupling
chemistry.

2.3.1.3 FPE chemistry
Fluoride promoted esterification hinges on 1,1’-carbonyldiimidazole (CDI) using
Cesium fluoride (CsF) as catalyst. It is a recent development in the field of dendrimer
synthesis pioneered by García-Gallego and Hult et al.[23] where CDI is used to activate
an acid followed by a traditional substitution reaction with the hydroxyl acting as a
nucleophile. The nucleophilic potential of the alcohol is greatly increased by using CsF
as a catalyst. The fluoride ion transfers electron density to the hydroxyl increasing its
reactivity significantly. The mechanism is described in Figure 7. It is a convenient and
greener way to produce esters under mild conditions using less toxic reagents and
solvents.[23] The same principle can be used without CsF usually called CDI chemistry.
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CDI can react with a hydroxyl or a carboxylic acid making CDI a highly versatile coupling
agent. However, when reacting with a hydroxyl, a carbonate bond is formed. There are
several reports on CDI chemistry being used to produce dendrimers.[24-25]

Figure 7 General reaction scheme of FPE chemistry illustrating the importance of fluoride as well
as the reaction with a generic hydroxyl and carboxylic acid.

2.3.1.4 N-hydroxysuccinimide (NHS) amine reaction
NHS chemistry is widely used in biomedicine and peptide synthesis due to its high
degree of selectivity in reacting with primary amines.[26] Like DCC and FPE NHS
chemistry relies on activating the acid by substituting the hydroxyl to a better leaving
group, mediating a nucleophilic attack on the carbonyl. NHS chemistry proceeds in most
organic solvents under base catalysis but most importantly in water at physiological
conditions. The mild conditions required together with the rapid reaction rate and high
selectivity towards primary amines makes it one of the prime candidates to be used in
biomedical applications.[27] The general reaction scheme can be seen in Figure 8 below.

Figure 8 General reaction scheme for and NHS activated acid in conduction with a primary amine.

2.3.2 Click chemistry
The concept of ‘click chemistry’ was coined by Sharpless et al. in 2001.[28] In the
pioneering paper click chemistry was described as a set of reactions exhibiting a “spring
loaded” nature. Reactions defined as ‘click chemistry’ are characterized by having a high
thermodynamic driving force. In order for a reaction to be classified as ‘click chemistry’
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it needs to fulfill a number of criteria: it should produce the desired product in a very
high yield with only inoffensive by-products that are possible to isolate without column
chromatography. It should also have high tolerance towards a wide range of solvents and
spectating groups. It has to be stereospecific, modular and wide in scope. Starting
materials and reagents should be readily available and the reaction should be carried neat
or in benign solvent that can be easily removed.[28] Reactions that are able to meet these
demands and that are currently classified as ‘click chemistry’ are: cycloaddition of
unsaturated species (such as 1,3-dipolar cycloaddition reactions and Diels Alder
transformations), nucleophilic substitutions of heterocyclic electrophiles such as
epoxides and additions across multiple bonds such as Michael addition or thiol-ene
chemistry. In Sharpless’ original paper ‘click chemistry’ was foreseen as having its major
use in the field of drug delivery. However, since its introduction the concept and area of
use has spread to all corners of chemistry and has had a tremendous impact in many
chemical fields ranging from drug discovery to polymer and material science.[29-31]
2.3.2.1 Copper(I)-catalyzed azide-alkyne cycloaddition (CuAAC)
A key example of ‘click chemistry’ is the copper(I) catalyzed cycloaddition reaction
between azides and alkynes to form triazoles. The thermally induced un-catalyzed
reaction between an azide and alkyne was introduced in 1893 by Michael et al.[32] This
reaction was later extensively studied and revisited in the mid-1900s by Huisgen[33] for
which it is also known as the Huisgen reaction. Although it is highly efficient, the
thermally induced reaction produces a mixture of the 1,4-and 1,5-substituted product
hence cannot be called ‘click chemistry’ (Figure 9). It was not until in 2002 that reports
on the stereospecific copper(I) catalyzed reaction yielding the 1,4-disubstitued product
exclusively as seen in Figure 9. The reaction was pioneered in parallel by Meldal et al.[34]
and Fokin and Sharpless.[35] The Copper(I) catalyzed azide-alkyne cycloaddition
(CuAAC) reaction can be used with a wide array of organic azides and terminal alkynes
forming 1,4-triazoles with very high efficiency and selectivity. It is furthermore tolerant
to a wide range of other functional groups and can be used in a variety of solvents.[36] It
has been reported to operate between pH 5 and 12, although 8 to 10 is more effective. [37]

Figure 9 Thermally induced and Cu(I)-catalyzed 1,3-dipolar cycloaddition reactions of azides and
acetylenes
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Many different sources of Cu(I) may be used in this reaction. For example, Cu halides
together with a suitable ligand can be used in organic solvents and in situ reduction of
Cu(II) salts, for example sodium ascorbate, has proven to be a facile alternative in
aqueous solutions.[35] A high concentration of Cu(I) is crucial for the stepwise
progression mechanism.[38] Despite its widespread use, key aspects of the mechanistic
cycle have only recently been isolated. It was long postulated that mononuclear
complexes were the driving force. However, in a recent study di-nuclear complexes have
been identified, isolated and been determined to be the rate governing species. The
presence of the mononuclear complex was also observed but deemed less kinetically
important.[39] For biological applications the use of copper as a catalyst limits CuAACs
potential. This is mainly due to the use of copper as a catalyst, more specifically the
removal of copper with its inherent toxicity as well as the questionable biocompatibility
of the triazole adduct.[40-43] However, there are metal-free approaches, such as the strainpromoted azide-alkyne cycloaddition that avoids the copper associated toxicity.[44-46]
2.3.2.2 Thiol-alkene reactions
Thiol-ene chemistry is the reaction between a thiol and an alkene. The reaction between
thiols and alkenes proceeding both spontaneously and in the presence of an acid was
discovered by Posner et al. in 1905.[47] A few years later, the gelation of allyl mercaptan
upon heating was reported and is now considered the thiol-ene polymerization.[48]
During the last century, two different areas of focus emerged: Michael addition,
nucleophilic addition across an electron deficient carbon-carbon double bond and
Thiol-ene chemistry (TEC), the free-radical addition across an electron-rich/poor
carbon-carbon double bond.[49] Whether it is propagating through the anionic Michael
type addition or through the radical TEC, many of the criteria for click chemistry are
fulfilled.[28] Recently, both Michael addition and TEC have been classified as ‘click
chemistry’.[49]
2.3.2.3 Michael addition
Michael addition is broadly characterized as the reaction between an enolate-type
nucleophile also called a ‘Michael donor’ and a β,α-unsaturated double bond ‘Michael
acceptor’ in the presence of a catalyst.[50] It has since its introduction in the late 19 th
century[51] been a workhorse for small molecule synthesis. Although, Michael addition
usually involves enolates as Michael donors, there is a wide range of functional groups
which possess sufficient nucleophilicity to qualify as Michael donors. The reaction
between non-enolate nucleophiles, most commonly thiols, amines and phosphines, are
usually called Michael type additions. Herein we will refer to the reaction with all
Michael acceptors and donors regardless if they are enolates or not as Michael addition.
The Michael acceptor needs to possess an electron withdrawing group causing the
conjugated double-bond to be electron deficient as well as providing resonance stability

10

to the anionic intermediate.[50] The reaction can either be catalyzed by a base, a
nucleophile or Lewis acids. The reaction scheme may be different but the product will
be the same regardless of catalysis. In Figure 10 the mechanism for Michael addition
using both a base catalyst and a nucleophilic catalyst can be seen between a generic thiol
and electron deficient carbon-carbon double bond.

Figure 10 Mechanism for Michael addition between a thiol and an unsaturated electron deficient
carbon-carbon double bond with an electron withdrawing group (EWG)through: a) base catalysis
and b) nucleophilic catalysis.

Michael addition has besides its uses in small molecular synthesis had a multitude of uses
in polymer chemistry. Its uses range from cross-linking[52-54] and postfunctionalization[55] to polymerization.[56] The widespread use of Michael addition
stems from its convenient reaction conditions, high conversion and selectivity that
caused it to be included in the click chemistry family.
2.3.2.4 Thiol-ene chemistry
TEC is the reaction between a thiol and a double bond. During the last century it has
been exploited on an industrial scale, mainly for the production of cross-linked networks.
However, it was mostly abandoned due to bad odor associated with thiol monomers,
yellowing due to residual photo-initiator and rapid weathering in favor of cheap acrylate
based systems. However, in recent years the interest in TEC has steadily increased. The
recently revived interest can mainly be attributed to the development of new photoinitiators with superior biocompatibility as well as network properties. [57] It is usually
initiated by a radical photo-initiator and proceeds through a radical reaction mechanism,
see Figure 11. The reaction is affected by oxygen through the formation of peroxy
radicals through the reaction of a carbon-centered propagating radical with molecular
oxygen. Peroxy radicals are then able to abstract a thiol hydrogen leading to a different
product, but not termination, of the thiol-ene reaction. The reaction rate is greatly
determined by the ene structure. Generally, the reactivity of the ene decreases with
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decreasing electron density, with the exception of methacrylate, styrene, conjugated
dienes and norbornene.[57] Homo-polymerization of the ene could, with improper
monomer selection, cause unwanted byproducts. However, this can be avoided almost
entirely by properly selecting the ene, vinyl ether being the least and methacrylate the
most prone to homo-polymerization.[49, 58]

Figure 11 Thiol-ene chemistry reaction scheme with a radical initiator, showing the oxygen free as
well as the oxygen mediated path.

TEC is of widespread use in the synthesis of sophisticated macromolecules and
polymers.[59-62] The absence of toxic transition metal catalysts as well as the development
of new catalyst-free TEC reactions represents a clear advantage of TEC for biological
applications.[63-64]
2.3.3 Protective chemistry
The field of organic chemistry has not yet developed to the point where we possess
Nature’s selectivity. When a multifunctional compound is required to be selectively
modified on one reactive site there is a need to temporarily block the other reactive sites.
Consequently, we need protective chemistry. Moreover, since the only limits are the laws
of nature and a chemist’s imagination, there are numerous protective groups. A
protective group must satisfy a number of criteria: i) it should yield the protected
substrate selectively and in good yield, ii) it must offer stability under the projected
reactions, iii) it must effectively mask the intended functionality without adding further
functionalities or reactive by-products and iv) it should selectively and in high yield be
reversible providing the original functionality. To synthesize a dendrimer protective
chemistry is unavoidable, several strategies have been utilized in this work.[65]
2.3.3.1 Acetonide
For bis-MPA, or any 1,2-, 1,3-or 1,4-substituted diols, the cyclic acetal commonly known
as acetonide is a highly relevant protective group. It has seen extensive use in
carbohydrate chemistry, effectively masking hydroxyl groups in sugars.[66] Protection
and deprotection is carried out under acid conditions with close to quantitative yields in
both directions.[65] In Figure 12, the protection and deprotection using both 2,2-DMP
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and acetone for the protection and methanol and acid for the deprotection are shown for
bis-MPA.

Figure 12 Acetonide protection with both acetone and 2,2-DMP as reagent and deprotection
using acid and methanol, all illustrated on bis-MPA.

2.3.3.2 tert-Butyl carbamate
The tert-butyl carbamate protective group also known as the BOC group was developed
in conjunction with solid state peptide synthesis.[67] It has since then seen extensive use
in peptide and heterocyclic chemistry as the predominant protective group for
amines.[68] BOC provides hydrolytic stability under basic conditions and stability
through a multitude of coupling conditions and functional groups. It is readily
deprotected using acids affording only tert-butyl-alcohol, isobutylene and carbon
dioxide as by-products, all easily removed from the desired product (Figure 13).[69] The
BOC protective group is mainly utilized for the protection of amines. 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 mild purification
protocols.
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Figure 13 BOC protection and deprotection of a generic amine.

2.3.3.3 Disulfide cleavage
Thiols have an affinity to gold and silver and have a variety of stable oxidation stages
ranging from -2 up to +6.[70] Disulfides are the oxidized form of thiols. In the oxidized
form they are non-nucleophilic and can be considered a form of protective group for
thiols. Given the biological relevance of sulfur, its inclusion in materials creates the need
for protective groups specific to thiols.[71] Examples of this relevance include the crucial
thioredoxin or glutaredoxin redox systems responsible for scission of disulfides to thiols
in living organisms.[72] Disulfides can be made through simple oxidation with iodine and
can be deprotected back to the thiol form by reduction or thiol-disulfide-exchange, see
Figure 14 for the mechanism.[73]

Figure 14 Thiol-exchange reaction mechanism.

2.4 Biomedical applications
The multifunctional nature and versatility offered by dendritic materials coupled with
the inherent biocompatibility and degradability provided by our selected scaffold (2,2Bis(hydroxymethyl)propionic acid (Bis-MPA))[74-78] enable their use in biomedical
applications. Our work has been mostly focused around biomedical applications, a few
selected issues will be discussed in this thesis. Firstly, cancer treatment was investigated.
The dendritic materials were tailored made for drug delivery but also as therapeutic
agents by themselves. Secondly we have explored dendritic materials for hydrogel
applications. And thirdly, we combined what we learned and designed hydrogels with
therapeutic value, focused around combating the increasing bacterial problem presented
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in today’s society. Each subject is highly interesting and will be introduced separately in
the following section.
2.4.1 Cancer treatment
Cancer is a collective name for a broad group of diseases, all characterized by the
uncontrolled growth of abnormal cells invading other organs and/or tissues. To date
cancer is among the leading causes of death worldwide.[79] Treatment consists of
chemotherapy, radiotherapy and/or surgery. The two former impair or shrink the
progression of cancer and the latter surgically remove the affected tissue. Today, lung,
prostate and colorectal cancer are the most common types found in males and breast,
colorectal and lung cancer the most common in females. Chemotherapeutics are usually
low molecular weight hydrophobic and highly toxic drugs with poor aqueous solubility
impairing their circulation in the body. The drugs are usually administered intravenously
causing major systemic effect to both healthy and cancerous cells resulting in unwanted
toxic side-effects. Further, repeated treatment cycles not only cause unnecessary
suffering for the patient,[80] but also lead to the development of drug resistance causing
treatment to be less effective.[81] The mechanisms of drug resistance are various,
including the presence of persistent tumor stem cells,[82] over expression of ATPdependent transporters,[83] DNA damage response associated resistance,[84]
deregulation of apoptosis[83] and glutathione-S-transferases associated detoxification.[85]
Consequently, within the last decade considerable effort has been put into the
development of nanotechnology in the form of nanocarriers (NC) to be used as drug
delivery systems (DDS) to alleviate some of the unwanted side-effects associated with
treatment of various cancers. DDS offer benefits such as increased drug solubility,
protection of the cargo from the body and the body from the cargo and controlled drug
release.[86-87] In this context, polymers with their great versatility in terms of design of
composition and architecture have been one of the frontrunners.[86-92] To date several
polymeric DDS are either approved by the FDA or in the late clinical stages. One of the
most notable cases is “Doxil”: PEGylated nano-scaled liposomes carrying the common
chemotherapeutic doxorubicin.[93] Utilizing polymer based DDS many of the drawbacks
associated with conventional chemotherapeutics can be circumvented. The effective
encapsulation of the drug inside a core-shell nanoparticle increases the solubility of the
drug, reduces systemic toxicity, prevents drug degradation and increases circulation
time.
A key concern for any drug delivery system is to remain in the bloodstream long enough
to deliver its cargo. Xenobiotic substances are usually cleared from the body through
renal filtration and excreted as urine. The kidneys have pores with an approximate size
of 17 by 4 nm[94-95] which corresponds roughly to a polymer with a molecular weight of
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between 30 to 50 kDa depending on its architecture and chemistry.[96] Particles smaller
than the renal threshold will readily penetrate the filter and be excreted in the urine.
However, if the particle is larger it will remain in the bloodstream for an extended period
of time. This is of upmost importance due to the enhanced permeation and retention
(EPR) effect. Maeda et al. found in 1986 that macromolecules of different sizes, in this
case proteins, accumulated to a higher degree in tumors as opposed to healthy tissue. [97]
This is due to fast growing tumors developing irregular and leaky vasculature, rendering
them more permeable to large macromolecules than healthy tissue. This facilitates
selective delivery of the DDS and the drug to the tumor.[98] The lymphatic drainage is in
addition faulty around tumors impairing the drainage of larger particles furthering the
accumulation.[99] Due to the prolonged circulation time sufficiently sized DDS are
allowed to pass by the tumor site more times causing further accumulation.
Polymer based DDS usually consist of block copolymers comprising a hydrophobic
(water repelling) and a hydrophilic (water attracting) segment, making them
amphiphiles. Capitalizing on the last decade’s developments in polymer chemistry and
effective coupling chemistry a myriad of well-defined block copolymers with different
architectures has been realized.[86-92, 100] Similarly to how low molecular weight
surfactants self-assemble polymeric self-assembly occurs through micro-phase
separation. When macromolecular amphiphiles are dissolved in a solvent selective for
one of its blocks causing the insoluble block effectively collapses while the soluble block
stabilizes the construct in the solvent. The outcome varies greatly on the composition,
architecture and molecular weight of the blocks forming anything from spherical
micelles and liposomes to bilayers or worm-like constructs.[101-104] Micelles have seen the
most use in biomedical applications where two distinctively different phases can be
detected for the collapsed hydrophobic block and one for the hydrophilic stabilizing
block, usually denoted as core-shell structures. Since they are constructed by selfassociated assembly, which is often highly concentration dependent, a property denoted
as the critical micelle concentration (CMC) is used to characterize this. Below the CMC
individual polymer chains can be observed, but upon increasing the concentration a
critical point can be found where the chains start associating into larger constructs.
Compared to low molecular weight surfactants polymeric amphiphiles are usually more
stable over a wider range of concentrations. The linear block copolymers have one large
drawback, their reproducibility. Applying the controlled nature of dendrimers in this
field will offer further customizability and control as well as different properties in terms
of self-assembly and CMC. Most importantly dendrimers provide impeccable batch to
batch consistency as well as structural control unattainable by linear polymers.
Another way to combat cancer is by targeting its elevated levels of reactive oxygen
species (ROS). ROS in high levels are potentially lethal to all living cells.[105-106] However,
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it is well known that cancerous cells have an elevated basal ROS production, owing to a
heightened metabolic function required for their fast and uncontrollable procreation. [107]
Therefore, when a healthy cell and a cancer cell have been exposed to the same amount
of additional ROS, the cancer cell would be forced into senescence. Senescence
effectively blocks cytokinesis thus ensuring that the cells will never divide again.[108-112]
Meanwhile, healthy cells with their lower basal ROS production could buffer the
additional dose of ROS and be comparatively unaffected by the heightened ROS
exposure. Utilizing this for cancer treatment has been evaluated using simple
compounds such as arsenic trioxide hindering mitochondrial electron transport forming
super oxide.[113] However a systemic approach is not preferred, as discussed in the
previous section. Herein, utilizing the customizability and versatility of the polymer DDS
could prove advantageous, providing benefits such as passive targeting and stealth
causing selective accumulation in the targeted area. Tailoring the carrier to inherently
produce ROS upon entering cells is also entirely possible.
2.4.2 Hydrogels
Hydrogels are covalently or physically cross-linked polymer networks that swell in
aqueous solution. All water swelling thermosets are hydrogels but not all hydrogels are
thermosets. Hydrogels usually possess a low solid content and a high water content with
properties close to that of tissue, hence they have found use in biomedicine among many
other fields.[114] A multitude of interesting biomedical applications has been evaluated
for hydrogels, the most common examples are tissue engineering and slow delivery of
topical pharmaceuticals.[115-116]
2.4.3 Antimicrobial polymeric prodrugs
Bacteria are prokaryotic organisms present all around us and are the most abundant
lifeform on earth.[117] Long before eukaryotes came into existence, bacteria were
abundant and have even been said to alter the atmosphere of our planet rendering it
hospitable. There is currently about 5000 different kinds of bacteria identified and only
a very small amount actually causes any complications in humans. In fact, most bacteria
aid us and are critical to our survival. As mentioned, the bacterial flora is diverse;
however, most can be classified into three simple classes based on their basic appearance.
These are cocci (spherical shaped), bacilli (straight and rod shaped), and spirilla (long
with a helical twist) (Figure 15). Bacteria are also classified according to their cell
membrane, or more precisely whether they can or cannot be stained by a simple staining
method called gram staining. Gram positive bacteria have an inner plasma membrane
surrounded by a thick peptidoglycan layer while Gram negative bacteria have the same
plasma membrane surrounded by a thinner peptidoglycan layer and an exterior layer of
liposaccharides (Figure 15).
The presence of teichoic acid in the outer peptidoglycan layer in gram positive bacteria
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and the external lipopolysaccharides in gram negative bacteria give both a net negative
charged membrane, this will be exploited in this thesis.[118-119]

Figure 15 Three major classes of bacteria characterized by shape and the composition of gram
positive and gram negative bacterial membranes

Usually the bacterial name contains a classification of its shape, for example Escherichia
coli (E. coli), a rod (bacillus) shaped gram negative bacteria and Staphylococcus aureus
(SA) a spherical (coccus) gram positive bacteria.[118] Bacteria are in the size range of 2
µm or less and contain no internal organelles except for ribosomes. Most bacteria do not
pose a threat to humanity, however the issue arises from sheer numbers, since bacteria
are literary everywhere. Bacteria divide extremely quickly given the correct conditions.
Due to their rapid rate of procreation and remarkable adaptability a population can
mutate fairly quickly. Mutation poses an issue for humanity since our treatment becomes
obsolete when bacteria mutate to adapt to their new environment. Considering the vast
number of bacteria and the widespread use of antibiotics in everything, from soap to
livestock, bacteria is rapidly adapting to our treatment methods.[120] This brings us into
an era where simple infections once again can prove lethal, mainly due to our overuse of
antibiotics.[121] Antibiotics’ mechanism of action are various; they can interfere with cell
wall synthesis, inhibit DNA repair or prevent cell division.[122] Regardless of the
antibiotics mechanism, bacteria adapt by developing their own specific resistance or by
sharing genes for resistance by e.g. transfer of plasmins. A new weapon in the arsenal
against bacteria is antimicrobial peptides (AMPs). AMPs rely on the negatively charged
nature of bacterial cell walls by disrupting the membrane or inserting to target internal
components.[123-124] Resistance has been observed for AMPs but is much less widespread
than towards conventional antibiotics.[123]
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Several areas benefit from the use of antibiotic substances, however their use in medicine
is of upmost importance for the survival of the human race. One application where the
use of antibiotics is critical is in conjunction with a surgical intervention. During a
surgical intervention antibiotic prophylaxis is used to protect the surgical site from
bacterial infections. Despite all precautions, between 2-5 % of all surgical interventions
result in surgical site infections (SSIs).[125] A post-operative infection can lead to
prolonged healing process, unnecessary pain and suffering and even be potentially life
threatening. Overall, the mortality rate associated with SSIs is estimated at 5 %[126] and
SSIs have been identified to increase the cost associated with surgical intervention by
approximately one third.[127] Even a seemingly minor infection may give rise to
discomfort and increased burden on the health care system. However, relying on regular
antibiotics everywhere result in the emergence of resistant or multiresistant bacterial
strains impossible to treat.[128] Therefore, there is a need to decrease the risk of
complications due to post-operative infections and more specifically hospital acquired
infections (HAI). The use of tailor made polymers to combat SSIs will be discussed in
this thesis.
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3. Experimental
3.1 Definitions
Materials discussed in this thesis will be named according to the following scheme:
Linear –dendritic materials (LD)
[Functionality]-[linear polymer][molecular weight]-[Dendritic generation]([Peripheral functionality])[number of functional groups]
Dendritic linear dendritic materials (DLD)
[linear polymer] [molecular weight]-[Dendritic generation]-([Peripheral
Functionality])[number of functional groups]
Dendritic materials:
[Core]-[Dendritic generation]-([Peripheral Functionality])[number of functional groups]
Heterofunctional dendrimers:
[Core]-([Internal functionality])[number of functional groups]-[Dendritic generation]([Functional group])[number of functional groups]
Nanocarriers will once self-assembled be abbreviated:
[Drug 1]:[Drug 2]-NC[material of which is was made]

3.2 Materials
2,2-bis(hydroxymethyl) propionic acid (bis-MPA) was kindly provided by Perstorp.
Methanol-d4, chloroform-d (CDCl3) (99.8%), dimethyl sulfoxide-d6 (99.8%) (DMSOD6) were acquired from Cil. Tris[2-(3-mercaptopropionyloxy)ethyl] isocyanurate was
purchased from Wako chemicals. 2,2-Dimethoxy-1,2-diphenylethan-1-one (irgacure
651) was purchased from Ciba. LIVE/DEAD™ BacLight™ Bacterial Viability Kit and
Pacific Blue™ Succinimidyl Ester was purchased from ThermoFisher Scientific. LB broth
(Lennox) was obtained from Alfa Aesar Escherichia coli (E. coli) strains K-12 and
Migula, as well as Staphylococcus aureus(SA) were purchased from ATCC (American
Tissue Culture Collection)TMP-Gx-OH was acquired from Polymer factory. 7-(but-3en-1-yloxy)-4-oxoheptanoic 4-(2-(but-3-en-1-yloxy) ethoxy)-4-oxobutanoic anhydride
(allyloxy anhydride) was synthesized according to a published procedure. [129] 6Azidohexanoic anhydride (Azide anhydride) was synthesized according to previously
published procedure.25 All other chemicals were purchased from commercial sources
(Sigma Aldrich, VWR, Chemtronica) and used as received.

3.3 Instrumentation
Nuclear magnetic resonance (NMR) was performed on a Bruker AM NMR. 1H-NMR
and 13C-NMR spectra were recorded at 400 MHz and 101 MHz respectively. 1H-NMR
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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. Quantitative 13CNMR was performed by dissolving 15 mg Cr(3)acetate and 150 mg of sample in 1 ml
DMSO D6. An inverse gated decoupling method was used with 2048 scans and a
relaxation time of 5 seconds. Analyses of obtained spectra were performed using
MestReNova version 7.1.1-9649 (Mestrelab Research S.L 2012)
SEC in dimethylformamide (DMF) was conducted at a flow rate of 0.2 mL min-1 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 g L-1 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 data.
SEC in tetrahydrofuran (THF) was performed at 50 °C with flow rate of 1 mL min-1
together with 25 ppm N, N-Dimethylacetamide on a GPCMAX and auto sampler from
Malvern Instruments equipped with RI detector. Three columns were used one guard
column (TGuard) and two linear mixed bead columns (LT4000L), a conventional
calibration was created using linear polystyrene standards.
Matrix-assisted laser desorption/ionization time of flight mass spectroscopy (MALDITOF-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 N 2-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-1, salts at a concentration of 1 g L-1and analyte at a concentration
of 1 g L-1 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 (New Castle, DE,
USA) Discovery Hybrid 2 (DHR2) rheometer. Samples were measured in the linear
viscoelastic region (LVR) region and all samples were evaluated in triplicates. More
details can be found where appropriate.
Column chromatography was performed using an Isolera 4 automated flash purification
system from Biotage, LLC (Charlotte, NC, USA). Biotage® SNAP Ultra prepacked
columns were used with either 10, 25 or 50 grams of silica as appropriate. A method was
developed for each sample; more details can be found in appended publication
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Dynamic Light Scattering (DLS) were performed with a Malvern Zetasizer NanoZS at
25 and 37 °C with polymer concentrations of 0.1 g L−1. Each sample was allowed to
equilibrate for 2 minutes at measurement temperature prior to analysis. All results are
averages of a minimum of three individual samples where each sample data are an
average of 5 measurements, each consisting of 10 runs. Data was processed using
Malvern Zetasizer software v7.11, the raw data was extracted and plotted in Origin
version 9.1.0, maxima values were found using peak analyzer tool.
Transmission electron microscopy (TEM) was performed on a Hitachi HT7700
operating at an acceleration voltage of 100 kV. Images were taken in vacuum without
staining in high contrast mode. Depositions of 50 μL of nano carrier (NC) solution (0.5
g L−1) were applied on a grid placed on filter paper or placed as single standing droplets
on glow-discharged, carbon-coated copper grids (200-400 mesh) with Formvar or
holey-carbon copper grids (TED Pella®, US) The droplets were allowed to evaporate
completely at room temperature for 24 h.
Confocal microscopy was performed using a Zeiss LSM 510 Meta confocal microscope
with a 40 oil-immersion objective as the following settings: For the cell tracking, DAPI
and ER-Tracker™ Blue-White DPX (405 nm laser, BP 420-480), DOX, NC22-DOX and
NC17 (543 nm laser, BP 560-615), Deep Red dyes (633 nm laser, LP 650). For the
bacteria experiment, polymer (405 nm laser, BP 420-480), SYTO 9 dye (488 nm laser,
BP 505-530), propidium iodide, (488 nm laser, BP 560-615). The resulting images were
exported and processed with Image J v. 1.50b
Fluorescent microplate measurements were performed on a Tecan Infinite M200 Pro.
Plates with 24, 48, or 96 wells were used as required.
UV irradiation was performed using a table top 100W Hg UV lamp (Black Ray B 100AP)
providing the intensity of 9mW m-2at a filtered wavelength of 365 nm. Curing studied in
situ in the rheometer was performed using the TA UV-LED accessory with an Ø 20 mm
quartz parallel plate setup, with a primary peak at 365 nm, and a measured intensity at
the interface of 10 mW cm-2.
IR analyses were performed on a PerkinElmer Spectrum 2000 FTIR equipped with a
heat controlled single reflection attenuated total reflection (ATR) accessory (Golden
Gate heat controlled) from Specac Ltd. Samples were analyzed from a starting
wavelength of 600 to 4000 nm. A total number of 16 scans were performed for each
sample with a resolution of 4 cm-1. The background normalization was performed
between the wavelengths of 600 and 4000 nm using the average of 16 scans.
Normalization was performed against the CH2 bending absorbance from the PEG core
found at 1445 cm-1.
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3.4 Methods
3.4.1 Nanocarrier formation by evaporation method
LD-hybrid was dissolved in DCM (1 g L-1, 1 mL) in a small glass vial. PBS (10 mL, filtered
through a 0.2 µm syringe filter) was added to the vial along with a small magnetic bar, the vial
was sealed with a lid and allowed to homogenize for 30 minutes at 300 rpm. The lid was
removed, replaced with a tissue paper the stirring set to 100 rpm and the organic solvent was
allowed to slowly evaporate overnight (14 h).

3.4.2 Critical micelle concentration (CMC)
Pyrene (4 mg) was dissolved in 25 mL of acetone, and left covered in foil on a shaking table
250 rpm overnight. NCs were constructed at a concentration of 1 g L-1 in a scale of 17 mL via
the solvent evaporation method. To a 10 mL volumetric flask 25 μL of pyrene stock solution
(allowed to evaporate 3 h), NCs were added and diluted to achieve 10 mL of 1, 0.9, 0.5, 0.25,
0.1, 0.075, 0.05, 0.025, 0.01, 0.0075, 0.005, 0.0025 and 0.001 1 g L-1 and allowed to
homogenize overnight. Data was recorded using an excitation wavelength of 335 nm, and the
intensities I1 and I3 were measured at the wavelengths corresponding to the first and third
vibrionic bands located near 373 and 384 nm. The ratio I1/I3 was calculated and plotted
against concentration using Origin version 9.1-0. Linear fitting was applied to the tree
separate regions with a 95% confidence interval. Intersect was identified where pyrene begins
to be encapsulated and that is reported as the CMC.

3.4.3 Drug loading procedure
LD-hybrid was dissolved in DCM (1 g L-1, 1 mL) and mixed with doxorubicin (DOX) (in
DCM, 1 g L-1 with 3 molar equivalents of TEA) and/or triptolide (TPL) (in acetone, 1 g L-1).
PBS (4 mL, filtered through a 0.2 µm syringe filter) was added to the vial along with a small
magnetic bar, the vial was sealed with a lid and allowed to homogenize for 30 minutes. The
lid was removed, replaced with a tissue paper and the organic solvent was allowed to slowly
evaporate overnight. Free drug was removed by spin filtration with a molecular weight cutoff
(MWCO) of 3 kDa by refilling PBS every 5 min at 4669 × g, RT. The concentration of DOX
in the NCs was measured by comparing UV absorbance at 490 nm, to a standard curve. The
concentration of TPL was measured by 1H-NMR of freeze-dried TPL loaded NC material.

3.4.4 In vitro Drug release
Freshly prepared free DOX or DOX-NC solution in PBS (3mL) were transferred to dialysis
cassettes (MWCO 3,500 Da, Slide-A-Lyzer G2, Thermo) and suspended in 4 L PBS (pH7.4)
at room temperature. Samples (10 µL) were taken in triplicates at specific time points (0, 2,
4, 8, 10, 12, 24, 48, 72, 96 h) and transferred into wells in a black 96 well plates and
subsequently diluted with DMF: H2O (4:1) 100 µL and the fluorescent intensity was
measured at the wavelength of 485/595 (excitation/emission) nm and compared to a
standard curve.
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3.4.5 Cell culture
In this thesis several different cell lines have been used. Breast cancer cell lines MDA-MB231, MDA-MB-468, MCF-7 and Resi-MCF-7, pancreatic cell line KPC, monocyte cell line
RAW 264.7, glioblastoma cell U87, osteosarcoma cell line MG-63, and human dermal
fibroblasts (hDF) were used in the study. Resi-MCF-7 which overexpress MGST1 was
obtained from Prof. Ralf Morgenstern originally transfected with a vector containing rat
MGST1 as described previously,[130] and the other cells lines were obtained from ATCC
(American Tissue Culture Collection). All the cells were maintained in Dulbecco's Modified
Eagle Medium (DMEM) containing 10 % fetal bovine serum (FBS) and 100 units per mL-1
of penicillin as well as 100 g L-1 streptomycin under 5% CO2 at 37 °C.

3.4.6 Cell viability tests
Cytotoxicity was evaluated using a MTT assay. Cell line RAW 264.7 were harvested by
scraping, other cells were harvested with trypsin. Cells were seeded onto 96-well plates at a
concentration of 104 cells per well in 100 µL DMEM and pre-cultured for 24 h. The medium
was replaced with fresh DMEM containing substrate at different concentrations and the cells
was cultured for another 24 or 72 h depending on the specific test. After incubation MTT (10
µL, 5 g L-1) was added to each well, after additionally 4 h SDS (100 µL, 10wt%) was added
into each well and the absorbance measured at 570 nm.

3.4.7 Confocal studies
Cells were seeded at a density of 105 cells per well in 6 well plate with a top and bottom cover
slip. Cells were pre-cultured for 24 h. Subcellular tracking were performed by incubating cells
with substrate for 4 or 24 h followed by washing with PBS three times. Cells were fixed with
4% formaldehyde and stained with 4’,6-diamidino 2-phenylindole (DAPI) (300 nM). In colocalization study, cells were treated with substrate for 2 or 24 h, then stained with ERTracker™ Blue-White DPX (100 nM), CellMask™ Deep Red plasma membrane stain (1 mg
L-1), LysoTracker® Deep Red (75 nM) or MitoTracker® Deep Red FM (100 nM) and
subsequently fixed with 4% formaldehyde. Fixed cells were washed with PBS and mounted
with ProLong Gold antifade mounting medium.

3.4.8 Uptake study
MCF-7 and Resi-MCF-7 cells were seeded onto 24-well plates at a density of 1×105 cells per
well and pre-cultured for 24 h. The medium was exchanged for DMEM medium containing
either PBS (control), NC20-DOX (1 mg L-1) DOX (1 g L-1), NC22 (10 mg L-1) and cultured
1, 2, 4, 6, 8, 12 and 24 h. Three parallel wells were used for each treatment. The cells were
washed with PBS three times, and lysed using cell lysis buffer (300 mL) for 30 min. The cell
lysates from each well were transferred into 96-well black plates the fluorescence intensity of
100 μL of the cell lysates was measured and the protein concentration quantified with a
bicinchoninic acid (BCA) and protein assay (25 μL cell lysates). The fluorescence intensity
was determined at wavelengths of 485/550 nm (excitation/emission) for DOX and N20DOX, and 485/570 nm (excitation/emission) for NC22. The protein concentration was
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measured by the absorbance at 562 nm. The relative cellular fluorescence intensity was
calculated according to Formula 1.[131]
(

𝐹𝑟𝑒𝑙𝑎𝑡𝑖𝑣𝑒 =

𝐹𝑆𝑎𝑚𝑝𝑙𝑒
)𝑥100
𝑚𝑝𝑟𝑜𝑡𝑒𝑖𝑛

(Formula 1)

𝐹
( 𝐶𝑜𝑛𝑡𝑟𝑜𝑙 )
𝑚𝑝𝑟𝑜𝑡𝑒𝑖𝑛

Where m is the mass and F is the fluorescent intensity.

3.4.9 Planktonic minimal microbiocidal concentration (MMC)99 assay
Briefly, bacteria were transferred from the agar plates to 3.7 % brain heart infusion
medium (BHI) using a sterile loop and cultured for 16 h in a shaking incubator (250 rpm
at 37 °C). The culture was diluted 1:10 in fresh BHI-medium and incubated for another
2 h in a shaking incubator (250 rpm at 37°C). The bacterial suspension was then
centrifuged at 1000 g and the pellet was re-suspended in 0.037 % BHI to a final
concentration of approximately 107 colony forming units (CFU) mL-1. A volume of 100
µl of each test item dilution was mixed with 5 µI bacterial suspension in the wells of a 96well plate and incubated at 37°C for two h. Five µL of each suspension were added as
drops in triplicate onto agar plates supplemented with 5% defibrinated horse blood, and
incubated over night at 37°C. The minimal test item concentration causing 99%
reduction of bacteria was defined as the MMC.
3.4.10 Planktonic minimal inhibitory concentration (MIC) assay
The MIC value is defined as the concentration where 90% reduction in growth is
observed by measuring optical density. To each well in a 96-well plate 200 µL of each
dilution in the desired dilution series were added. As well as 100 µL of 106 CFU yielding
a final CFU of 5 x 105 in each well. The plates were sealed with an adhesive plastic film
and incubated at 36 ± 1°C for 24 h and the optical density was then measured at 595
nm.Microbes used: Enterococcus faecalis CCUG 9997, E. coli CCUG 17620, P.
aeruginosa CCUG 56489, S. aureus CCUG 1591, staphylococcus aureus (MRSA)
CCUG 31966, S. epidermidis CCUG 23118 and P. acnes CCUG 33950
3.4.11 Membrane permeability assay
The assay was derived from Tariro A Chitemerere et al.[132] Briefly, bacteria suspended
in lysogeny broth (LB) and collected during the exponential phase (4-5 h incubation at
37 °C with shaking). Bacterial cells were washed with PBS twice and inoculated (1011cell
mL-1) to PBS buffer containing 1 μM of the fluorescent stain diSC3-5 and 5 mM glucose
and incubated for 1 h. Bacteria were mixed with sample at the desired concentration.
PBS was used as negative control and 8% DMSO was used as positive control. 0.5 mL of
sample was collected at desired time points (0, 5, 10, 20, 30, 40, 50, 60 min) and mixed
with 0.5 mL PBS in Eppendorf tubes and centrifuged at 5000 rcf for 5 min. Then the
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supernatants (3 × 100 µL) was collected and transferred into 96-well black plates and
the fluorescence was measured at 622 / 670 nm (ex/em). The resulting relative
fluorescent intensity (RFU) was normalized to the same level native control.
3.4.12 Co-localization study bacteria
E. coli and SA were expanded in LB broth and collected during the exponential phase (45 h incubation at 37 °C with shaking). Bacterial cells were washed with PBS twice and
re-suspended (ca. 1 × 1011 cell/mL) in PBS buffer containing 500 µg/mL pacific blue
labeled substrate in an Eppendorf tube. After 45 min incubation at 37 °C, 1 mL bacteria
sample was incubated with 3 µL of staining agent from LIVE/DEAD™ BacLight™
Bacterial Viability Kit for another 15 min in the dark, then transferred into 35 mm glass
bottom dishes (MatTek) and examined under confocal microscope at the following
settings: Pacific blue labeled substrate (405 nm laser, BP 420-480), SYTO 9 dye (488
nm laser, BP 505-530), propidium iodide, (488 nm laser, BP 560-615). The resulting
images were exported and processed with Image J software.
3.4.13 Gel MMC assay
Test substances were added on top of horse blood-agar in a 24-well plate and left
undisturbed for five min. Subsequently 40 µL of bacterial suspension (2.5 103 CFU mL1
) corresponding to 100 CFU were added to each well. The plates were then incubated
aerobically for 16 h at 37°C. The bacterial growth was quantified by counting CFU and
the growth reduction compared to untreated/negative control calculated. A PEG based
hydrogel system based on PEG10k-BAPA and PEG2k-SH was used as control, see
article IV and supporting information for further details.
3.4.14 In vivo SSI mimicking infected suture assay [133-134]
The animal experiments in the present study were performed after prior approval from
the local ethics committee for animal studies at the administrative court of appeals in
Gothenburg, Sweden. Eight mL of bacterial suspension (109 CFU mL-1) were prepared
and 3-0 silc sutures (684G, Ethicon) were soaked for 30 min in the suspension and then
dried on filter paper at +4°C for 30 min. The infected sutures were kept at +4°C until
used. Female mice of CD1 strain (25-30 g, Charles River, Sulzfeldt, Germany) were
used. They had free access to water and pellets. There were five mice in each group for
all experiments. The mice were anaesthetized with isoflurane, the back of the mouse was
shaved with a clipper, washed with 70% ethanol and a 1 cm full-thickness incision wound
was placed centrally on the back of the mouse in the neck region with a scalpel. The
wound and surrounding skin tissue was covered with 100 μl of polymer using twin
syringe biomaterial delivery system and the film was let to polymerize for 5 min. One cm
of the infected suture (corresponding to approximately 106 CFU) was placed into the
wound. Two sutures (5-0 Ethilon*II (EH7800H, Ethicon, Sollentuna, Sweden) were
attached over the incision. Buprenorfin (48 μg kg-1, Temgesic) was given preoperatively
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by intraperitoneal injection, for post-surgical pain relief. The mice were euthanized 4 and
6 h post-infection and an area of 2 by 1 cm around the wound was excised and
homogenized with a rotor stator homogenizer in 2 mL ice cold 0.037% BHI. The
homogenate was centrifuged at 2000 × g for 10 min at 4°C, the supernatant was
discarded and the pellet in 2 mL phosphate buffer (0.05% Triton X-100 in 0.0375 M
phosphate buffer). This suspension was diluted in five 10-fold steps by transferring 22.2
to 200 μL phosphate buffer in a 96-well plate. Fifty microliters of each dilution, including
the original suspension, were transferred to horse blood agar plates and incubated at
+37°C overnight. The colonies on the plates containing 30-300 CFU were counted and
the number of CFU per wound was determined. The data are presented as % of the
control group (no treatment) and as CFU.
3.4.15 Degree of branching
The degree of branching was calculated using the Fréchet equation derived by Fréchet
et al.[135] According to previous work performed by Magnusson et al. the quaternary bisMPA carbon has a chemical shift δ(ppm ((100)MHz, DMSO-D6)) of 50.1 for terminal
(T), 49.4 for unreacted bis-MPA, 48.2 for linear (L), 47.5 for linear-acid, 46.2 for
dendritic (D).[136] Using the integrals of the signals characteristic to the specific
monomer units, the degree of branching (DB) was calculated from Formula 2.28
𝐷𝐵 =

𝐷+𝑇

(Formula 2)

𝐷+𝑇+𝐿

3.5 Synthetic procedures
A general overview of synthetic procedures used in this thesis can be found below. For
full experimental details please see the appended papers and their supporting
information.
3.5.1 Dendrimer synthesis
Dendrimer synthesis was performed using a conventional divergent dendrimer growth
approach. Relying on efficient anhydride mediated esterification using DMAP as
catalyst, pyridine to maintain basic conditions and DCM as solvent. Using an optimized
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 MALDITOF-MS. The same reaction conditions were utilized to build both LD-hybrids in Paper
I, DLD-hybrids in Paper II and Paper IV as well as disulfide dendrimers in Paper III.
3.5.1.1 General anhydride growth step
Hydroxyl functional scaffold was dissolved in DCM and pyridine (3 eq. per OH) at a
concentration between 1 and 0.1 molar in a round bottom flask equipped with magnetic
stir bar. DMAP (0.2 eq. per OH) was added and the reaction cooled to 0 °C using an ice
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bath. Bis-MPA anhydride was slowly added to the reaction mixture. The vessel was
subsequently sealed using a septum and allowed to proceed for 14 h under vigorous
stirring and monitored using 1H, 13C-NMR and MALDI-TOF-MS. Upon completion, in
the case of LD and DLD-hybrids the concentration of the crude reaction mixture was
adjusted to approximately 1 g mL-1 and precipitated twice in cold di ethyl ether
(100 mL g-1). In the case of dendritic structures, water (1 eq. per initial anhydride) was
added to the reaction and allowed to cleave all the anhydride. Monitored by 13C-NMR,
the reaction was subsequently diluted to approximately 0.1 g mL-1 with DCM and the
organic phase washed trice with aqueous NaHSO4 (10 wt%), aqueous NaCO3 (10 wt%)
and brine once (10 v% based on organic phase). The resulting organic phase was dried
with MgSO4, filtered and evaporated to dryness. The product was then used as is or
purified by column chromatography as required.
3.5.1.2 General Dowex activation step
A ketal protected structure was dissolved in MeOH at a concentration of 1 mM in a
round bottom flask equipped with magnetic stir bar. Dowex w50 (100-150 wt%) was
added to the reaction vessel and it was sealed using a septum. The reaction was allowed
to proceed for 1 h under vigorous stirring and the progression monitored by 1H-NMR
(400 MHz, CDCl3): δ(ppm) 1.43, 1.38) and MALDI-TOF-MS. The crude reaction
mixture was filtered and the Dowex w50 thoroughly washed with MeOH. The filtrate
was evaporated to dryness. This procedure was repeated until complete deprotection
was observed. Upon completion, in the case of LD-hybrids, the concentration of the
crude reaction mixture was adjusted to approximately 1 g mL-1 and precipitated twice in
cold di ethyl ether (100 mL g-1). In the case of dendritic structures, the product was then
used as is or purified by column chromatography as required.
3.5.2 Functionalization of polymeric scaffolds
This thesis deals with functional polymers and while many approaches have been used
to attain functional materials, the two most common methods are anhydride and FPE
chemistries, both are detailed below.
3.5.2.1 General anhydride functionalization
As anhydride growth step, described above.
3.5.2.2 General FPE functionalization
Acid functional monomer (1-1.5 eq. per OH on hydroxyl functional scaffold) was
reacted at 50 °C for 1 h with 1 eq. of CDI in EtOAc (1 M) in a round bottom flask sparged
with argon. The conversion to activated imidazolide was monitored by 1H-NMR (400
MHz, Chloroform-d) δ 10.31 (Imidazole NH) 8.15 (t, J = 1.1 Hz, Imidazolide N=CH2N), 7.66 (t, J = 1.1 Hz, Imidazole N=CH2-N), 7.44 (t, J = 1.5 Hz, 1H Imidazolide
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CH2=CH2-N), 7.07 (d, J = 1.1 Hz, Imidazole and imidazolide N-CH2=CH2), and is
usually close to 100%. Upon completion, hydroxyl functional polymer scaffold was
added along with CsF (0.2 eq. per OH on hydroxyl functional scaffold) and the reaction
vessel was sealed with a septum and allowed to proceed until completion as monitored
by 1H-, 13C-NMR and MALDI-TOF-MS. Upon completion water was added and the
reaction allowed to proceed under vigorous stirring until devoid of active monomer as
monitored by 1H-NMR. The reaction was subsequently diluted to approximately 0.1 g
mL-1 in EtOAc and the organic phase washed trice with aqueous NaHSO 4 (10 wt%),
aqueous NaCO3 (10 wt%) and brine once (10 v% based on organic phase). The resulting
organic phase was dried with MgSO4, filtered and evaporated to dryness. The product
was then used as is or purified by column chromatography as required.
3.5.2.3 The copper(I)-catalyzed alkyne-azide cycloaddition (CuAAC)
Copper mediated click chemistry in this thesis was performed in organic solvent. The
azide functional monomer (1.5 eq. per acetylene) and acetylene functional polymer were
dissolved in DMSO (0.1 M) in a reaction vessel equipped with magnetic stir bar.
N,N,N’,N’’,N’’-pentamethyldiethylenetriamine (PMDTA) (1.01 eq. per acetylene) was
added and the reaction was freeze pump thaw degassed. The reaction was unsealed
under argon flow and CuBr (1.01 eq. per acetylene) was added. The reaction vessel was
resealed and freeze pump thawed degassed twice. Subsequently the reaction was allowed
to proceed until completion as monitored with the disappearance of characteristic peaks
from the acetylene, 1H-NMR (400 MHz, CDCl3): δ(ppm) 4.7, 2.49) and MALDI-TOF-MS.
The crude reaction mixture was purified by dialysis with a 10wt% EDTA aqueous solution
with hourly solvent exchanges. After the fifth exchange of solvent, Milli-Q water was used and
another five hourly solvent exchanges were performed, followed by collection and freezedrying to attain product.
3.5.2.4 Disulfide cleavage
Disulfides have been handled extensively in this thesis, and their cleavage has been
performed using organic solvents as well as more bioinspired systems. The most
common cleavage procedure using thiol exchange reaction and DL-Dithiothreitol
(DTT) will be described below. Disulfide containing polymer was dissolved in
chloroform (1 M) in a round bottom flask equipped with magnetic stir bar. To the
reaction DTT (1.5 eq. per disulfide) and TEA (1.1 eq per DTT) were added, the
reaction vessel sealed and degassed through vacuum argon cycles. The reaction was
allowed to proceed for 15 min before the reaction vessel was unsealed and the
progression monitored by 1H-NMR and MALDI-TOF-MS. Upon completion the crude
reaction mixture was purified by column chromatography.
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2.5.2.4 BOC deprotection
Amine with BOC protection was dissolved in TFA (1 M) or chloroform: TFA (1:1, 1
M) in a reaction vessel equipped with magnetic stir bar and a chimney. The reaction was
allowed to proceed under vigorous stirring for thirty 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 precipitated in ether (100
mL g-1). The product was collected and used as is.
3.5.3 Network formation
Throughout this thesis covalent networks have been formed using various strategies, a
general description of each method is presented here.
3.5.3.1 UV induced thiol-ene coupling
Both freestanding gels and rheometer in situ gels have been made in this thesis. For free
standing gels, allyl functional scaffolds were mixed with thiol cross-linker (1:1 allyl to
thiol functionality) in EtOH (50 wt%). Dimethoxy-2-phenylacetophenone (DMPA)
(0.3 wt% per dry weight) and the solutions were vortexed to clear solutions. The viscous
mixtures were drop cast in a Teflon mold (thickness: 0.10 cm, length: 1.0 cm, width: 1.0
cm) and covered with a glass slide and exposed to UV at ambient conditions (Total
exposure: 5 min, 365 nm, 28.5 mw cm-2, Black-Ray xx-15BlB UV bench top lamp). All
gels were leached in H2O and EtOH for 5 and 3 h, respectively and dried in ambient
conditions over night and then in a vacuum oven (50 oC) for one hour.
Curing was studied in situ the rheometer using the TA UV-LED accessory with an (Ø =
20 mm) quartz parallel plate setup with a measured intensity at the interface of 10
mW/cm2 at 365 nm. Thiol functional polymer was dissolved in water:EtOH (4:1 v%)
together with allyl functional cross-linker in a 1:1, SH: allyl ratio at 30 wt% dry weight.
DMPA (425 µM, 0.0036 wt% per dry weight for an absorbance of A =0.4, ɛ= 470). The
solution was deposited in the rheometer; 30 seconds of baseline were collected followed
by an UV exposure for 30 seconds for a total dose of 300 mJ cm-2. Time sweeps for 300
seconds using 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.
3.5.3.2 Base catalyzed Michael addition
Gels 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 26˚C. The thiol
functional polymer was dissolved in water: EtOH (4:1 v/v) together with NaHCO3 (1
eq. per cross-link). The acrylate cross-linker (1 eq. per thiol) was dissolved in a separate
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vial using water:EtOH (4:1 v/v). Both components were deposited separately in the
rheometer (final composition 30 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, for a total of 3000 seconds. 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. Free standing gels were done using the same solution by drop
casting in a Teflon mold (thickness: 0.10 cm, length: 1.0 cm, width: 1.0 cm), gels were
allowed to cross-link for 5 h at ambient temperature prior to removal from the mold
3.5.3.3 Base catalyzed NHS chemistry
Gels 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 NHS cross-linker (4, 8, 16, 32 or 64 eq. per LDhybrid) was dissolved in a separate vial in Milli-Q water. Both components were
deposited 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
biomaterial 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 sit 60
s undisturbed before extracted or moved.

31

4. Results and discussion
Dendritic structures based on bis-MPA have attracted considerable attention in various
fields, especially in biological applications. They are degradable, biocompatible [137] and
can be tailored to fit a myriad of applications. A fairly recent development within the field
is the linear dendritic hybrids, essentially block copolymers where one block consists of
a linear polymer and the other a dendritic structure. Hybrid structures have been shown
to be able to self-assemble into stable micelles.[138] LD-hybrids offer a unique set of
advantages. For example, an exact structure and molecular weight of the dendritic block
offering reproducibility. In this thesis LD-hybrid self-assembled nanocarriers with low
CMC and fluorescent tractability were targeted. Another approach at cancer therapy,
utilizing reactive oxygen species to selectively disable cancerous cells[139] is an area where
the versatility of bis-MPA dendritic materials can be of use. Disulfide bridges were
incorporated in the backbone of a dendritic structure and used to disrupt the balance
between thiols and disulfides intracellularly. The thiol functionality is highly intriguing,
apart from having many important biological functions it has multiple stable oxidation
numbers and a strong association to both gold and silver. The thiol functionality was
achieved on dendritic structures, multiple representations of highly reactive groups such
as the thiols. These reactive structures enabled hydrogel formation using two different
approaches such as UV initiated thiol-ene chemistry and Michael addition. Utilizing
their ability to form stable hydrogels, their solubility and multiple representation of
functional groups LD-hybrids were then utilized to form antimicrobial hydrogels.
Finally, hyperbranched analogs where made to offer a more accessible scaffold for large
scale production.

4.1 Cholesterol function LD nanocarriers (Paper I)
Amphiphilic block copolymers have been exploited as self-assembled carriers for
chemotherapeutics. LD-hybrids with one dendritic block as well as one linear block have
been shown to self-assemble into stable micelles and been evaluated as carriers for
chemotherapeutics. However, LD-hybrid carriers often lack traceability, have
insufficient effect in vitro and most carriers have a too high CMC, causing dilution
instability. Using the freedom of design offered by bis-MPA dendritic structures, carriers
were designed to possess a low CMC, be biocompatible and degradable and to display
traceability for localization in vitro. The nanocarriers were then evaluated for the delivery
of a combination of chemotherapeutics in vitro.
4.1.1 Design of linear dendritic amphiphiles
Liner dendritic hybrids were synthesized between linear polyethylene glycol and
dendritic bis-MPA. All starting materials were selected due to their inherent
biocompatibility and degradability. To accommodate in vitro traceability, the synthesis
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started with an unsymmetrical PEG with one hydroxyl terminus and one
tetrahydropyran (THP) protected terminus (OH-PEG10k-THP) (1). The hydroxyl
terminus was decorated with an acetylene using 4-oxo-4-(prop-2-yn-1-yloxy)butanoic
anhydride (Acetylene anhydride) to yield Acetylene-PEG10k-THP (95 %) (2). The
THP terminus was subsequently deprotected under acidic conditions to unveil the
hydroxyl functionality yielding Acetylene-PEG10k-OH (93 %) (3). Then, a divergent
growth approach was utilized to construct bis-MPA based dendritic structures from the
first to the fourth generation (G) from the hydroxyl terminus of 3. The resulting library
of hydroxyl functional linear dendritic hybrids; Acetylene-PEG10k-G1-(OH)2 (5),
Acetylene-PEG10k-G2-(OH)4 (7), Acetylene-PEG10k-G3-(OH)8 (9) and AcetylenePEG10k-G4-(OH)16 (11) was isolated in gram scales, high purity and with yields above
90%, see Figure 16.

Figure 16 Synthetic strategy for growth of Acetylene-PEG10k-Gx-(OH) structures where 1≤ x ≤4.
Starting from mono THP protected THP-PEG10k-OH and Rhodamine focal point decoration of
Acetylene-PEG10k-G4-(OH)16 (11) to afford Rhodamine-PEG10k-G4-(OH)16 (15) which then
was modified to display cholesterol peripherally resulting in Rhodamine-PEG10k-G4Cholesterol16 (16).

Cholesterol was selected as a hydrophobic group due to high hydrophobicity and
inherent biocompatible nature. Hydroxyl functional linear dendritic structures from the
2nd to the 4th generation were peripherally modified to display cholesterol functionality
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yielding Acetylene-PEG10k-G2-Cholesterol4 (72 %) (12), Acetylene-PEG10k-G3Cholesterol8 (84 %) (13) and Acetylene-PEG10k-G4-Cholesterol16 (66 %) (14)
displaying from four to sixteen peripheral cholesterol groups and hydrophobic ratio
ranging (molecular weight of hydrophobic segment divided by the molecular weight of
the entire scaffold) from 20% to 50%.
Acetylene-PEG10k-G4-Cholestrol16 (14) was further modified with a rhodamine
moiety at the focal point, to enable traceability in vitro. Functionalization conducted
with CuAAc was initially attempted on the amphiphilic scaffold 14. However,
modification was found troublesome due to the amphiphilic nature of 14. Instead,
hydrophilic scaffold 11 was modified prior to peripheral cholesterol modification to
yield Rhodamine-PEG10k-G4-(OH)16 (74 %) (15). Cholesterol decoration of
peripheral hydroxyls then yielded Rhodamine-PEG10k-G4-Cholesterol16 (93 %) (16),
see Figure 16
4.1.2 Structural evaluation
Structural analysis was performed by 1H, 13C-NMR, DMF-SEC and MALDI TOF-MS
when applicable, complete analytical and synthetic data can be found in the appended
Paper I and ESI. Condensed mass analysis for all relevant structures can be found in
Table 1. Over all attained values were in good agreement with theoretical values with
over all low dispersities attained by SEC analysis.
Table 1. Structural evaluation Paper I
Nr. Material
1
OH-PEG10k-THP
2
Acetylene-PEG10k-THP
3
Acetylene-PEG1k-(OH)
4
Acetylne-PEG10k-G1-(Acet)1
5
Acetylene-PEG10k-G1-(OH)2
6
Acetylene-PEG10k-G2-(Acet)2
7
Acetylne-PEG10k-G2-(OH)4
8
Acetylne-PEG10k-G3-(Acet)4
9
Acetylene-PEG10k-G3-(OH)8
10
Acetylne-PEG10k-G4-(Acet)8
11
Acetylne-PEG10k-G4-(OH)16
12
Acetylne-PEG10k-G2-Cholestrol4
13
Acetylne-PEG10k-G3-Cholestrol8
14
Acetylne-PEG10k-G4-Cholestrol16
15
Rhodamine-PEG10k-G4-(OH)16
16
Rhodamine-PEG10k-G4-Cholestrol16
(a)

MnTheo
9612
9750
9656
9788
10020
10484
11413
11895
14234
18900
12004
19455

MnSEC(a)
10636
11204
10640
11101
12089
11521
12996
12017
13191
14217
11751
17643

Đ (a)
1.024
1.025
1.022
1.022
1.026
1.025
1.025
1.059
1.069
1.110
1.167.
1.135.

EMTheo
9772.7
9772.7
9844.8
9804.7
10133.0
10052.0
10661.1
10501.0
11727.7
12407.4
-

EM(b)
9635.7
9772.6
9772.6
9844.7
9803.0
10134.8
10052.0
10666.3
10501.7
11726.6
11406.6
-

attained by DMF SEC (b) Attained by MALDI-TOF-MS

4.1.3 Nanocarrier formation and solution properties
Initial evaluation was conducted using generation 2 to 4 cholesterol functional scaffolds.
Four different self-assembly methods (detailed in Paper I and ESI) were evaluated, the
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most consistent results were attained using the evaporation method. A concentration
based self-assembly study was conducted for all three generations measuring size, PDI
and the amount of aggregation observed between 0.05 to 0.5 g L-1 The most consistent
results were found between 0.05 and 0.25 g L-1 and the concentration of 0.1 g L-1 was
determined as the optimum for all three generations.
Looking at the DLS traces of the three different generations as well as the z-average and
PDI of five different samples of each generation, the fourth generation resulted in the
most consistent self-assembly adducts, see Figure 17. Some smaller constructs were
observed for G2 and some larger aggregates for G3, G4 maintained uniform assembly
with only one peak. Looking at the PDI, a decreasing trend can be seen with generation
with a lowest value for G4 of 0.13. Size differences between the three generations could
not be observed. The fourth generation scaffold was selected for further experiments and
as mentioned in synthetic section elaborated by rhodamine conjugation.

Figure 17 Size evaluation of nanocarriers at a concentration of 0.1 g L-1 for Acetylene-PEG10k-GxCholestrol where 2≤x ≤4 (12 - 14). a) DLS traces showing small amount of smaller fragments for
G2 and a small amount of aggregates for G3 while uniform assembly for G4. b) Z-averages size and
PDI with standard deviation for five different batches of each generation.

TEM was used for size evaluation since rhodamine interfered with the DLS laser
operating at 532 nm, which is within the range of rhodamine excitation. To ensure
rhodamine conjugation did not affect the self-assembly properties, the size and shape of
the nanocarriers (NCs) with and without rhodamine were investigated. Statistical
analysis was used for both NCs to attain histograms depicting the size of the particles. A
total of 880 particles were included from one image for Rhodamine conjugated NCs and
200 for the unlabeled NCs. Particles between 25 and 300 nm were included in the
analysis. A representative portion of a TEM micrograph as well as histograms for NCs
Acetylne-PEG10k-G4-Cholesterol16 (14) and Rhodamine-PEG10k-G4-Cholesterol16
(16) can be found in Figure 18
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Figure 18 TEM and statistical analysis of NC14 and NC16. a) Statistical analysis of 200 particles
of NCs from Acetylene-PEG10k-G4-Cholesterol16 (14) with a distribution curve overlay. b)
Representative portion of TEM micrograph for NC14. c) Statistical analysis of 880 particles of
NCs from Rhodamine-PEG10k-G4-Cholesterol16 (16) with a distribution curve overlay. d)
Representative portion of TEM micrograph NC16.

An important property, for any system relying on self-assembly, is the critical micelle
concentration (CMC). The CMC was investigated for cholesterol functional non
rhodamine labeled materials (12, 13 and 14) using pyrene, see Figure 19. The CMC
appears to decrease with increasing dendritic generation, all values are in the nM region
and the fourth generation has the lowest value (57 nM). Over all a low CMC could be
observed for all generations indicating the cholesterol moiety selected as hydrophobic
group offered dilution stability. It must be emphasized that the CMC obtained for NC14
is at least five times lower than systems of similar configuration and composition.[140-142]

Figure 19 CMC investigation for unlabeled carriers Acetylene-PEG10k-G2-Cholesterol4 (12),
Acetylene-PEG10k-G3-Cholesterol8 (13) and Acetylene-PEG10k-G4-Cholesterol16 (14). a)
CMC curves with linear fits to each region, the CMC is marked in the figure. b) CMC plots
comparing the different generations, both molar and µg mL-1 based comparison can be seen in the
figure.
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4.1.4 In vitro evaluation, effect and localization
The unlabeled scaffolds 12, 13 and 14 were screened towards a large range of cancerous
and non-cancerous cell lines, the results can be seen in Figure 20.

Figure 20 Cytotoxicity of unlabeled carrier sNC12, NC13, NC14 and labeled carrier NC16 against
a spread of cell lines, including human dermal fibroblasts (hDF), mouse pancreatic cancer cell line
KPC, human glioblastoma cell (U87), human osteosarcoma cell line (MG-63), human breast
cancer cell lines (MDA-MB-231), MCF-7 and resi-MCF-7.

Some degree of toxic effect was observed for all carriers, mainly in breast cancer cell line
MCF-7, bone cancer cell line MG 63, pancreatic cancer cell line KPC and dermal cell
line hDF at the highest concentration. For all other concentrations and cell lines, the
materials presented as biocompatible. The source of this unexpected toxicity was found
to stem from the acetylene terminus, more information can be found in Article I and ESI.
After ensuring biocompatibility of scaffolds, the loading of two cancer drugs was
investigated both by themselves and together in a dual loading manner. The common
DNA intercalator Doxorubicin (DOX) and protein inhibitor Triptolide (TPL) were
selected as suitable drugs due to their hydrophobicity and effect. The loading of each
drug alone and both together can be seen in Figure 21a.
A higher loading of DOX by itself (18.8 wt%), was perhaps possible due to its more
similar structure to cholesterol. TPL could be loaded up to 8.4 wt% alone while in a
combination approximately 6.5 wt% of each drug for a total of 12 wt% could be loaded.
The release of DOX was investigated both at neutral pH of 7.5 and a slightly lower pH
such as can be found around tumors of 6.0, see Figure 21b. NC14 displayed slow release
characteristics of DOX at both pH. The release was found to be quicker at the lower pH,
possibly due to the lower surrounding pH facilitating the solubility of DOX in the media.
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An almost linear release of 50% DOX over 96 h was observed from NC14 facilitating a
slow delivery of drug to target area.

Figure 21 a) Drug loading of Doxorubicin (DOX) and Triptolide (TPL) both each by themselves
and together in a 1:1 weight ratio. b) Release characteristics of DOX from NC14 with free DOX
as control in PBS at pH 7.4 and pH 6.0.

DOX loaded NC14 was then investigated for effect in breast cancer cell line MCF-7 as
well as a multi-drug resistant version of the same cell line, see Figure 22.

Figure 22 Effect study of DOX loaded NC14 and free DOX against MCF-7 and resistant MCF-7
cell line as a function of DOX concentration, NC concentration is approximately 5 times as high
as the DOX concentration displayed in figure, 72 h of incubation time, *** p < 0.001.

A clear effect increase could be seen using the NC as opposed to DOX alone, especially
in the resistant cell line.
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The NC16 with rhodamine label as well as the inherent fluorescence of DOX enabled
the carrier and the drug to be traced intracellularly, see Figure 23.

Figure 23 Localization of Acetylene-PEG10k-G4-Cholestrol16 (NC15), Rhodamine-PEG10kG4-Cholestrol16 (NC17) and free DOX. a) Confocal microscopy of MCF-7 cells after a 24 h
treatment with free DOX, NC17 and DOX-NC17 (all 2.5 mg L-1, red). The nucleus was stained
with DAPI (300 nM, blue). b) Co-localization study of NC17 in MCF-7 cell line after 24 h. All
three cellular organelles were represented as false white color. (Scale bar = 20 µm)

Free DOX was found to localize only in the nucleus. Using NC15 the drug was relocalized from just the nucleus to the mitochondria and endoplasmic reticulum allowing
intercalation with mitochondrial DNA. The detoxification and excretion of DOX seen
in resistant MCF-7 were also found to be overcome using the NCs, see Article I and the
ESI for more information.

Figure 24 Mitochondrial function measured as a function of concentration of DOX, DOX loaded
NC14 and DOX:TPL, DOX:TPL loaded NC14 (DOX:TPL-NC14) after 72 h incubation time
inMCF-7 and resistant MCF-7. *** p < 0.001
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The effect of dually loaded NC14 was then investigated in both resistant and non
resistant breastcancer cell lines, see Figure 24. A significant increase in effect was
observed using dual loaded NC both in the MCF-7 and resistant MCF-7 cell line.
Moreover, the NCs led to a significant decrease in mitochondrial function for all the cell
lines and conditions. Looking at DOX treatment, the formulation of DOX in NCs
increased the efficacy by 6% for MCF-7 and 13% for resistant MCF-7 at the highest
concentration, this is probably due to the changed uptake mechanism avoiding the
detoxification and excretion of the resistant MCF-7. The combination therapy (DOX:
TPL) had a total effect increase of 17% in MCF-7 and 20% in the resistant MCF-7 at the
highest concentration when loaded in the NCs. If free DOX is compared to (DOX:
TPL) loaded NC15 an effect increase of 51% in MCF-7 and 63% in resistant MCF-7 was
observed, all with less than 1.1 mg L-1 total drug.

4.2 Destructive disulfide dendrimers (Paper II)
Heterofunctional dendritic structures (HFDs) provide many benefits to biomedical
applications. By utilizing the “dead” interior of traditional dendritic structures through
HFDs the possibilities are endless. In this work a disulfide bridge is incorporated into the
backbone of a bis-MPA based dendritic structure, enabling controlled degradation of the
entire scaffold in short timespans. The scaffolds were utilized as templates whereas the
fragmentation produced low molecular weight thiols distinctively different from the
initial AB2 monomer feedstock. The dendritic structures were used as a proof of concept
for how monomers could be attained by “destructive creation”, by obvious reasons more
suitable for polymeric or hyperbranched scaffolds. The other part of this work details
their use in biomedical applications. The fragmentations are investigated using relevant
reduction systems found in most cells and the disintegration is monitored in cells. The
fragmentation in vitro results in the production of reactive oxygen species (ROS) which
is characterized spectroscopically as well as by the effect in terms of cell death. The
mechanism by which the structures cause ROS within cells is purposed and they are
suggested for application in cancer therapy.
4.2.1 Synthesis of disulfide containing dendrimers
The synthesis revolves around a AXB2 type monomer where A can react with B and B
can be protected. The backbone functionality X needs to be inert during the reaction of
A to B and the deprotection of B.
The monomer synthesis started with the asymmetrical substitution of 2,2’dithiodiethanol with acetonide protected bis-MPA anhydride through common
anhydride mediated esterification. The reaction was conducted in DCM with slow
addition of acetonide protected anhydride with quantitative yield of mono-substituted
adduct (36.4%). After purification by column chromatography the hydroxyl group was
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extended using succinic anhydride and activated to anhydride yielding A-bis-MPASS
(17) in over 40 g scale, see Figure 25.

Figure 25 Synthetic scheme constructing A-bis-MPASS (17) in three steps from commercial 2,2’Dithiodiethanol.

The dendrimers were then accomplished through a divergent growth approach using 17
in DCM and in the presence of pyridine and of dimethylaminopyridine (DMAP) using
the optimized molar ratios [1TMP-OH][1.217][3Pyr][0.2DMAP], as can be seen in Figure 26.

Figure 26 Divergent synthesis up to the third generation (TMP-(S-S)21-G3-(OH)24, 23) using
anhydride chemistry. The image also depicts the different structural regions in the scaffold as well
as the cleavable S-S linkage
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Activation was conducted using Dowex w50 in a gradient of MeOH: DCM, starting with
1:1 for the first hour then changing to 3:1 and ending with 100 % MeOH until
deprotection was confirmed complete using both NMR and MALDI-TOF-MS. Iterative
growth and activation steps resulted in dendrimers TMP-(S-S)3-G1-acet3 (18), TMP(S-S)3-G1-(OH)6 (19), TMP-(S-S)9-G2-(Acet)6 (20), TMP-(S-S)9-G2-(OH)12 (21),
TMP-(S-S)21-G3-(Acet)12 (22), TMP-(S-S)21-G3-(OH)24 (23), TMP-(S-S)45-G4(Acet)24 (24) and finally TMP-(S-S)45-G4-(OH)48 (25) in high yields.
The dendritic structures were then peripherally modified to display a number of
functions. Reactive allyls and azides were successfully accomplished for both the second
and the third generation TMP-(S-S)9-G2-Ally6 (26), TMP-(S-S)21-G3-(Allyl)12 (28),
TMP-(S-S)9-G2-(Azide)6 (27) and TMP-(S-S)21-G3-(Azide)12 (29). The periphery of
the highest generation (25) was also modified to display 48 linear PEG (PEG750) to
accomplish a molecular weight above 50 kDa. The resulting TMP-(S-S)45-G4-PEG75048
(30) was used in conjunction with a similarly modified traditional dendrimer TMP-G4PEG75048 (31) in the biological part of this work.
4.2.2 Structural evaluation
All dendrimers during the growth and the functionalization were characterized using 1H,
13
C-NMR, MALDI-TOF-MS and SEC. MALDI-TOF-MS analysis during growth and
functionalization can be found in Figure 27.

Figure 27 MALDI-TOF-MS analysis during growth from G1 to G4 as well as functionalization of
G2 and G3 to display allyl and azide (18-28).

MALDI-TOF-MS analysis returned spectra with a singular peak. A matrix mixture
containing 2-(4'-Hydroxybenzeneazo) benzoic acid (HABA) that acted as radical
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scavenger[143]
and
trans-2-[3-(4-tert-Butylphenyl)-2-methyl-2propenylidene]malononitrile (DCTB) for desorption and ionization was successfully
used to accurately determine monodispersity of the dendrimers to avoid degradation
associated with the MALDI laser operating at 337 nm, causing radical cleavage of the
disulfide bond. A MALDI-TOF-MS spectrum of TMP-(S-S)21-G3-(Azide)12 (29) could
not be attained, instead 29 as well as PEGylated scaffolds (30, 31) were analyzed by THF
SEC.
Table 2. Structural evaluation Paper II
Nr.
Material
18
TMP-(S-S)3-G1-(Acet)3
19
TMP-(S-S)3-G1-(OH)6
20
TMP-(S-S)9-G2-(Acet)6
21
TMP-(S-S)9-G2-(OH)12
22
TMP-(S-S)21-G3-(Acet)12
23
TMP-(S-S)21-G3-(OH)24
24
TMP-(S-S)45-G4-(Acet)24
25
TMP-(S-S)45-G4-(OH)48
26
TMP-(S-S)9-G2-(Allyl)12
27
TMP-(S-S)9-G2-(Azide)12
28
TMP-(S-S)21-G3-(Allyl)24
29
TMP-(S-S)21-G3-(Azide)24
30
TMP-(S-S)45-G4-(PEG750)48
31
TMP-G4-(PEG750)48
(a)

MwTheo
1312
1190
3546
3329
8039
7550
16977
16016
9544
10874.7
56938(d)
45343(d)

MwSEC(a)
1577
1300
4116
4129
8343
8284
14883
14441
9842
10232
20675(d)
19728(d)

Đ (a)
1.025
1.027
1.070
1.069
1.056
1.082
1.128
1.047
1.091
1.136
1.158(d)
1.016(d)

EMTheo
1333.4
1213.3
3565.8
3325.7
8039.8
7550.4
16960.8
16000.0
4310.2
4955.6
9535.4
-

EM(b)
1333.1
1213.9
3565.8
3325.6
8039.0
7550.7
16968.0
16005.2
4311.5
4955.3
9530.1
-

attained by THF SEC (b) Attained by MALDI-TOF-MS (d)Attained by DMF SEC

Over all structural evaluation returned values in agreement with suggested scaffolds, see
Table 2. More characterization and analytical details can be found in the appended Paper
II and ESI.
4.2.3 Fragmentation to thiol functional building-blocks
The dendritic structures with different peripheral functionalities were fragmented and
fractionated. 1,5 equivalent of DTT per disulfide together with a slight excess of TEA
under oxygen-free environment was found sufficient to completely fragment the
dendritic structures in 15 minutes. Upon fragmentation three distinctively different
fragments were received, associated with different sections within the dendritic
structure. One fragment associated with the core (C3), as well as fragments associated
with the dendritic interior (DC2) and periphery (DB2) in amounts depending on the
dendritic generation, see Figure 28. One symmetrical tri-thiol (C3) fragment will be
produced regardless of the dendritic generation. Additionally, asymmetrical tri-thiol
fragments associated with the dendritic interior (DC2) will be produced in amounts
varying with the dendritic generation; for the first generation no DC2 fragments will be
produced. Lastly monothiols with two orthogonal functionalities (DB2) dictated by the
dendritic periphery will result from the fragmentation, the amount will again vary on the
dendritic generation. However, regardless of the dendritic generation DB2 will always be
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produced unlike DC2. Three scaffolds were selected and fragmented, TMP-(S-S)21-G3(Acet)12 (22), TMP-(S-S)9-G2-Ally6 (26) and TMP-(S-S)9-G2-(Azide)6 (27).
The resulting fragments isolated from each scaffold can be seen in Figure 28. Further
analytical details and characterization such as 1H-NMR and 13C-NMR can be found in
the appended publication (Paper II) and ESI.

Figure 28 Thiol functional small molecules produced from fragmentation of TMP-(S-S)21-G3(Acet)12 (22), TMP-(S-S)9-G2-Ally6 (26) and TMP-(S-S)9-G2-(Azide)6 (27); as well as the
amount of the different fragments that can be attained from each generation.

4.2.4 In vitro effect and fragmentation
Every cell has a delicate balance between thiols and disulfides that is extensively
governed by the glutathione (GSH)/glutaredoxin (Grx)/glutathione reductase (GR)
and the thioredoxin (Trx)/thioredoxin reductases (TrxR) systems. Both systems
determine the redox level in the cell. If the systems are interrupted by high artificial levels
of ROS, cells could stop proliferation. Dendrimers for this application were required to
be larger to prolong blood circulation time meanwhile avoid the reticuloendothelial
clearance. The largest dendrimer TMP-(S-S)45-G4-(OH)48 (25) was therefore
converted to TMP-(S-S)45-G4-PEG75048 (30) and along with a reference sample not
containing the disulfides TMP-G4-PEG75048 (31) they were evaluated in vitro for
intercellular degradation and ROS response. Initially, the ability of a biologically relevant
redox system to degrade the scaffold was investigated, both GSH/Grx/GR and
Trx/TrxR systems were evaluated and the dendrimer 30 found to be fragmented by
both. However, dendrimer 30 was also found to be fragmented in the presence of cells
in media. While dendrimer 31 was not found to be fragmented by either system. The
ROS generation caused by dendrimer 30 on cells was monitored by staining cells with
hydroethidine (Figure 29b). This in conjunction with a MTT assay showing the effect
of the dendrimer (Figure 29a) led us to propose a mechanism of action for the dendrimer
seen in Figure 29c.
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Figure 29 In vitro investigation of TMP-(S-S)45-G4-PEG75048 (30). a) Cell viability by MTT assay
depicting effect at increasing concentration of 30 concentrations in A549 cells after 24 h
incubation time. b) ROS production illustrated by hydroethidine staining after treatment with in
figure marked concentration of 30 for 10 minutes. For both control has no added 30. c) Proposed
intracellular mechanism of 30 disrupting existing reductive system such as Trx, TrxR or Grx, GSH,
GR.

4.3 Thiol functional polymers (Paper III)
In polymer chemistry the thiol functionality is rarely seen as a functionality for
macromolecules, and in those rare cases likely as a simple telechelic end group. Creating
a library of heavily thiol functional macromolecules would enable polymer chemists to
benefit from the thiol functionality on an entirely new level. Thiols can be used in
efficient coupling chemistries such as thiol-ene, thiol-yne chemistry and Michael
addition. Thiols also readily form disulfides and have an uncanny attraction to both gold
and silver. In this work, we attempt to provide a convenient synthetic approach towards
thiol functional polymers of different architectures including dendrimers and DLD
scaffolds. The thiol functionality is utilized to create hydrogels using both UV-initiated
thiol-ene chemistry (TEC) and base catalyzed Michael addition to showcase the
versatility of the thiol functionality.
4.3.1 Synthesis of thiol functional polymers
Initially a convenient protective group for the thiol functionality was sought, as proven
in the previous section (Paper II) the disulfide poses an interesting candidate. The
polymer scaffolds imagined for this project are largely hydroxyl functional. For creating
thiol functional polymers, a monomer containing a disulfide as well as a continent handle
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for functionalization of hydroxyls were sought from commercial sources. 3,3’dithiodipropionic acid (DTPA), the disulfide of 3-mercaptopropionic acid was
identified as an interesting candidate, it contains two carboxylic acids centered around
one disulfide bond. Initially, one of the carboxylic acids was masked with benzyl alcohol
utilizing DCC coupling chemistry. By running the reaction in THF with a slight excess
of DTPA quite selective mono-substitution was achieved with high yield (82.4%) based
on benzyl alcohol. The resulting 3-((3-(benzyloxy)-3-oxopropyl) disulfanyl) propanoic
acid was further converted into reactive anhydride, for synthetic scheme see Figure 30.

Figure 30 Synthesis of 3-((3-(benzyloxy)-3-oxopropyl)disulfanyl)propanoic anhydride (32).

To provide solid synthetic grounds towards thiol functional polymers, six hydroxyl
functional substrates of different complexity were selected. I) hydroxyethylmethacrylate
(HEMA) as a simple monomer for ATRP polymerization; II)
poly(hydroxyethylmethacrylate) with a molecular weight of 6k Da (PolyHEMA6kOH), a linear polymer with hydroxyl pendant groups; III) a cellulose surface with
hydroxyl functionalities (filter paper-OH); IV) linear telechelic PEG with a molecular
weight of 6 kDa (PEG6k-OH) with hydroxyls chains ends; V) a set of DLD-hybrids
consisting of hydrophilic PEG core (10 kDa) and 1st to the 3rd generation polyester bisMPA dendrons displaying 4 to 16 hydroxyl groups (PEG10k-Gx-OH); and VI) 1st to the
3rd generation polyester bis-MPA dendrimer based on bis-MPA monomer (TMP-GxOH where 1≤x≤3) comprising from 6 up to 24 peripheral hydroxyl groups.
Initial optimization was performed on a bis-MPA based dendrimer of the third
generation (TMP-G3-(OH)24). It was found that an optimized ratio between hydroxyls,
pyridine, DMAP and anhydride of [1OH]: [3Pyr]: [0.2DMAP]: [1.51] was sufficient for full
conversion from hydroxyls to protected thiol. Deprotection was found to proceed fully
under 30 minutes using an optimized ratio between disulfide, DTT and TEA of [1]:
[1.5]: [2.75]. A summary of the thiol functional scaffolds created in this project can be
seen in Figure 31. For more experimental details, see appended Paper III and ESI
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Figure 31 Thiol functional scaffolds synthesized. I) A monomer. II) A linear pendant groups
polymer (poly HEMA-SH). III) A surface (filter paper). IV) A linear telechelic polymer (PEG6kSH). V) LD-hybrid between PEG and bis-MPA (PEG10k-Gx-SH where 1≤x≤3). VI) Dendrimers
with a TMP core base on bis-MPA (TMP-Gx-SH where 1≤x≤3).

4.3.2 Structural evaluation
All structures were analyzed using 1H-NMR, 13C-NMR as well as MALDI-TOF-MS and
SEC where applicable. Full details can be found in Paper III and ESI. The MALDI-TOFMS spectra for all dendritic scaffolds can be seen in Figure 32 below.

Figure 32 MALDI-TOF-MS analysis of dendritic scaffolds (VI). TMP-Gx-OH, TMP-Gx-S-S-Bz
and TMP-Gx-SH can be seen where 1≤x≤3 (33-38).
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Table 3 Structural evaluation Paper III
Nr.
Material
33
TMP-G1-(S-S)6-Bz
34
TMP-G2-(S-S)12-Bz
35
TMP-G3-(S-S)24-Bz
36
TMP-G1-(SH)6
37
TMP-G2-(SH)12
38
TMP-G3-(SH)24
39
PEG10k-G1-(S-S)6-Bz
40
PEG10k-G2-(S-S)12-Bz
41
PEG10k-G3-(S-S)24-Bz
42
PEG10k-G1-(SH)4
43
PEG10k-G2-(SH)8
44
PEG10k-G3-(SH)16
45
PEG10k-(Allyl)2
46
PEG10k-(Acryl)2
47
PEG6k-(S-S)2-Bz
48
PEG6k-(SH)2
49
PolyHEMA6k-(OH)51
50
PolyHEMA-6k-(S-S)51-Bz
(a)

MwSEC(a)
1821
3320
6101
785
1486
2785
12336
12528
16969
11352
11109
13421
11016
11541
4808
19896

MwTheo
2176
4567
9340
1011
2237
4688
11511
13105
16294
10735
11551
13186
10258
10314
6693
21270

Đ (a)
1.03
1.02
1.01
1.02
1.03
1.03
1.03
1.05
1.04
1.06
1.09
1.12
1.05
1.02
1.78
1.57

EMTheo
2197.5
4586.0
9326.0
1033.2
2257.5
4684.1
6637.1
6249.0
-

EM(b)
2196.7
4583.2
9326.3
1032.1
2257.6
4686.2
6636.4
6249.0
-

attained by DMF SEC (b) Attained by MALDI-TOF-MS

Over all structural evaluation returned values in agreement with suggested scaffolds, see
Table 3.
4.3.3 Hydrogel formation using the thiol functionality
Thiol functional LD-hybrids (42-44) were utilized for the production of hydrogels. The
gels were produced in situ the rheometer to capture the cross-linking kinetics as well as
the moduli. Gels were made through two different chemistries, UV-initiated TEC
(Figure 33a) and base catalyzed Michael addition (Figure 33b).

Figure 33 Cross-linking in situ the rheometer. a) Thiol-ene system cross-linking time sweep. b)
Michael addition system cross-linking time sweep. c) Storage moduli and raw phase cross-over
times for all gels created, presented as an average of 3 individual gels.
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The ratio between thiols and allyl and acryl was kept at 1:1 for each generation using
both chemistries resulting in theoretically from 4 to 16 crosslinks per molecule.
Frequency and amplitude sweeps were performed to ensure measurements were carried
out in the linear viscoelastic region. The raw phase cross-over was used to characterize
the time until cross-linking, the results can be seen in Figure 33c. The Michael addition
gels required longer time before complete crossover was observed compared to the thiolene gels. For both systems the time until raw phase crossover decreased with increasing
generation. The storage modulus increased with increasing generation for both
chemistries used. However, the Michael addition system had over all lower values,
making softer gels. The Michael addition reaction appears to be kinetically slower than
the thiol-ene reaction under the conditions used in this study. The lower modulus could
be a result of less efficient cross-linking affording a lower than expected degree of crosslinking.

4.4 Linear-Dendritic-Hybrids as Antimicrobial Barriers to Prevent
Surgical Site Infections (Paper IV)
The infection risk associated with a major or minor surgical intervention poses a major
threat to the subsequent healing process. In addition, it causes unnecessary pain and
suffering for the patient and has grave financial implications for the healthcare system.
This work attempts to minimize the risk of a surgical site infection (SSI) by applying a
protective antimicrobial coating at the site of intervention. The coating was intended to
be applied through a simple two-compartment syringe with spray nozzle. A two
component system was utilized designed to instantly solidifying under physiological
conditions. One of the components being a broad spectrum antimicrobial polymer, and
the other a cross-linker, to ensure fixation in the intended area until the critical infection
risk has passed. The said coating was investigated in terms of network formation and
properties, antimicrobial effect in vitro both in planktonic mode for the polymer as well
as in the form of a coating and finally in vivo antimicrobial effect in a mouse model.
4.4.1 Synthesis of amine functional DLDs and NHS cross-linker
The antimicrobial polymer was designed to be biocompatible, degradable, have high
efficacy towards Gram positive and negative as well as resistant bacterial strains.
Inspiration was drawn from nature looking at human as well as mammalian defense
peptides. By analyzing the composition of said peptides, it was found that they possessed
a few common denominators: i) they were highly positively charged with a single or a
multitude of cationic groups; ii) both hydrophobic and hydrophilic regions could be
identified within the peptide chain and iii) said charges were condensed i.e. close
together in a concentrated manner. After careful analysis, it was determined that a
dendritic polymer could fulfill all the above prerequisites. The intended application
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being a protective coating (hydrogel) led to the selection of a DLD-hybrid material.
With both the solubility benefits of a linear material as well as the multiple
representations of peripheral functionality from the dendritic block DLD-hybrids were
selected for this study. DLD-hybrids consisting of PEG and bis-MPA were the natural
choice due to degradability, biocompatibility and the design freedom offered by the bisMPA dendritic scaffold.

Figure 34 Synthetic scheme for DLD-hybrids and amine functionalization, here illustrated on the
PEGyk-G3-(OH)32 scaffold and the conversion to PEG20yk-G3-(NH3+)32 where y is either 10 or
20.

DLD-hybrids were synthesized between PEG and bis-MPA from the first to the sixth
generation with both a PEG10k and a PEG20k linear component. A conventional
divergent growth approach using anhydride mediated esterification was used to produce
materials with from 4 up to 128 peripheral hydroxyls. The polymers were converted into
a cationic nature to attain the desired effect. Once again inspiration was drawn from
nature and the simple amino acid β-Alanine was selected. By utilizing BOC protective
chemistry, from the 4th to the 6th DLD-hybrid scaffolds were peripherally decorated with
β-Alanine resulting in 32 to 128 amines per molecule. In Figure 34 the synthesis of a 3rd
generation scaffold can be seen including the dendritic growth and the functionalization
using β-Alanine.
To enable the formation of hydrogels, some of the amines was statistically utilized for
cross-linking. A cross-linker based on PEG, able to react with amines was sought. Nhydroxysuccinimide (NHS) esters were selected due to their highly reactive nature
under biological conditions with primary amines. A range of PEGs ranging from 2 kDa
up to 10 kDa were effectively converted to acid functionality using succinic anhydride
and then into NHS-esters using FPE chemistry all with above 85% yield (Figure 35).
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Figure 35 Reaction scheme for construction of NHS activated cross-linkers from PEG2k-OH,
PEG6k-OH and PEGH10k-OH.

DLD-hybrid PEG10k-G6-(NH3+)128 (65) was fluorescently labeled through statistic
modification of 2 out of 128 amines using NHS function “Pacific Blue” dye using TEA
as a catalyst in MeOH. The resulting material PEG20k-G6-(PB)2-(NH3+)126 (67) was
used to investigate the mechanism of action for the DLD-hybrids in planktonic mode.
4.4.2 Structural evaluation
Materials were characterized using 1H-NMR, 13C-NMR, SEC, MALDI-TOF-MS and
thermal analysis, full experimental and analytical details can be found in the appended
Paper IV and ESI. Condensed analytical details can be found in Table 4. Over all good
correlation can be seen between theoretical values and obtained values. Since no mass
analysis could be attained for the amine functional DLDs the BOC protected precursor
was analyzed prior to deprotection. All scaffolds maintained low dispersities.
Table 4 Structural evaluation Paper IV
Nr.
Material
51
PEG10k-G1-(OH)4
52
PEG10k-G2-(OH)8
53
PEG10k-G3-(OH)16
54
PEG10k-G4-(OH)32
55
PEG10k-G5-(OH)64
56
PEG10k-G6-(OH)128
57
PEG20k-G1-(OH)4
58
PEG20k-G2-(OH)8
59
PEG20k-G3-(OH)16
60
PEG20k-G4-(OH)32
61
PEG20k-G5-(OH)64
62
PEG20k-G6-(OH)128
63
PEG20k-G4-(NH)32-BOC
64
PEG20k-G5-(NH)64-BOC
65
PEG20k-G6-(NH)128-BOC
66
PEG10k-G6-(NH)128-BOC
67
PEG20k-G4-(NH3+)32
68
PEG20k-G5-(NH3+)64
69
PEG20k-G6-(NH3+)128
70
PEG10k-G6-(NH3+)128
71
PEG20k-G6-(PB)2-(NH3+)126
72
PEG2k-NHS
73
PEG6k-NHS
74
PEG10k-NHS
(a)

MwSEC(a)
12631
13135
14760
16102
19145
23518
19537
19556
20218
21771
23275
26886
27272
30038
32952
22929
1998
6883
11724

MwTheo
10250
10704
11617
13442
17093
24394
20238
20692
21605
23430
27081
34382
28907
38035
56291
46303
2393
6403
10412

attained by DMF SEC (b) Attained by MALDI-TOF-MS
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Đ (a)
1.05
1.06
1.03
1.05
1.05
1.06
1.04
1.05
1.06
1.05
1.06
1.04
1.04
1.04
1.06
1.03
1.03
1.01
1.05

EMTheo
23212.6
23677.1
24605.9
26478.7
30179.2
37610.26
2416.24
6422.63
10429.02

EM(b)
23217.7
23685.8
24616.8
26463.7
30196.9
37623.4
2417.96
6424.87
10430.56

4.4.3 Planktonic in vitro effect
Initially the materials were evaluated based on their in vitro effect in solution. Four
bacteria were selected, including gram positive (Staphylococcus aureus (SA) and
Pseudomonas aeruginosa (PA)) and gram negative (Escherichia coli (E. coli) and
Enterococcus faecalis (E. Faec)).

Figure 36 Evaluation of polymers in planktonic mode. a) MIC assay for PEG20k-G4-(NH3+)32
(67), PEG20k-G6-(NH3+)64 (68) and PEG20k-G6-(NH3+)128. (69) b) MMC assay for 69 against
bacteria commonly found in an SSI. c) Cytotoxicity evaluation using VTS-1 assay for 69 against
mouse fibroblasts.

These bacteria were evaluated against PEG20k-G4-(NH3+)32 (67), PEG20k-G5(NH3+)64 (68) and PEG20k-G6-(NH3+)128 (69), in a MMC assay with the common
antimicrobial agent, gentamicin sulfate as a control. It was found that anti-microbial
effect increase was proportionate to the dendritic generation and the highest effect was
found for the 6th generation scaffold (69) (Figure 36a).
The focus then shifted to the highest generation and a MIC assay was performed using
bacterial strains commonly associated with SSIs including both gram positive and gram
negative strains (Figure 36b). Finally, the cytotoxicity of 69 was evaluated (Figure 36c).
The polymer was found completely biocompatible up to slightly below 1 wt% or 1 mM.
To determine the mechanism of action of the antimicrobial polymers, SA and E. coli
were loaded with fluorescent dye and exposed to 69. The dye was released indicating
that at least one of the mechanism of antimicrobial activity was through membrane
penetration (Figure 37 a, b).

52

Figure 37 Mechanistic evaluation of PEG20k-G6-(NH3+)128 (69). a) Membrane disruption as
measured by loaded fluorescent release caused by 69 in E. coli. b) Membrane disruption as
measured by loaded fluorescent release caused by 69 in SA. c) Illustration of localization data. d)
Localization of PEG20k-G6-(PB)2-(NH3+)126 (71) in E. coli as well as live, dead stain and overlays.

Bacteria were also exposed to PEG20k-G6-(PB)2-(NH3+)128 (71) and studied under the
confocal microscope. It can clearly be seen that the polymer attaches to the membrane
of live bacteria. Dead bacteria were fully penetrated with fluorescent polymer indicating
that the membrane had been compromised (Figure 37c).
4.4.4 Thin film formation
To facilitate the delivery using dual compartment syringe delivery system the crosslinking kinetics is of upmost importance. The system needs to possess slow enough
kinetics to not cross-link in the syringe and fast enough to optimize the surgery time. The
resulting moduli also needs to be in the range of sounding tissue. Cross-linking was
initially carried out using 69 and PEG10k-COO-NHS (74), the amount of amines
utilized for cross-linking was varied from 4 up to 32 out of the total 128 amines. By
varying the number of cross-links, the modulus of the resulting gel could be tuned from
the equivalent of soft fat tissue up to rigid cartilage. However, the time until plateau
modulus was reach was also affected by the amounts of cross-links, see Figure 38a. Since
the amine is supposed to provide the antimicrobial effect maintaining as many amines as
possible was targeted. The gains associated with gel properties utilizing 8 instead of 4
amines for cross-linking were substantial. However, going beyond 8 cross-links per
molecule is minimal. The formulation utilizing 8 out of the 128 amines was selected for
further optimization.
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Figure 38 a) Rheology of varying amounts of cross-links with PEG10k-NHS (72) and PEG20kG6-(NH3+)128 (69)displaying the cross-linking time and the modulus attained for each
combination. b) Varying both the length of the linear segment in the amine functional DLD and
the length of the cross-linker, measured storage modulus, calculated mmol amine m-3, and
calculated average Mw between cross-links for four different formulations.

The length of the linear PEG segment for both the active amine functional scaffold and
the cross-linker was then varied, 69 as well as three different length of the cross-linker
(2k, 6k and 10k) (72, 73 and 74) were used to effectively vary the average distance
between cross-links. The length between cross-links should be proportional to the
density of amines in the gel. Both the attained modulus as well as the theoretical distance
between cross-links and the theoretical mmol amine m-3 can be seen in Figure 38b.
Decreasing the length of the linear part of the dendritic block appears to result in an
expected higher modulus while decreasing the length of the cross-linker resulted in a
lower modulus. This could be due to intramolecular instead of intermolecular cross-links
forming when the length of the cross-linker decreases resulting in loops. Since the
modulus is not the most important property in this specific application, and 69 and
PEG10k-G6-(NH3)128 (70) cross-linked with 74 as well as 70 cross-linked with PEG6kNHS (73) all are in the range of muscle or low cartilage in terms of modulus, all three
formulations were selected for further investigation. All three formulations where
evaluated in the dual syringe delivery system from Medmix (the M-system) with both
spreader, air-assisted and non-air-assisted spray attachment. All formulations worked
well with the system.
4.4.5 Cross-linked in vitro effect
A modified MMC assay using an agar covered 24-well plate were developed to assess the
antimicrobial effect of the different gel formulations. The gels were created as thin films
in the wells, bacterial suspension with a total of 100 CFU was added to each well, a
solution of Polyhexanide (PHMB) was used as positive control (Figure 39).
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Figure 39 MMC assay on 24-well plate blood agar varying the length of the linear segment of the
active polymer as well as the length of the cross-linker. Both gram positive (SA and MRSA) as well
as gram negative (E. coli and P. aeriginosa) bacteria were tested.

The bacterial CFU was counted and compared to untreated control and an effective
reduction was calculated. The effect of 69 and 70 both cross-linked with PEG10k-NHS
had about equal effect with a slight edge to 69 systems. All formulations displayed a 100%
reduction of MRSA and had quite low effect against E. coli. Since gram positive bacteria
from the cocci family is far more common in SSIs, results are promising. The PEG10kG6-(NH3+)128 (69) cross-linked with PEG10k-NHS (74) system was selected for further
investigation in an in vivo study.
4.4.6 In vivo effect
In vivo studies were conducted in mice, a small incision was made centrally along the
back of the mice. The wound and surrounding tissue was covered with the DLD gel
solution and the allowed time to set. An infected suture was placed in the wound and two
sterile sutures were used to close the wound. After 4 or 6 h, respectively, the mice were
sacrificed and the wound area extracted and homogenized. The homogenate was
centrifuged and the pellet re-suspended, serially diluted and seeded for a bacterial count,
the results can be seen in Figure 40.
The optimal model for the prevention of a SSI would be to infect with a low number of
CFU, this would optimally represent the clinical situation. However, since it is not
possible to perform such a model pre-clinically with stable reproducible results, we chose
to use a higher infection dose to attain a stable model. This led to a much harsher
situation for the polymer to prevent compared with the intended clinical case.

55

Figure 40 CFU plots for animal study, bacteria used were SA and active substance is PEG20k-G6(NH3+)128 (69) statistically cross-linked eight times per molecule with PEG10k-NHS (74) system.
* p < 0.05, n=5.

However, even under these conditions, the materials effectively reduced bacterial counts
by 80% after 4 h and 90% after 6 h displaying growth inhibitive effect as intended and
would possibly inhibit infections from taking hold in a clinical setting.

4.5 Hyperbranched DLD-hybrids (Paper V)
Synthetically producing dendritic materials is both time consuming and cumbersome. It
requires considerable skill both analytically and synthetically from the chemist and is
hardly viable in an industrial setting. A hyperbranched polymer possess many of the traits
of a fully dendritic structure, qualities such as number of end groups, thermal properties
and molecular weight are all similar. However, the synthesis of a hyperbranched
structure is significantly less time consuming and synthetically challenging. In this work,
DLD-hybrid materials between bis-MPA and PEG were synthesized. Their synthesis
was conducted in a pseudo one pot fashion with segmental addition of monomer using
acid catalyzed Fisher esterification. Three different telechelic PEG cores were used
(PEG2k, PEG6k and PEG20k) and dendritic structures from the second to the seventh
generation were constructed from each hydroxyl end-group. Scaffolds were evaluated
with regards to structural as well as thermal properties. The peripheral end groups were
post-functionalized to display clickable groups such as azides and allyls and
polymerizable groups such as α-bromoisobutyryl bromide (Br-eBiB). The clickable
groups were utilized to create hydrogels while linear polystyrene was grafted from the
periphery to enable the formation of isoporous membranes.
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4.5.1 Synthesis of hyperbranched DLD-hybrids
Synthesis of DLD-hybrid materials between PEG and bis-MPA was conducted in bulk
at 130 °C. Catalytic amounts of pTSA were added as an acid catalyst and bis-MPA was
added sequentially according to pseudo-generation. The reaction was conducted in a
round bottom flask equipped with distillation condenser. PEG was initially added and
heated above melting temperature under argon flushing; bis-MPA equivalent to one
generation was added along with pTSA (amount based on bis-MPA weight added 1.5
wt% for PEG2k and 5 wt% for PEG6k and PEG20k). The reaction was allowed to
proceed for 1 h under argon flushing. Subsequently another generation of bis-MPA was
added along with pTSA catalyst. This was repeated until desired pseudo-generation was
reached whereupon vacuum was pulled from the distillation condenser and the reaction
allowed to proceed 14 h. The reaction progression was monitored by FT-IR
(normalization against the CH2 bending PEG core found at 1445 cm-1) to detect the
absence of carboxyl stretching at 1625 cm−1 and the appearance of ester stretching at
1756 cm−1. Upon completion, the material was poured out of the reaction vessel and
allowed to solidify, the material was used as is. An idealized reaction scheme can be seen
in Figure 41.

Figure 41 Synthetic scheme for production of hyperbranched DLD-hybrids.

Functionalization was conducted through anhydride mediated esterification. A ratio of
hydroxyls, pyridine, DMAP and anhydride of [1]: [3]: [0.2]: [1.5] was used for all
generations. Purification was performed by simple precipitations in ether. Atom transfer
radical polymerization (ATRP) was used for the grafting of styrene from DLD-Hybrids.
Conventional
conditions
were
used
with
N,N,N’,N’’,N’’Pentamethyldiethylenetriamine (PMDTA) and CuBr (I) under inert conditions and the
reaction was run until 50 % conversion. Purification consisted of an Al2O3 column and
precipitation in ether.
4.5.2 Structural evaluation
All materials were evaluated using 1H-NMR, 13C-NMR, quantitative carbon NMR, SEC
and thermal analysis. Details can be found in the appended publication (Paper V). As an
example the thermal properties of PEG20k-Gx-OH (Paper IV) and PEG20k-hbGx-OH

57

(Paper V) are compared in Figure 42a, b. The properties of the dendritic and
hyperbranched counterparts are quite similar with only minor deviations.

Figure 42 Thermal properties for PEG20k-Gx-OH (57-62) and PEG20k-hb-Gx-OH (83-87)
where the dendritic spans from generation 1 to generation 6 while the hyperbranched includes
generation 2 to generation 7. a) Melting point plotted against generation. b) Enthalpy of melting
plotted against generation.

Condensed materials properties for DLD-hybrids can be seen in Table 5.
Table 5 Structural evaluation Paper V
Nr. Material
MwTheo

MwSEC(a)

Đ (a)

MwNMR(b)

75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92

3562
4170
4744
6648
17635
37642
4553
6494
11093
20800
51200
99508
37564
34671
20413
24477
26426
28613

1.03
1.03
1.06
1.19
1.66
1.65
1.42
1.30
1.18
1.29
1.88
1.66
1.03
1.08
1.42
1.71
1.55
1.73

2694
3510
5801
9194
16623
31330
6624
7636
9480
13182
20936
35168
20604
21625
23659
27454
34641
49493

(a)

PEG2k-G2-(OH)8
PEG2k-G3-(OH)16
PEG2k-G4-(OH)32
PEG2k-G5-(OH)64
PEG2k-G6-(OH)128
PEG2k-G7-(OH)256
PEG6k-G2-(OH)8
PEG6k-G3-(OH)16
PEG6k-G4-(OH)32
PEG6k-G5-(OH)64
PEG6k-G6-(OH)128
PEG6k-G7-(OH)256
PEG20k-G2-(OH)8
PEG20k-G3-(OH)16
PEG20k-G4-(OH)32
PEG20k-G5-(OH)64
PEG20k-G6-(OH)128
PEG20k-G7-(OH)256

2696.7
3625.6
5483.4
9199.1
16630.5
31493.2
6696.7
7625.6
9483.4
13199.1
20630.5
35493.2
20696.7
21625.6
23483.4
27199.1
34630.5
49493.2

Tm
[°C](c)
45.6
35.2
52.9
48.8
48.0
46.4
62.6
58.8
53.5
52.3
51.4
44.6

ΔH
[Jg-1](c)
76.2
52.8
139.3
91.8
74.5
38.3
155.5
141.3
111.1
90.5
64.2
2.9

DB(d)
0.59
0.51
0.53
0.42
0.40
0.42
0.50
0.43
0.47
0.41
0.46
0.51
0.44
0.48
0.45
0.48

attained by DMF SEC (b) Calculated from 1H-NMR (c) Attained by DSC (d) Attained from quantitative 13C-NMR

4.5.3 Application in materials science
Several avenues of material science were explored using the hyperbranched DLDhybrids, including isoporous membranes and hydrogels with promising results.
Hydrogels were constructed from PEG20k-G2-(Allyl)8 and PEG20k-G4-(Allyl)32
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together with two small trifunctional thiols, trimethylolpropane tris(3mercaptopropionate) (TMP-SH) and 1,3,5-tris(2-mercaptoethyl)-1,3,5-triazinane2,4,6-trione (Triazin thiol). Gels were made in EtOH with small amount of the

Figure 43 Analysis of hydrogels from PEG20k-G3-(Allyl)16 and PEG20k-G4-(Allyl)32 together
with TMP-SH and Triazine-SH cross-linkers. a) Young’s modulus attained from tensile analysis
of fully swollen gels. b) Swelling curves measured by weight.

UV initiator DMPA by exposure to UV light (365 nm) for five minutes. The modulus
attained from tensile testing on fully swollen hydrogels as well as the swelling profiles can
be found in Figure 43a, b. The modulus could be tuned from 47 to 557 kPa and the
degree of swelling between 780 and 300 %.

Figure 44 Evaluation of isopterous films created from PEG2k-G3-Styrene3k. a) AFM analysis
showing regularity. b) Cross-section SEM indicating multilayered structures. c) Illustration of one
pore with sizes as measured by image J software.

Isoporous films were made through the breath figure method by the styrene grafted
DLD-hybrid PEG2k-G3-Styrene3k. Films were drop casted from CS2 in 90% relative
humidity upon evaporation of organic solvent highly ordered porous films resulted,
Figure 44 showcase a typical film attained using DLD-hybrids and breath figure method.
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5. Conclusions
The potential use of liner dendritic (LD) hybrids in biomedical applications was
explored. Several applications were successfully investigated with promising results.
Initially, LD-hybrids were investigated as drug delivery vehicles, sophisticated LDhybrids based on PEG and bis-MPA of an asymmetrical and dually functional nature
were created. Structures with one single acetylene terminus centered around a linear
PEG from the first to the fourth generation bis-MPA based dendritic structure were
successfully grown and the periphery decorated with cholesterol as hydrophobic group.
These hybrids were able to self-assemble into controlled spherical NC with diameters
around 150-200 nm and sub nM CMC. The fourth generation with a
hydrophobic:hydrophilic ratio of approximately 1:1 were found superior in terms of selfassembly. The NCs were successfully loaded with up to 19 wt% hydrophobic drugs and
displayed diffusion controlled release characteristics. NC formulation was found to
increase the effect of DOX in both resistant and regular breast cancer cell lines. The
single acetylene allowed for rhodamine conjugation enabling tractability in vitro. Their
mechanism of action relocated the DOX from just the nucleus to other organelles,
mainly the mitochondria, allowing for attack on mitochondrial DNA. The relocation
effectively circumvented the resistance mechanism of resistant cancerous cells. NC
could be loaded with a combination of both DOX and TPL and the combination was
found to greatly increase the effect against resistant cancer cells reducing the
concentration required for a 50% mitochondrial function loss from 20 mg L-1 to
1 mg L-1 an effect increase by 95 % compared NC just loaded with DOX.
Secondly, dendrimers were created including a reductively cleavable disulfide in the
interior. Structures from the first generation with 6 hydroxyls, 3 disulfides and a
molecular weight of 1214 Da to the fourth generation with 48 hydroxyls, 45 disulfides
and a molecular weight of 16005 Da were successfully synthesized. Their fragmentation
was investigated utilizing DTT as external stimuli. Scaffolds were found to be completely
fragmented within 15 minutes and the fragments were successfully isolated. Three
distinctly fragments were created per dendrimer including one core trifunctional thiol,
internal asymmetrical trithiol, mono thiol peripheral fragments with two functionalities
dictated by the dendritic periphery; the amount of the two latter fragments depend on
the dendritic generation. Dendrimers with acetonides, azides and allyls in the periphery
were fragmented and the fragments successfully isolated. The dendrimers were found to
be fragmented by biological systems and in the presence of cancerous cells causing an
increase in ROS, that was found toxic to cancerous cells.
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Thirdly, relying on an asymmetrical disulfide containing molecule, several hydroxyl
functional scaffolds could effectively be converted to thiol functionality under mild
conditions suitable for sensitive structures such as esters. Truly monodisperse dendritic
scaffolds with from 6 up to 24 peripheral thiols and LD-hybrids with a PEG molecular
weight of 10 kDa with from 4 to 16 peripheral thiols were successfully synthesized. The
LD-hybrids were found to form hydrogels using both thiol-acrylate Michael addition
and UV initiated thiol-ene chemistry. They enable the creation of hydrogels with moduli
that increase with dendritic generation from 10 kPa up to 60 kPa for the thiol–ene system
and slightly lower from 0.1 kPa up to 1 kPa for the Michael addition system.
Fourthly, amine functional LD-hybrids were developed using BOC protective chemistry
and the simple amino acid β-alanine. Centered around PEGs with both 10 kDa and 20
kDa molecular weight perfect dendritic scaffolds were grown from both hydroxyl chain
ends constructing from the first to the sixth generation of bis-MPA based dendritic
structures. Structures from the fourth up to the sixth generation were successfully
converted to amine functionality using β-alanine with from 32 to 128 amines per
molecule. Their planktonic antimicrobial properties were investigated and it was found
that the sixth generation had the highest effect against a broad spectrum 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. The cross-linking
of the sixth generation PEG20k scaffolds using NHS functional telechelic PEGs with
molecular weight of 10 kDa resulted in hydrogels. By varying the amount of cross-linked
amines 4, 8, 16 and 32 out of the total 128, the modulus of the material could be tuned
with values from soft fat tissue around 500 Pa up to stiff cartilage tissue around 6 kPa.
The optimum in terms of moduli, cross-linking time while preserving maximum amount
of amines was found to be 8 out of 128 amines used for cross-linking with a modulus of
2 kPa, in the range of muscle tissue. Varying the length of the cross-linker was found to
decrease the modulus, however decreasing the length of the PEG segment in the active
molecule was found to increase the modulus of the gel. Antimicrobial properties of the
gels were found most effective for PEG20k-G6-NH3+ cross-linked with PEG10k-NHS
using 8 out of 128 amines for cross-linking. An infected mouse wound model displayed
80% reduction in bacteria after 4 h and 90% after 6 h.
Lastly, hyperbranched DLD scaffolds based on dendritic bis-MPA centered around
PEGs with a molecular weight of 2 kDa, 6 kDa and 20 kDa were successfully created.
From the second generation scaffolds with 8 reactive hydroxyls up to the seventh
generation scaffolds 256 reactive hydroxyls were constructed for each PEG length with
a degree of branching ranging from 0.4 to 0.59, dispersities ranging from 1.03 to 1.88 and
molecular weights from 2700 up to 49500 Da. Materials were utilized in a range of
applications with successful results.
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6. Future work
Regardless of how extensive a study is, there is always something you wish you could
have done differently or additionally. Usually the most obvious things to do are
discovered after the publication is wrapped up. Hence, during the writing of this thesis
and enclosed articles many “obvious” things have been detected. As for additional
studies some simply cannot be completed during the finite time allotted for a PhD.
For Article I, changing the acetylene to the smaller and more stable 4-Pentynoic acid
might have circumvented the minute toxic effects seen for the crude carriers. The
florescent tag, rhodamine and DOX have similar emittance hence cannot be
distinguished. Trying another dye would benefit the localization. Loading of several
different ratios of DOX and TPL could greatly enhance the effect, the first time the
combination study was preformed significantly larger effect was obtained. Much later it
was discovered that the initial batch had significantly less TPL. An optimization running
different ratios would most defiantly yield better biological data. With even better
biological data an animal study could have been performed.
Article II utilized the disulfide containing dendrimers as a prodrug, it would have been
extremely interesting to load the dendrimers with hydrophobic interior and PEG
exterior with some kind of chemotherapeutic. In addition to the ROS the intracellular
disassembly would have then delivered chemotherapeutics. It would also have been
interesting to track the dendrimers in vitro and do a similar localization study as in Article
I. On another note, cross-linking the exterior of the dendrimer with a linear polymer and
then reductively cleaving the interior could make nano-sized thiol functional polymer
“bubbles” that would have had a multitude of uses and been interesting to study. Also
utilizing the dendrimers to form hydrogels that would be reductively disintegrated over
very short timespans is of interest.
Article III it would have been very interesting to expand the range of polymers targeted.
Additionally, a stability study for the thiol functional dendrimers to see how stable they
were during storage and exactly what happened (utilizing the MALDI-TOF-MS) could
have provided interesting information. Also, using the dendrimers by functionalizing
them using different chemistries is of interest. For the hydrogel part doing offstoichiometry gelation would yield thiol functional hydrogels that could be covalently
decorated in the cross-linking points with biomolecules, alike Article IV. Also doing
hydrogels with gold as well as with gold and as different proportions of off stoichiometric
covalent cross-linking or utilizing the thiols, themselves to form disulfide cross-links
would be very interesting.
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Article IV is in the late stages of a patent application; I will refrain from further comments
as promised.
Article V a more in depth analysis and comparison between perfectly dendritic and the
hyperbranched counterparts could have proved intriguing. A comparison between
thermal properties was “sneaked” into this thesis. However, a complete study with all
their PEG length against fully dendritic materials could have yielded highly interesting
results. Also directly comparing all material properties and their use in a few different
applications together head to head would have really lifted the entire publication to
another level.
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