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Abstract 

 Linear dendritic block copolymers are a class of dendritic nanomaterials composed 

of a dendron and a polymer. The block structure allows the preparation of amphiphilic 

macromolecules that can self-assemble into various nanostructures. Their asymmetrical 

molecular structure, due to the presence of a short and condensed dendron and a long linear 

polymeric chain, gives them unusual self-assembly properties. Furthermore, the dendron 

surface can be precisely functionalized giving to their self-assembled structure interesting 

properties that could be exploited for a variety of applications. In this thesis, a series of pH-

responsive amphiphilic linear dendritic block copolymers has been synthesized, and their 

aqueous self-assembly examined before being evaluated for in vitro drug delivery. The 

linear dendritic block copolymers synthesis is conducted via a combination of efficient 

Cu(I) alkyne azide cycloaddition “click” reaction and Steglish esterification to prepare 

multiple generations of bis-MPA dendrons with different PEG length. The pH sensitivity 

of the system was brought in by functionalizing the dendron with acetonide units at the 

surface. LDBCs were fully characterized by various techniques including 1H- 13C-NMR 

spectroscopy, GPC and MALDI-TOF. The LDBC self-assembly was carried out by co-

solvent evaporation method, and it yielded two types of nanostructures, spherical micelles 

and rod-like micelles, which were analysed by DLS and TEM. G1PEG2000 has been 

selected for a detailed analysis of its pH-responsiveness showing swelling and shape-

shifting effect of the pH on the micellar structure. Finally, the potential of the G1PEG2000 

for drug delivery was explored by encapsulating acetazolamide, a potential anticancer drug, 

inside micelles. The amount of acetazolamide encapsulated was quantified, and cancer cell 

spheroids treated with the loaded micelles. The in vitro study showed increased cancer cell 



v 
 

death when treated with the acetazolamide micelle and proved the efficiency of the 

developed system for drug delivery. 
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Résumé 

Les copolymères à blocs dendritiques linéaires sont une classe de nanomatériaux 

dendritiques composés d'un dendron et un polymère. La structure en bloc permet la 

préparation de macromolécules amphiphiles qui peuvent s’auto-assembler en diverses 

nanostructures. Leurs structures moléculaires asymétriques leurs confèrent des propriétés 

exceptionnelles d'auto-assemblage en raison de la présence d'un dendron court et condensé, 

ainsi qu’une longue chaîne linéaire polymérique. En outre, la surface des dendrons peut 

être fonctionnalisée avec précision, permettant aux structures auto-assemblées d’exprimer 

d’intéressantes propriétés qui peuvent être exploitées pour des applications variées. Dans 

cette thèse, une série de copolymères à blocs amphiphiles dendritiques linéaires répondant 

au pH a été synthétisé, leur auto-assemblage en phase aqueuse examiné, et l’étude la 

livraison d’agent thérapeutique testé in vitro. La synthèse de copolymères à blocs 

dendritiques linéaires a été réalisée via une combinaison de deux réactions: cycloaddition 

d’azoture et d’alcyne catalysée par du Cuivre (I) « click-réaction », et l’estérification de 

Steglish, afin de préparer de multiples générations de dendrons bis-MPA avec différentes 

longueurs de PEG. La sensibilité au pH du système a été gouvernée par la 

fonctionnalisation des dendrons en surface, par des unités acétonides. Les copolymères à 

blocs dendritiques linéaires ont été complètement caractérisés par différentes techniques 

dont 1H, 13C RMN, GPC et MALDI-TOF. L'auto-assemblage de copolymères à blocs 

dendritiques linéaires a été conduit par un procédé de co-évaporation de solvant, et a 

produit deux types de nanostructures: des micelles sphériques et des micelles en forme de 

tige, qui ont été analysés par DLS et MET. G1PEG2000 a été sélectionné pour une analyse 

détaillée de son activité vis-à-vis du pH, montrant le gonflement et le changement de forme 
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de la structure micellaire. Enfin, le potentiel de livraison d’agent thérapeutique de 

G1PEG2000 a été exploré par l’encapsulation d’acétazolamide, un médicament 

potentiellement anticancéreux, à l'intérieur des micelles. La quantité de l'acétazolamide 

encapsulé a été quantifiée, et des sphéroïdes de cellules cancéreuses ont été traités avec des 

micelles chargées. L'étude in vitro a montré une augmentation de la mort des cellules 

cancéreuses, lorsqu'elles sont traitées avec les micelles contenant l’acétazolamide, ce qui 

démontre l'efficacité du système mis au point pour l'administration de médicaments. 
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Chapter 1: Introduction 

1.1 - Dendrimers and dendritic nanomaterials 

Dendrimers are a class of hyperbranched macromolecules first introduced by 

Vögtle in 1969.1 Originally described as cascade molecules due to the iterative process to 

synthesize them, they were later given the name “dendrimer” from the Greek dendron 

meaning tree, which refers to the tree-like structure of their hyperbranched structure. This 

class of macromolecules distinguished itself from others by their globular shape, 

multivalent surface and monodisperse nature. These unique characteristics come from the 

layer-by-layer, controlled synthesis of dendrimers.2 The core of the dendrimer is linked to 

multiple branched monomer giving rise to a hyperbranched structure. By increasing the 

number of branching iterations, the generations of the dendrimer are increased, as well as 

the size and weight of the dendrimer. 

Two synthetic methods are generally used to prepare dendrimers: divergent and 

convergent, which are described in Figure 1.1. The divergent synthesis was first developed 

by Tomalia in 19853 for the synthesis of the poly(amidoamine) (PAMAM) dendrimers 

(Scheme 1.1). It is carried out by starting from the core and growing the dendrimer 

outwards by a layer-by-layer methodology. The convergent synthesis was developed 5 

years later by Hawker and Fréchet,4 where dendrons are first prepared and then attached to 

the core to give the final dendrimer. Both methods use an iterative synthesis, as opposed to 

polymerization synthesis, yielding monodisperse macromolecules and allowing easy 

functionalization of the surface to tune the properties of the dendrimer. 
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Figure 1.1 - Dendrimer synthetic strategy. 

 

Dendrimers are composed of different structural features including the core, the 

branching unit and the surface group (Figure 1.2). The core of the dendrimer is usually 

isolated from the surrounding molecule. It has been used to protect sensitive groups, or 

insoluble groups such as catalyst5 or even dye for imaging application.6 The branching 

units are the monomers used in an iterative manner to grow the dendrimer. Some units are 

used more than others due to their ease of synthesis or their commercial availability. 

PAMAM dendrimers, shown in Scheme 1.1, were first developed by Tomalia3 and are now 

commercially available.7 
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Scheme 1.1 – PAMAM dendrimer 

 

Bis-MPA based dendrimers were developed and extensively studied by Hult and 

Malkoch8 and are also commercially available. This class of monomers is of particular 

interest due to their intrinsic biocompatibility.9 Finally, surface groups are important for 

the properties of the dendrimer, as they affect its solubility, and subsequent potential 

applications. Light harvesting groups can be used for photonic applications,10 

pharmaceutical agents for drug delivery,11 dyes for imaging12 or even combination of them 

to prepare multifunctional dendrimers.13 



4 
 

Figure 1.2 – Dendrimer and dendron structural feature.  

 

As the interest in dendrimers was growing, other dendritic derivatives were developed, 

including dendrons (Figure 1.2). The later shares some of the properties of dendrimers, 

however they keep a reactive group at the core allowing covalent linkage with other types 

of molecules. Dendrons and dendrimers have been used extensively for functionalization 

of polymers, giving rise to new families of macromolecules (Figure 1.3) including 

dendronized polymers, star copolymers and linear dendritic block copolymers.14 
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Figure 1.3 - Schematic representation of subclass of macromolecule combining 

the concept of dendrimer and polymer. 

 

Star copolymers (Figure 1.3) are made of a dendrimer core on which the surface 

was functionalized with polymeric chains.15 This class of macromolecules is extensively 

studied for their potential in drug delivery, and are sometimes referred to as unimolecular 

micelles, due to the dendritic core being hydrophobic and polymeric surface hydrophilic. 

Fréchet reported the functionalization of poly(benzylether) dendrimer with PEG, up to 48 

surface groups for G4 dendrimer, and tested its drug loading capacity.16 The results showed 

a modest loading, but did not prevent other groups to further explore the potential of this 

type of system varying the dendritic scaffold.17 

Dendrimer polymer hydrogels are polymeric networks based on covalent cross-

linking of dendrimer surface with polymers, they were first prepared by Gitsov and Zhu 

from “Fréchet-type” dendrimer and PEG.18 The main advantage of this type of network 
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compared to polymeric hydrogels is the controlled number of cross-linking. In fact the 

higher the dendritic generation higher is the cross-linking.  

Necklace polymer-dendrimer hybrid (Figure 1.3) is a theoretical class of 

macromolecules.19 It has been proposed by Newkome,20 and the closest example to this 

type of system was reported by Chow et al.. In their work, the dendrimer outer-shell is not 

connected through covalent linking with a polymer, but with a platinum complex, forming 

a supramolecular necklace polymer.21 

 Dendronized polymers are made of dendrons attached to a polymeric chain and thus 

share the properties of both.22 They are not monodisperse, due to the polydispersity 

introduced by the polymer part. Furthermore, they are not globular in shape but instead are 

cylindrical in nature, with a diameter controlled by the dendron generation and a length 

control by the molecular weight of the polymer.23 Polymers have the tendency to coil on 

themselves, but in a dendronized polymer due to the steric nature of the dendrons there is 

no possibility for this phenomenon. This effect gives the dendronized polymer a stiffness 

comparable to a rigid rod.24 This class of macromolecules has a lot of potential 

applications, due to their large surface area, and have been used for example in catalysis25 

and biology.26 Although not related to applications, it should be noted that the largest 

synthetic molecule ever prepared was a dendronized polymer, which is referred to as 

molecular object.27 Molecular objects are mesoscopic molecules with a precise geometry 

and surface.28 This molecule, prepared by Schluter et al., had a MW of 200MDa 

(200,000,000Da), possessed 17 million atoms, and had cylindrical shape with a diameter 

of 10 nm and length of a few microns (Figure 1.4). 
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Figure 1.4 – AFM image (A) TEM image (B) and SEM image (C) of dendronized 

polymer prepared by Schluter et al.. Reprinted with permission from reference [27]. 

Copyright 2010 John Wiley and Sons. 

 

1.2 – Linear Dendritic Block Copolymer 

Linear dendritic block copolymers (LDBC), also referred to as dendrimer-polymer 

hybrids or telodendrimers, are a class of dendritic nanomaterials. They can be decomposed 

into two categories (Figure 1.5). The dumbbell dendrimer, which is ABA triblock 

macromolecule made of two dendrons (A) capping the two ends of the polymeric chain. 

On the other hand, the linear dendritic diblock copolymer is AB diblock macromolecule in 

which only one end of the polymer functionalized with the dendron.19  
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Figure 1.5 - Schematic representation of linear dendritic diblock copolymer and 

dumbbell dendrimer. 

 

LDBC were introduced by Gitsov and Fréchet in 1992, with the synthesis of  a 

LDBC made of poly(benzylether) dendron, also known as “Fréchet-type” dendron, and 

poly(ethylene glycol) (Scheme 1.2).29 It was prepared by a coupling strategy, reacting the 

polymer with sodium hydride in presence of the dendron. Shortly after, Gitsov developed 

another synthetic methodology to prepare LDBC based on anionic polymerization of the 

polymer using the dendron as the macroinitiator.30, 31 As the synthesis of LDBC was getting 

more accessible, new dendritic scaffolds were explored including poly(L-lysine),32 

PAMAM33 and bis-MPA.34 Other types of hybrid were also developed, Percec, among 

others,35 replaced the linear polymer by a cyclic crown ether, giving rise to interesting self-

assembly behavior.36 
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Scheme 1.2 - First LDBC synthesized by Gitsov and Fréchet. 

  

LDBC can be synthesized using three different methods described in Figure 1.6.37 The 

dendron first strategy in which the linear part is polymerized from the dendron which is 

used as an initiator.38 The chain first strategy in which the dendron is grown from the 

polymeric chain.39 Finally, the coupling method in which the dendron and the polymer are 

covalently linked to form the LDBC.40 The first example of linear dendritic block 

copolymer29 developed by Fréchet used this last approach. The limitations for the coupling 

method include a lower reactivity of the polymer and the dendron when MW of each part 
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is higher than 10,000 g/mol.19 More recently, click chemistry has greatly expanded the 

scope of dendritic and polymeric scaffolds used.41  

The chain first method, which is the most used one for LDBC synthesis, is restricted 

to low generation dendrimers. It is the most versatile method and has been employed in a 

variety of dendritic scaffolds including bis-MPA,42 polyamidoamine (PAMAM),33 

carbosilane43 and polyester.44  The large molecular weight and the potential shielding effect 

of the polymer on the dendron reduce the reactivity in higher generation synthesis 

drastically.45 Another important drawback of this method is the difficult characterization 

of the macromolecule. In the case of a large polymeric part, NMR spectroscopy and GPC 

are unlikely to show significant differences as the dendron generations increase, and 

MALDI-TOF is the only available tool to characterize these.33, 45 

Finally, the dendron first method is the least used method. This method was 

developed by Fréchet in 199430 in which they used the dendron as the macroinitiator for 

polymerization. It has been mostly used in combination with “Fréchet-type” dendrons.37 

and has the advantage of not limiting the size of the dendron to lower generations.30 This 

method has been used recently by Gitsov to prepare the first ABC dendritic-linear-dendritic 

triblock copolymer.46  
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Figure 1.6 –Linear Dendritic Block Copolymer Synthetic Strategy. 

 

1.3 - Applications 

LDBCs have been used for a variety of applications including, catalysis47 and drug 

delivery.48 In 2002, Stupp and co-workers reported the synthesis of an ABC triblock 

dendritic-rod-coil copolymer.49 The A block was based on aryl esters, 3,5 

bis(hydroxyl)benzoic acid, the B block on rigid linear oligo(biphenyl ester) and the C block 

on the flexible oligoisoprene and oligobutadiene. The synthesis of this LDBC was carried 

out using both convergent and divergent synthesis of the dendron, and gave the desired 

macromolecules in high yield. Four years later, the same group reported the interesting 

properties of the generation 1 LDBC. In 15 different organic solvents and at a concentration 

as low as 0.2 weight% the LDBC acted as an organic gelator. In fact in DCM, higher 

concentration (>0.3%) resulted in loss of the gelation properties. The gel formation was 

due to the π-π interaction of the dendron backbone and the B block, as well as the H-
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bonding of the dendron surface hydroxyl, resulting in the self-assembly of the LDBC in 

some organic solvents.50  

LDBC can be appropriately functionalized and prepared to form hydrogels. 

Grinstaff and co-worker, prepared LDBC based hydrogels for biomedical application.51 

They tested different type of dendritic backbones based on succinic acid, β-alanine and 

glycerol, while keeping a PEG core as shown on Figure 1.7. By functionalizing the surface 

of the dendron with methylacrylic acid, they were able to irradiate with UV in situ to get 

the hydrogel fixed on the mouse tissue. Histological studies showed increase healing 

response on the treated injured mouse knee, compare to the non-treated knee. 

 

Figure 1.7 –Linear dendritic block copolymer for hydrogel preparation. Reprinted 

with permission from reference [51]. Copyright 2008 American Chemical Society. 

 

Malkoch group has reported hydrogel preparation using dumbbell dendrimer bis-

MPA dendrons a PEG chain. The bis-MPA dendrons were functionalized with allyl 
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moieties and subjected to UV irradiation in the presence of 3-mercaptopropionic acid to 

give novel type of dendritic hydrogels.52 The bis-MPA/PEG scaffold was extensively 

studied by the group, for example they synthesized a linear dendritic diblock copolymer 

using this scaffold and functionalized the bis-MPA surface with poly(ε-caprolactone). This 

LDBC was then self-assembled using the co-solvent evaporation method to from micelle. 

They also tried drop casting technique of this LDBC on a glass plate to observe the 

microphase separation and obtained honeycomb membranes. These membranes were fully 

characterized and found to have a cavity of 3 µm large and 1 µm deep (Figure 1.8). This 

type of structure has a lot of potential for biological applications due to the large surface 

area.34 

 

Figure 1.8 –Optical microscopy image (A and B) and SEM image (C and D) of 

Malkoch honeycomb membrane. Reprinted with permission of reference [46] 

Copyright 2011 Royal Society of Chemistry. 
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Amphiphilic LDBC, can easily self-assemble, either in bulk or in solution, and 

micelles are usually obtained, and have been extensively studied to encapsulate 

hydrophobic molecules.34 The encapsulation mechanism in LDBC is significantly different 

than in conventional linear block copolymers.19 Instead of staying at the interface of the 

core and the shell for linear block copolymer, hydrophobic molecules are able to get into 

the voids of the dendritic core of LDBC micelle, allowing large loading capacity.53 This 

characteristic makes LDBC micelles suitable for drug delivery, since loading of large 

amounts of drug ensures therapeutic efficacy. 

 The high loading capacity has been exploited for optical applications. Wang 

et al. reported loading of lanthanide inside the core of a LDBC micelle prepared from 

poly(benzylether) dendron and poly(acrylic acid) chain. Lanthanides are known to have 

interesting optical properties and in this article the terbium 3+ ion (Tb3+) was used. When 

loaded inside micelles, the fluorescence intensity of Tb3+ was increased. Furthermore, a 

strong dendritic effect was noticed with an increase of 5 fold of fluorescent intensity 

between generation 1 and 3 LDBC. The authors explained this optical behavior by the 

antenna effect of the dendron benzyl group and also by the microenvironment effect due 

to the lower number of water molecules coordinating the Tb3+ inside the micelle.54 

Gitsov and co-workers used an LDBC to catalyse Diels-Alder reaction between 

fullerene C60 and anthracene. They were able to perform the reaction in green chemistry 

conditions, in water and at room temperature at an increased rate, due to LDBC micelle 

having high stability, low microviscosity and high loading capacity.47  

 LDBC can sometimes be functional without self-assembly, such as in the work 

reported by Chen and co-workers. Double hydrophilic LDBCs based on bis-MPA and PEG 
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were prepared, and the dendron functionalized with succinic anhydride to introduce a 

carboxylic acid on its surface, making it hydrophilic. They then tested the LDBC for 

biomineralization of CaCO3, and showed that they were able to modify its crystallization, 

obtaining microspheres of CaCO3.
55 

 Finally, non-therapeutic biomedical applications have also been a subject of study 

for LDBC.56 Brash and co-workers prepared a series of double hydrophilic dumbbell 

dendrimers with a PEG core and poly(L-lysine) dendron, as a CT scan contrast agent.57 

The problem with actual contrast agent is the short lifetime in the body, less than 5 minutes. 

By preparing large macromolecule, they extended the circulation time, and by 

functionalizing the dendron surface with triiodophtalamide, they were able to get good and 

prolonged signal on CT scan of an animal model.  

 

1.4 - Gene delivery 

 Gene therapy holds tremendous potential for silencing gene overexpression in 

tumor cells, but the DNA used is readily degraded by the body, for this reason a delivery 

system is needed. PAMAM dendrimers have been extensively studied for this purpose and 

are known to be efficient vectors,58 however due to their cytotoxicity, their potential is 

limited. A novel type of nanocarrier was proposed by Wagner and co-workers based on 

micellar diblock LDBC composed of PAMAM dendron and PEG. The surface of the 

dendron was functionalized with pentaethylenehexamine (PETA) to increase the 

interaction between the dendron and DNA and make the surface hydrophobic. The other 

end of PEG was functionalized with an epidermal growth factor (EGF) for active targeting 

of tumor cells, which generally overexpressed this receptor (Figure 1.9).59 The self-
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assembled micelle showed positive transfection results and higher transfection for EGF 

functionalized LDBC than non-functionalized LDBC.  

 

 

 

Figure 1.9 – Schematic representation of gene delivery system developed by 

Wagner and co-workers. Reprinted with permission from reference [59]. Copyright 

2011 American Chemical Society. 

 

Lin et al. pushed gene delivery further by codelivering doxorubicin, an anticancer 

drug, with the DNA. The LDBC is based on PAMAM to bind to the DNA and the linear 

part on poly-(N-ε-carbobenzyloxy-L-lysine) (PZLL). In this work, the dendron is 

hydrophilic and exposed on the surface of the micelle while PZLL is forming the 

hydrophobic core. The doxorubicin was loaded during micelle formation and thereafter the 

DNA was condensed on the micelle surface, the formation of the complex was verified by 

gel electrophoresis. The cytotoxicity of the system was tested and showed slight toxicity at 

high concentration, but lower than PAMAM dendrimers. The simultaneous delivery of 

DNA and the drug by fluoescense was examined and a good gene transfection of the system 
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was demonstrated.60 Chen et al. reported a similar system to Lin but instead of delivering 

DNA, they used siRNA, which demonstrated equivalent efficiency.61 

Other LDBC scaffolds have been tested for gene delivery, for example in an article 

from Cao et al., a dumbbell dendrimer composed of hydrophilic poly(L-lysine) dendron 

and hydrophobic poly(L-lactide) was prepared.62 The self-assembled LDBC and DNA 

were complexed, to form the DNA nanocarrier, which was found to protect the DNA from 

DNase, and to have high transfection efficiency, and is thus a potential alternative to the 

more cytotoxic PAMAM. 

 

1.5 - Drug delivery 

For drug delivery applications, one of the most extensively studied LDBC scaffold 

is the bis-MPA/PEG. Gillies and Fréchet were the first to test in vitro the drug delivery by 

this type of LDBC. The surface of their bis-MPA dendron was functionalized with 

3,5(dimethoxy)benzylidene, a pH sensitive group to control the delivery.63 The results 

showed similar toxicty against cancer cells between the free drug, doxorubicin, and the 

loaded micelles. However, the doxorubicin distribution inside the cell was different, the 

drug accumulated in the nucleus when free, but when delivered through micelles it was 

located in intracellular organelles. This distribution difference might indicate a different 

mechanism of action.  

Hu and co workers functionalized the dendron surface of bis-MPA/PEG with two 

different groups, either acetic acid or octadecanoic acid, and self-assembled the LDBC into 

micellar structures. They reported a lower CMC and smaller micelles for LDBC decorated 
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with the long aliphatic chains compared to acetic acid. Finally, they tested the 

biocompatibility of the system and showed no toxcity in cells.64 

Recently, bis-MPA/PEG LDBC were also used by Jiang for combination therapy 

drug delivery.65 The surface of the bis-MPA was decorated with trans-retinoic acid 

(Vitamin A) and the micelle was loaded with paclitaxel, an antitumoral agent generally 

used in breast cancer treatment (Figure 1.10). There were two reasons behind the choice of 

trans-retinoic acid, first it synergized therapeuticly with paclitaxel, second it allowed π-π 

stacking with itself to lower the CMC, and with the paclitaxel to increase drug loading. In 

fact, the CMC for this system is 3.48 mg/L which is low, thus the micelles were very stable. 

Biological studies were performed both in vitro and in vivo, and the results showed no 

synergy between the trans-retinoic acid and the paclitaxel. The drug delivery system also 

had poorer performance than paclitaxel alone both in vitro and in vivo. It was concluded 

that the π-π interactions were too strong and the paclitaxel was actually not released from 

the delivery system, which showed that π-π interaction might not be the ideal method to 

lower the CMC for drug delivery. 
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Figure 1.10 – Drug delivery system developed by Jiang and co-workers. 

Reprinted with permission from reference [65]. Copyright 2015 American Chemical 

Society. 

 

In a very recent work from Luo et al., simulation was used to get the best possible 

dendritic surface for poly(L-lysine) dendron/PEG LDBC as a drug delivery system (Figure 

1.11).48 By calculating the interaction between a drug and several “drug binding moieties” 

Luo and co-workers were able to find the best surface group to cover the dendron, and thus 

increase drug loading inside micelle. After docking doxorubicin with 15 different drug 

binding moieties, they selected 8 different molecules to decorate LDBC and validate their 

computational predictions. The predictions were shown to be accurate in most cases and 

the rhein molecule, also known as cassic acid, functionalized micellar LDBC showed the 

best loading capacity. They performed in vivo and in vitro studies of the loaded micelle, 
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showing decrease in side effects, increased tumor-targeting and increased anticancer 

activity compared to free doxorubicin.  This study is the first example of de novo design of 

LDBC for drug delivery applications. 

 

 
 

Figure 1.11 – Schematic representation of the methodology developed by Luo et 

al. for nanocarrier design. Reprinted with permission from reference [48]. 

Copyright 2015 Nature. 
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1.6 - Goals 

 

The goals of this thesis are to develop a simple and versatile methodology to 

synthesize a series of pH responsive amphiphilic linear dendritic block copolymers, 

examine their self-assembly and evaluate their efficiency as drug delivery systems. The 

synthesis is based on the use of Steglish esterification and click chemistry to prepare LDBC 

through coupling of the poly(ethylene glycol) polymer to the bis-MPA dendron, while the 

pH responsiveness of the system will be brought in by the surface functionalization of the 

dendron with acetonide group. We shall employ high yield reactions including click 

chemistry for the construction of dendrons on a prentaerythritol core which will be 

subsequently coupled to a linear poly(ethylene glycol) chain. The pH sensitivity of the 

LDBC will be ensured by a simple and easily prepared acetonide group. The self-assembly 

will be carried out by co-solvent evaporation method and the resulting nanostructures will 

be analysed by DLS and TEM techniques. The pH responsiveness of the self-assembled 

LDBC will also be studied using these two techniques. pH response studies of micelle are 

usually only carried out by DLS, however by complementing the DLS study with TEM 

imaging, we will be able to obtain a better understanding of this phenomenom. The ultimate 

goal of this project is to develop a highly efficient drug delivery system, and in this vein, 

we shall examine loading efficiency of self-assembled LDBC by encapsulating 

acetalozamide and testing its efficacy in vitro against cancer cell spheroids. Acetalozamide 

is a drug with significant potential in cancer treatment, however it has never been used 

inside a drug delivery system for this purpose. This will be the first example of in vitro 

study of acetalozamide loaded LDBC micelles. 
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Chapter 2: Design and Synthesis of Linear 

Dendritic Block Copolymers 

2.1 - Introduction 

 Linear dendritic block copolymers (LDBC) constitute a new addition to the family 

of macromolecules, and are composed of two blocks, a dendron and a linear polymer.1 The 

diblock structure allows the preparation of amphiphilic macromolecules, which can then 

be self-assembled into various nanostructures.2 In our study, we want to prepare pH 

responsive amphiphilic linear dendritic block copolymers for drug delivery. The 

amphiphilic character of the LDBC is achieved with a hydrophobic dendron based on 2,2-

bis(hydroxymethyl)propionic acid (bis-MPA) and a hydrophilic polymeric chain, 

poly(ethylene glycol) (PEG), which are both known for their biocompatibility.3, 4 The 

dendron offers a unique platform to introduce functionalities on the macromolecule, that 

can affect the self-assembled nanostructures.5 We used this opportunity to decorate the 

dendron with acetal groups to prepared pH-responsive nanostructure.  

Poly(ethylene glycol) is a biocompatible water soluble polymer made of multiple 

units of ethylene glycol.3 It has a wide variety of applications in medicinal chemistry6 

including for example, as a drug solubilizing agent7 or a protein conjugate8. PEG is used 

in this project as it brings stealth, improved solubility, and colloidal stability to the drug 

delivery system9. It has been extensively employed in designing amphiphilic systems for 

drug delivery10, and even in the conception of linear dendritic diblock copolymer.11 

The bis-MPA molecule (1), used in constructing the dendron, is an AB2 type of 

monomer composed of functional groups, a carboxylic acid and two hydroxyls at opposite 
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end (Scheme 2.2). It is a widely used scaffold12 based on the esterification of the carboxylic 

acid with a hydroxyl group and the protection and deprotection of the diol (Scheme 2.1). 

The bis-MPA molecule is hydrophobic when its diols are protected. In addition to its well-

established chemistry, bis-MPA is also biocompatible. In fact, bis-MPA dendritic 

molecules have been demonstrated to be biocompatible, contrary to other popular dendritic 

scaffolds,13 which make them valuable for biomedical applications.4 

 

Scheme 2.1 – Bis-MPA dendritic growth. 

Bis-MPA chemistry was first introduced by Hult et al. in 1993,14 who used this 

building block for the synthesis of hyperbranched polymers. In 1996, the same group 

prepared the first bis-MPA dendrimer15. However, there were two major problems with 

this dendritic scaffold. First, the acetate protecting groups (2) were not cleavable, making 

the surface functionalization of the dendrimer difficult (Scheme 2.2). Second, the synthesis 

was done through convergent assembly of the dendrimer, limiting the dendrimer to lower 

generations. In 1998, Hult et al. developed a new chemistry based on acetonide protection 

of the bis-MPA’s diols (4) (Scheme 2.2). The esterification was carried out using 

dicyclohexylcarbodiimide (DCC) and 4-(dimethylamino)pyridinium-4-toluene-sulfonate 

(DTPS) and the deprotection using a cationic resin (Dowex).16 This method had the double 

advantage of i) allowing easy functionalization of the surface and ii) unabling the divergent 

synthesis of bis-MPA dendrimer. However, DCC was not the ideal reagent to use, since it 

is toxic and hard to separate from the product.17 Fréchet subsequently proposed the use of 
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anhydride bis-MPA to increase the generation number.18 They also proposed changing the 

protecting group to a benzylidene (3) which is more stable than the acetonide group, but 

needs hydrogenation to be deprotected (Scheme 2.2). In 2002, Malkoch took advantage of 

both the efficient anhydride coupling, and easy deprotection of the acetonide group and 

described a “rapid and efficient synthesis” of bis-MPA dendron and dendrimers.17 It is 

worth noting that very recently (February 2015) Malkoch proposed a new method to 

synthesize bis-MPA dendrimers.19 It is based on carbonyldiimidazole (CDI) and cesium 

fluoride (CsF) esterification. The main advantages of the fluoride-promoted esterification 

method for dendritic growth are to avoid chromatography for purification, and also their 

extremely fast reaction time. They reported the synthesis of generation 6 bis-MPA 

dendrimer (22,000 g/mol) within 24h. 

 

Scheme 2.2 – Bis-MPA molecule and its protected derivatives. 

To link the dendron to the linear polymer the LDBC coupling strategy in 

combination with click chemistry, was used. The concept of click chemistry was first 

introduced by Sharpless20 in 2001. He defined several criteria for a reaction to be 

considered a click reaction. It should be “modular, wide in scope and give very high yield” 

as well as should employ “simple reaction conditions”. These criteria apply to a few well 

known reactions including, thiol-ene, Diels-Alder and copper (I) catalysed alkyne azide 

cycloaddition (CuAAC), the latter is employed in our studies. The reaction between alkyne 
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and azide had been known for the past 50 years as the Huigsen or 1,3 dipolar 

cycloaddition.21 However, it wasn’t used much in synthesis due to poor yields, high 

temperatures needed and the poor stereoselectivity, as it gave both 1,4 and 1,5 isomers. 

With the introduction of copper (I) catalyst simultaneously by Forkin and Sharpless22 and 

Meldal,23 the reaction gave high yields, could be carried out at room temperature, had large 

scope and was stereoselective (1,4 substitution) (Scheme 2.3). In 2004, Fréchet proposed 

the first CuAAC based dendrimers,24 and since it has seen rapid use in dendrimer synthesis. 

Click chemistry has now become an integral part of dendrimer synthesis.25  

 

Scheme 2.3 – Copper Catalyzed Alkyne Azide Reaction (CuAAC). 

 Click chemistry has also been extensively used in LDBC synthesis.26 Bowman and 

co-workers used the orthogonality of thiol-Michael addition reaction and CuAAC to 

prepare LDBC in one pot.27 The dendron was grown using the thiol-Michael addition to 

the desired generation, and then PEG diazide was added to the unpurified mixture and 

reacted with the alkyne at the dendron focal point (Figure 2.1). The orthogonality of click 

reactions was also exploited by Hvilsted et al., to functionalize one end of poly(ε-

caprolactone) with a poly(L-lysine) dendron by CuAAC, and the other end with cholesteryl 

via thiol-ene, giving a multifunctional LDBC.28  
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Figure 2.1 –Linear Dendritic Block Copolymer One-Pot Synthesis using Orthogonal 

Click Chemistry, Reprinted with permission from reference [27]. Copyright 2014 

American Chemical Society. 

Kempe et al. reported the synthesis of a pH degradable LDBC, made of bis-MPA 

dendron and poly(2-ethyl-2-oxazoline), by a double-click cascade reaction.29 The bis-MPA 

dendron was functionalized with a furan protected maleimide, for Diels-Alder reaction, 

and the polymer ending with an alkyne group for CuAAC. The cascade reaction took place 

over 3 days at 115oC in the presence of the linker, 9-(azidomethyl)anthracene that could 

undergo both Diels-Alder and CuACC reactions at the same time. The main disadvantage 

of CuAAC is the use of copper which can be problematic for biological applications if not 

totally removed from the macromolecule.30 For this reason, strain promoted alkyne azide 

cycloaddition is a good alternative to the copper used in CuAAC.31 Weck et al., used this 

reaction to functionalize the surface of a dumbbell dendrimer with triethylene glycol.32 

One of the goals of this project is to synthesize a series of pH-sensitive LDBC for 

drug delivery applications. To achieve this, different generations of bis-MPA dendron were 
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prepared by divergent synthesis and azido-poly(ethylene glycol) synthesized in varied 

length through post-polymerization modification. The desired LDBC were prepared by 

reacting the bis-MPA dendron to a tri-propargylated pentaerythritol core via CuAAC, and 

the free hydroxyl group of pentaerythritol was then functionalized to introduce PEG.  

Finally, by including pH-sensitive acetonide group on the dendron surface, stimuli 

responsive LDBC for drug delivery application were prepared. 

2.2 - Results and Discussions 

2.2.1 - Monomer synthesis 

Pentaerythritol (5) was reacted with propargyl bromide via a Williamson 

etherification (Scheme 2.4). By carefully controlling the reaction conditions, we reacted 

three of the four hydroxyl groups, however, di and tetra-substituted pentaerythritol were 

also produced in small amounts by the reaction. To increase the formation of tri-

propargylated product the propargyl bromide solution in toluene (80%) needs to be added 

very slowly to a stirred solution of pentaerythritol at 0oC. Other factors such as the number 

of equivalents and reaction time seem to a have minor effect on the yield of tri-

propargylated pentaerythritol. The product was purified by column chromatography to give 

the pure tri-propargylated pentaerythritol (6). 

 

Scheme 2.4 – Propargylation of pentaerythritol 
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The azido-terminated PEG (N3PEG) was prepared by post polymerization 

modification method on two different chain lengths: PEG2000 and 6000 (Scheme 2.5).33 

The hydroxyl group in 7 & 8 was reacted with mesyl chloride in DCM and triethylamine 

as the base. Since it is a very exothermic reaction, mesyl chloride was slowly added, at 

0oC, to the PEG solution. A simple extraction procedure was used to remove the excess 

base and mesyl chloride. The products 9 & 10 were analysed by 1H- and 13C-NMR 

spectroscopy, and subsequently reacted with sodium azide. The azidation was carried out 

at 70oC in DMF. Excess sodium azide was removed by extraction and the pure products 

11 & 12 analysed by 1H- and 13C-NMR spectroscopy. The disappearance of the mesyl 

protons is a good indication of the completion of the reaction. 

 

Scheme 2.5 – Synthesis of azido-poly(ethylene glycol) monomethyl ether. 

Elaboration of the dendron makes use of 2,2-bis(hydroxymethyl)propionic acid 

(bis-MPA) monomer (1) (Scheme 2.6). The protection of the bis-MPA diol was carried out 

through a simple acetal formation using acetone and 2,2-dimethoxypropane in dry acidic 

environment. The protected bis-MPA (4) was purified by simple extractions. An azido 

group was then introduced via a Steglich esterification with protected bis-MPA (4) and 

azidoethanol (14). The latter was prepared from bromoethanol (13) by reaction with 

sodium azide (NaN3). Using 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide 

hydrochloride salt (EDC.HCl) as coupling reagent and 4-dimethylaminopyridine (DMAP) 
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as catalyst, the reaction gave, under anhydrous conditions, the azido-bis-MPA (15) in 80% 

yield (Scheme 2.6). 

 

Scheme 2.6 – Synthesis of azido-bis-MPA. 

For the deprotection of azido-bis-MPA (15) two methods were investigated to 

remove the ispropylidene group. The first one made use of bismuth trichloride (BiCl3). 

Although several methanol washes were done to remove bismuth, it was still found to bind 

to the diols of bis-MPA. To avoid this problem, a second method using Dowex 50W X2, a 

cationic resin, was employed. The resin was easily removed by filtration and pure 

deprotected azido-bis-MPA (16) was obtained (Scheme 2.7). 
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 Scheme 2.7 – Deprotection of acetonide-bis-MPA. 

2.2.2 - Dendron synthesis 

After deprotection, the esterification of another bis-MPA unit can be carried on the 

diols and several methods were attempted. The first few trials made use of EDC.HCl as the 

coupling reagent. However, as the reaction proceeded, degradation of the product was 

observed. The reaction, which was monitored by thin layer chromatography (TLC), yielded 

small amount of product after extraction, and after further column chromatography no 

product could be recovered. One of the explanations for this incompatibility between bis-

MPA and EDC.HCl probably comes from the hydrochloric acid salt. Esterification 

reactions produce water that easily hydrolyses the acetonide group in combination with 

hydrochloric acid. To overcome this problem, other methods were investigated. 

N,N'-dicyclohexylcarbodiimide (DCC) is commonly used as a reagent for peptide 

coupling, and also for esterification.34 DCC was not the first choice as coupling reagent for 

many reasons. First, it is extremely toxic and needs to be handled with great care.35 Second, 

it is used in combination with pyridine, another very toxic solvent. Finally, it is extremely 

hard to remove, after completion of the reaction, by conventional methods. DCC, as well 
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as its by-product dicyclohexylurea, are not soluble in water (cannot be removed by 

extraction) and are hard to separate using column chromatography. This method being far 

from ideal, we subsequently noted another methodology developed by Malkoch in 2002.17 

By preparing 2,2-bis(hydroxymethyl)propionic anhydride (bis-MPA anhydride), prior to 

the esterification, purification becomes less time consuming. On the down side, it still uses 

DCC as a dehydrating agent for the preparation of the anhydride, and adds an extra step to 

the synthesis. The anhydride preparation was carried out by mixing DCC and bis-MPA in 

anhydrous dichloromethane (DCM) and the reaction was monitored by 13C-NMR 

spectroscopy. The carboxylic acid peak at 180 ppm slowly disappeared and the appearance 

of an anhydride peak at 169 ppm was noted as the reaction went towards completion. When 

the carboxylic acid peak totally disappeared the reaction was stopped. The purification was 

carried out by precipitation of bis-MPA anhydride (17) in hexane at -78oC. The 

esterification step was then performed on azido-bis-MPA (16) using DMAP and pyridine 

in anhydrous DCM under argon, and after column chromatography gave the azido-G1 

dendron (18) as a transparent oil in 81% yield (Scheme 2.8). 
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Scheme 2.8 – Synthesis of azido-G1 dendron using bis-MPA anhydride. 

 The azido-G1 (18) dendron was reacted with DOWEX overnight in MeOH at 45oC, 

to give the deprotected azido-G1 dendron (19) in 76% yield (Scheme 2.9). Azido-G2 

dendron (20) was then prepared by reacting the free hydroxyls group on the surface of the 

dendron with bis-MPA anhydride at room temperature, under inert atmosphere, for 48h. 

The product was purified by column chromatography to give the azido-G2 dendron in 83% 

yield as transparent oil. Finally, the dendron synthesis was elaborated to generation 3. The 

deprotection of G2 dendron (20) using DOWEX in MeOH was quantitative, and gave the 

deprotected-azido-G2 dendron as a transparent oil (21). The completion of the reaction was 

monitored by 1H-NMR spectroscopy with the disappearance of acetonide peaks at 1.37 and 

1.43 ppm. The azido-G3 dendron (22) synthesis was carried out using the bis-MPA 

anhydride methodology. The reaction was done over 48h at room temperature under argon 

atmosphere, in the presence of bis-MPA anhydride, DMAP and pyridine in anhydrous 

DCM. The product was extracted with water, 10% NaHSO4 and 10% Na2CO3 to remove 
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DMAP, pyridine and bis-MPA anhydride, and column chromatography was performed to 

remove other impurities. Azido-G3 dendron (22) was obtained in 34 % yield. The low yield 

can be partly explained by the loss of the product on the column due to the large molecular 

weight of the dendron (2170 g/mol). 

 

Scheme 2.9 – Synthesis of G2 and G3 azido-bis-MPA. 

The azido dendrons 18 & 20 were clicked on to pentaerythritol core (6) using 

copper (I) catalyzed alkyne-azide cycloaddition in tetrahydrofuran (THF) and water over 

48h at 40oC (Scheme 2.10). Once the reaction was completed, copper was extracted with a 

disodium ethylenediaminetetracetic acid solution, and the product was then purified by 
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column chromatography to give the G1 and G2 dendrimers (23 & 24) in 83 and 86% yields 

respectively. 

 

Scheme 2.10 – Synthesis of G1 and G2 dendron. 

Once the bis-MPA dendrons were clicked to pentaerythritol, the free hydroxyl 

group at the core focal point needed to be functionalized. 4-pentynoic acid was chosen 

because it contains i) a carboxylic acid that could be easily esterified with the free hydroxyl 

group, and ii) an alkyne group which could be used for CuAAC. The esterification of 4-

pentynoic acid was achieved in anhydrous DCM under argon at room temperature 

overnight, DCC was used as coupling reagent in combination with DMAP and pyridine. 

The purification of this reaction was performed by column chromatography and the final 

yield for G1-pentyne (25) and G2-pentyne (26) was 64% and 61% respectively (Scheme 

2.11). The mediocre yield could likely be due to the fact that the reactive site is small, 

buried at the core of the dendron and not easily accessible to reactants. 
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Scheme 2.11 – Synthesis of G1-pentyne and G2-pentyne. 

 

2.2.3 - Linear Dendritic Block Copolymer Synthesis 

With an alkyne group at the focal point of the dendrons, N3PEG (11 & 12) can be 

coupled through CuAAC. The click reaction was carried out by stirring the dendron (25 & 

26) and the polymer at 40oC in THF and water in the presence of CuSO4 and sodium 

ascorbate overnight. Purification of amphiphilic macromolecules can be difficult since 
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column chromatography and extraction cannot be used for long linear polar chains like 

polyethylene glycol, that make the macromolecule stick to the column, and soluble in 

water. In this reaction the copper was removed by stirring Na2EDTA in DCM overnight. 

The excess dendron was then separated from LDBCs with multiple precipitations in ether. 

The dendron was soluble in ether, but not the LDBCs, which could be isolated and gave 

pure G1PEG2000 (27), G2PEG2000 (28) and G2PEG6000 (29) in 28, 23 and 95% yield 

respectively (Scheme 2.12). The lower yield for G1PEG2000 (27) and G2PEG2000 (28) 

is due to the shorter chain length of PEG2000 as compared to PEG6000, making it more 

soluble in ether. The partial solubility of PEG2000 in ether increases the LDBCs solubility 

in ether, and results in loss of product during the purification process.  
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Scheme 2.12 – Synthesis of linear dendritic block copolymer. 
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The LDBCs were fully characterized by gel permeation chromatography (GPC), 

matrix assisted laser desorption ionization – time of flight (MALDI-TOF) and 1H- and 13C-

NMR spectroscopy. Some of the data are summarized in Table 2.1.  

Table 2.1 – Summary of GPC and MALDI-TOF results 

LDBC GPC Mn GPC PD Theoretical MW MALDI-TOF 

G1PEG2000 (27) 4391 1.12 4201.25 4202.99 

G2PEG2000 (28) 24773 1.12 5503.84 5502.74 

G2PEG6000 (29) 16291 1.14 10478.8 10476.35 

PEG2000 (11) 3413 1.07 - - 

PEG6000 (12) 12701 1.10 - - 

 

As shown in Table 2.1, the molecular weights of LDBCs are narrowly distributed 

with polydispersity in the same range as their linear polymeric segment. The GPC based 

mass average molecular weight (Mn) data are different from the MALDI-TOF. The 

standard used for the calibration of the GPC was poly(methyl methacrylate) which has a 

significantly different molecular structure than the analysed compounds.  Furthermore, the 

dendritic part of LDBC is more globular and interacts differently with the column than a 

linear macromolecule. These two factors may explain the dissimilarity between the 

MALDI-TOF and GPC results.  

The 1H- and 13C-NMR spectra of LDBCs are similar between generations and chain 

length, with changes only in the integration of the peaks. G2PEG6000 (29) is taken here as 

an example for a detailed analysis. With 884 protons in the 1H-NMR spectrum, one would 

expect to see a large peak (3.63 ppm) corresponding to the 600 protons of polyethylene 

glycol and some smaller, broader and not well resolved peaks corresponding to the 
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dendritic protons. However, by increasing the acquisition time, the concentration of the 

sample and relaxation times, it was possible to acquire a well resolved 1H-NMR spectrum. 

As we can see in Figure 2.2, pentynoic acid protons at 2.68 and 2.98 ppm integrate for two 

protons each. The protecting group as well as the methyl bis-MPA (1.09-1.44 ppm) also 

integrate to an overall 126 protons. The newly formed triazole peak (7.52 ppm) is the proof 

of product formation and integrates perfectly at 1H. The ability to integrate one proton 

perfectly out of 883 other protons shows how powerful NMR spectroscopy can be for 

macromolecule characterization. 

 

Figure 2.2 – 1H-NMR spectrum of G2PEG6000 in CDCl3. 
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2.2.4 - Generation 3 synthesis 

We attempted to click the azido-G3 dendron (22) on the pentaerythritol core (6) by 

mixing the dendron, the core and sodium ascorbate in THF at 40oC for 5 minutes before 

adding a solution of CuSO4 in water, and leaving the reaction mixture to stir over 72 h at 

40oC (Scheme 2.13). As the reaction occurred, a brown precipitate was formed at the 

bottom of the round bottom flask. After 72 h the reaction was stopped and the precipitate 

purified using trituration. It was impossible to analyse the precipitated-solid by solution-

state NMR spectroscopy as it was insoluble in most solvents. However, mass spectrometry 

revealed an incomplete reaction, with the formation of mono-, di- and tri-substituted 

pentaerythritol (30). Due to insobulity of the product, further purification methods were 

not tried. 

  

Scheme 2.13 – Synthesis of generation 3 dendrimer. 
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G3 is still an interesting dendron to explore, and an alternative route to synthesize 

the corresponding LDBC was designed. Instead of clicking the polymer on the dendron, 

the dendron could be clicked on the previously functionalized polymer. Poly(ethylene 

glycol) being soluble in most solvents, the solubility issue previously encountered could 

be avoided. The major drawback of this method is the difficulty of purification of the 

functionalized polymer. On a macromolecule larger than 6000 daltons, a tail-modification 

of 100 daltons is usually not enough to induce significant changes in the physico-chemical 

properties of the polymer. The separation of the product from the starting material is thus 

difficult. It is also difficult to ensure quantitative reaction, through spectroscopic technique, 

as the reactive site is small compare to the overall molecule. However, it is the only possible 

synthetic pathway to G3 LDBC. Due to lack of time the synthesis was not initiated but 

Scheme 2.14 presents this alternative route. 
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Scheme 2.14 – Proposed synthesis of generation 3 LDBC. 

 

2.3 - Conclusions 

A series of linear dendritic block copolymer was synthesized using bis-MPA based 

dendron and poly(ethylene glycol) as the linear counterpart. Copper (I) catalysed alkyne 

azide cycloaddition as well as Steglich esterification were employed to prepare a series of 

LDBC with varying dendritic generations and polymeric lengths which were fully 

characterized using 1H- and 13C-NMR spectroscopy, MS and GPC. We were unable to 

isolate a pure sample of G3 due to solubility issues, however the new synthetic route 
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proposed should allow G3 LDBC to be prepared. The LDBC synthesized in this chapter 

are all amphiphilic, and the following chapter will explore their self-assembly as well as 

their potential, as pH sensitive drug delivery systems. 

 

2.4 - Experimental 

2.4.1 - Materials 

The following compounds were purchased and used as received; p-toluene sulfonic 

acid (TsOH), sodium hydroxide (NaOH), 4-dimethylaminopyridine (DMAP), sodium 

azide (NaN3), propargyl bromide 80% solution in toluene, methanesulfonyl chloride 

(MsCl), bismuth trichloride (BiCl3), 2,2bis(hydroxymethyl)-propionic acid (bis-MPA), 

DOWEX 50XW4-200 ion exchange resin, sodium ascorbate, copper(II) sulphate 

pentahydrate (CuSO4
.5H2O), pentaerythritol, poly(ethylene glycol) methyl ether 2000 

MW,  and ethylenediamine tetraacetate disodium salt (Na2EDTA) from Sigma Aldrich 

(USA and Canada), poly(ethylene glycol) methyl ether 6000 MW from J.T Baker (USA), 

1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride salt (EDC.HCl) from 

Chem Impex International (USA) and n,n’-dicylcohexylcarbodiimide (DCC) from Alfa 

Aesar (USA). (USA). Polyvinylidene Fluoride (PVDF) Syringe filters of pore size 0.45 μm 

and 17 mm diameter were purchased from Sterlitech (USA). 

The solvents dimethyl sulfoxide (DMSO), triethyl amine (NEt3), pyridine, 

methanol (MeOH), acetonitrile (MeCN), tetrahydrofuran (THF), acetone, 

dimethylformamide (DMF), chloroform (CHCl3), dichloromethane (DCM), as well as the 

drying agent magnesium sulfate (MgSO4) and sodium sulfate (Na2SO4) were purchased 

from Fisher scientific and ACP Chemicals and used as received. Dry solvents were 
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obtained from dry solvent system. Milli-Q Ultrapure water was doubly distilled by reverse 

osmosis though a Millipore RiOS8, followed by filtration through a Milli-Q Academic A10 

filtration unit prior to use.  

NMR spectral acquisitions were carried out on 400 MHz Mercury (Varian) 

instruments and operated using VNMRJ 2.2D (Chempack 5) and VNMRJ 2.3A 

(Chempack 5) software, as well as on an AV 400 and 500 MHz (Bruker) using a 5 mm 

Smart Probe. The chemical shifts in ppm are reported relative to tetramethylsilane (TMS) 

as an internal standard for 1H-, and 13C- NMR spectra. 

The number-average molecular weight (Mn) and the molecular weight distribution 

(Mw/Mn) were determined using GPC (Waters Breeze) with THF as the mobile phase at 

0.3 mL.min-1. The GPC was equipped with a guard column and 3 Waters Styragel HR 

columns: HR1 with molecular weight measurement range of 102–5 × 103 g mol−1, HR2 

with molecular weight measurement range of 5 × 102–2 × 104 g mol−1, and HR4 with 

molecular weight measurement range of 5 × 103–6 × 105 g mol−1. The columns were heated 

to 40 °C during the analysis. The molecular weights were determined by calibration with 

linear narrow molecular weight distribution poly(methyl methacrylate), and the GPC was 

equipped with a differential refractive index (RI 2410) detectors. 

Mass spectra analyses (HRMS, ESI) were performed and analysed on an Exactive Plus 

Orbitrap-API (Thermo Scientific) high resolution mass spectrometer and on MALDI 

Autoflex III – TOF (Brucker). 
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2.4.2 - Methods 

The following molecules were synthesized using an elaboration and modification 

of the procedures described in references 37 (6), 15 (4, 17), 34 (9, 10, 11, 12, 15, 16, 18, 

19), 38 (14).  

Synthesis of tripropargyl-pentaerythritol (6)  

Pentaerythritol (5) (2.00 g, 0.015 mol) was dissolved in DMSO (15 mL) and a 

solution of NaOH (3.20 g, 0.080 mol) in water (8 mL) was added to it. After 30 minutes 

stirring at room temperature, a solution of propargyl bromide (9.52 g, 11.9 mL, 0.080mol) 

in toluene (80%) was added drop wise to the reaction mixture. The reaction was left stirring 

at room temperature overnight. Once the reaction was completed, water was added to the 

mixture and extracted with diethyl ether.  The organic layers were isolated, combined, 

washed with water (3x) and brine (3x) and dried with sodium sulfate.  The ether was 

removed to yield an orange oil which was purified by column chromatography (75% 

hexane 25% ether to 100% ether) to give the product as a yellow oil (3.15 g, 0.013 mol, 

86% yield).  1H-NMR (400MHz, CDCl3): δ = 2.35 (s, HO-CH2-C, 1H) 2.41 (t, CH-C-CH2-

, 3H), 3.54 (s, C-CH2-OH, 2H) 3.67 (s, C-CH2-O-, 6H), 4.12 (d, CH-C-CH2-, 6H) ppm.  

13C-NMR (75MHz, CDCl3) δ = 44.6, 58.7, 65.0, 70.1, 74.5, 79.6 ppm. 

 

 

Synthesis of 2,2,5-trimethyl-1,3-dioxane-5-carboxylic acid (4) 

Para-toluenesulfonic acid (4.8 g, 0.024 mol) was added to a stirred solution of 2,2-

bis(hydroxymethyl)propionoic acid (1) (60.0 g, 0.448 mol) in acetone (100mL), under 

argon.  2,2-dimethoxypropane (72.0 g, 0.692 mol) and magnesium sulfate (7.2 g, 0.060 
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mol) were then added to the flask.  The reaction mixture was left stirring under argon for 

24h at room temperature.  The reaction was quenched with a 4M ammonia solution in 

dioxane (39.24 mL) and stir for an additional 30 minutes. The insoluble solid was then 

filtered, and solvents evaporated. The solid mixture was then dissolved in DCM and 

extracted with water (x3). The organic layer was dried with Na2SO4 and the solvent 

evaporated to yield the product as a white powder (58.5 g, 0.0524mol, 75% yield). 1H-

NMR (400MHz, CDCl3): δ = 1.24 (s, -CO-C-CH3. 3H), 1.44 (s, -O-C-CH3, 3H), 1.47 (s, -

O-C-CH3, 3H), 3.70 (d, -O-CH2-C-CO-, 2H), 4.21 (d, -O-CH2-C-CO-, 2H) ppm.  

 

Synthesis of mesyl-terminated polyethylene glycol 2000 (9) 

 To a mixture of poly(ethylene glycol) monomethyl ether (3.00 g, 1.5 mmol) 

in DCM (250 mL) at 0oC was added triethylamine (1.51 g, 2.1 mL, 15.0 mmol) and 

methanesulfonyl chloride (1.71 g, 1.20 mL, 15.0 mmol). The reaction was let to stir at room 

temperature overnight. The reaction was then extracted with 1M HCl (x3), 1M NaOH (x3) 

and brine (x6). The organic phase was dried with Na2SO4 and the solvent removed under 

reduce pressure. The product obtained was a white waxy solid. 1H-NMR (500MHz, 

CDCl3): δ = 3.06 (s, -O-SO2-CH3. 3H), 3.34 (s, -CH2-O-CH3, 3H), 3.49-3.53 (t, H3C-O-

CH2-CH2-, 2H), 3.56-3.64 (br, -O-CH2-CH2-O, 200H), 3.72-3.75 (t, -CH2-CH2-O-SO2-, 

2H) ppm. 13C-NMR (125MHz, CDCl3): δ = 37.7, 59.0, 69.3, 70.5, 71.9 ppm.  

  

Synthesis of azido polyethylene glycol 2000 (11) 

 To a solution of mesyl-terminated polyethylene glycol (3.0 g, 1.5 mmol) in 

dimethylformamide (5 mL) was added sodium azide (1.0 g, 15.0 mmol). The mixture was 
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stirred overnight at 50oC. The reaction was stopped by addition of DCM to the room 

temperature mixture. The organic phase was then extracted with water (x4) and brine (x5), 

dried with Na2SO4 and removed in vacuo. The azido polyethylene glycol obtained was a 

white waxy solid (2.059 g, 1.03 mmol, 69% yield over two reactions, mesylation and 

azidation). 1H-NMR (500MHz, CDCl3): δ = 3.28 (s, -CH2-O-CH3, 3H), 3.37 (t, -CH2-CH2-

N3, 2H), 3.49-3.53 (t, H3C-O-CH2-CH2-, 4H), 3.56-3.64 (br, -O-CH2-CH2-O, 200H) ppm. 

13C-NMR (125MHz, CDCl3): δ = 50.6, 58.9, 69.9, 70.6, 71.8 ppm.  

 

Synthesis of mesyl-terminated polyethylene glycol 6000 (10) 

 To a mixture of polyethylene glycol (2.00 g, 0.33 mmol) in DCM (70 mL) at 0oC 

was added triethylamine (0.34 g, 0.47 mL, 3.6 mmol) and methanesulfonyl chloride (0.38 

g, 0.26 mL, 3.3 mmol). The reaction was let to stir at room temperature overnight. The 

reaction was then extracted with 1M NaHSO4 (x3), 1M NaHCO3 (x3) and brine (x3). The 

organic phase was dried with Na2SO4 and the solvent removed under reduce pressure. The 

product obtained was a white crystalline solid. ). 1H-NMR (500MHz, CDCl3): δ = 3.06 (s, 

-O-SO2-CH3. 3H), 3.34 (s, -CH2-O-CH3, 3H), 3.49-3.53 (t, H3C-O-CH2-CH2-, 2H), 3.56-

3.64 (br, -O-CH2-CH2-O, 600H), 3.72-3.75 (t, -CH2-CH2-O-SO2-, 2H) ppm. 13C-NMR 

(125MHz, CDCl3): δ = 37.7, 53.5, 69.3, 70.6 ppm. 

 

Synthesis of azido polyethylene glycol 6000 (12) 

 To a solution of mesyl-terminated polyethylene glycol (2.0 g, 0.33 mmol) in 

dimethylformamide (5 mL) was added sodium azide (0.2 g, 3.08 mmol). The mixture was 

stirred overnight at 50oC. The reaction was stopped by addition of DCM to the room 
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temperature mixture. The organic phase was then extracted with water (x3) and brine (x6), 

dried with Na2SO4 and removed in vacuo. The azido polyethylene glycol obtained was a 

white crystalline solid. (1.857 g, 0.31 mmol, 94% yield over two reactions, mesylation and 

azidation). 1H-NMR (500MHz, CDCl3): δ = 3.28 (s, -CH2-O-CH3, 3H), 3.37 (t, -CH2-CH2-

N3, 4H), 3.56-3.64 (br, -O-CH2-CH2-O, 600H), 3.73 (t, H3C-O-CH2-CH2-, 4H) ppm. 13C-

NMR (125MHz, CDCl3): δ = 50.6, 70.0, 70.6 ppm. 

 

Synthesis of Azidoethanol (14) 

A mixture of bromoethanol (13) (10.00 g, 0.081 mol) and sodium azide (18.00 g, 

0.287 mol) in water (15 mL) was stirred overnight at 70°C. The reaction mixture was then 

extracted with diethyl ether, the organic phase was dried with Na2SO4.  The solvent was 

then evaporated to yield the product as a yellow oil (6.00 g, 0.069 mol, 85% yield). 1H-

NMR (400MHz, CDCl3): δ = 3.39 (t, 2H), 3.73 (q, 2H) ppm.  

 

 

Synthesis of 2-azidoethyl 2,2,5-trimethyl-1,3-dioxane-5-carboxylate (15) 

A solution of azidoethanol (14) (2.50 g, 0.029 mol), 2,2,5-trimethyl-1,3-dioxane-5-

carboxylic acid (4) (6.07 g, 0.035 mol) and 4-dimethylaminopyridine (DMAP) (1.77 g, 

0.145 mol) in anhydrous DCM (25 mL) was left stirring, under argon, for 10 minutes. 1-

ethyl-(3-dimethylaminopropyl)carbodiimide hydrochloride (EDC.HCl)  (5.43 g, 0.035 

mol) was then added to the reaction mixture and stirred at room temperature overnight.  

The reaction mixture was dissolved with more DCM and extracted in water (x3). The 

organic phase was dried with Na2SO4 and the solvent evaporated to yield a residue that was 
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purified by column chromatography (1:7 EtOAc:Hexane). The final product was obtained 

as a white solid (4.11 g, 0.017 mol, 80% yield).  1H-NMR (400MHz, CDCl3): δ = 1.21 (s, 

‐CO‐C‐CH3, 3H), 1.39 (s, ‐O‐C‐CH3, 3H), 1.44 (s, ‐O‐C‐CH3, 3H), 3.49 (t, N3‐CH2‐CH2‐, 

2H), 3.68 (d, ‐O‐CH2‐C‐CO‐, 2H), 4.21 (d, ‐O‐CH2‐C‐CO‐, 2H), 4.33 (t, N3‐CH2‐CH2‐CO, 

2H) ppm.  

 

Synthesis of deprotected azido-bis-MPA (16) 

DOWEX 50W-X2 (2.00 g) was added to a solution of azido-bis-MPA (15) (4.11 g, 

0.017 mol) in methanol (50 mL).  The mixture was heated at 45oC overnight.  The resin 

was then filtered off and wash thoroughly with methanol. The solvent was evaporated to 

yield (16) as a transparent oil (3.45 g, 0.017 mol, quantitative). 1H-NMR (400MHz, 

MeOD): δ = 1.20 (s, ‐CH2‐C‐CH3, 3H), 3.51 (t, N3‐CH2‐CH2‐, 2H), 3.66 (d, HO‐CH2‐C‐

CO‐, 2H), 3.73 (d, HO‐CH2‐C‐CO‐, 2H), 4.28 (t, N3‐CH2‐CH2‐, 2H) ppm.  13C NMR 

(75MHz, MeOD): δ = 18.5, 42.0, 49.8, 63.6, 65.9, 174.0 ppm.  

 

Synthesis of bis-MPA anhydride (17) 

 DCC (10.50 g, 0.051 mol) was added to a solution of bis-MPA (4) (17.74 g, 

0.102 mol) in anhydrous DCM (50 mL). The reaction was let to stir at room temperature 

under argon for 48h. Once the reaction was completed, the precipitate was filtered off. The 

DCM was evaporated under reduced pressure to obtain a yellowish oil residue. Hexane 

was added to the residue stirred until a solid formed. The solution was then cooled at -78oC 

for 1 h and vacuum filtered through a glass filter. The process was repeated two more times 

to afford (17) as white crystals (18.18 g, 0.055 mol, 54% yield). 1H-NMR (400MHz, 
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CDCl3): δ = 1.26 (s, -CO-C-CH3. 6H), 1.41(s, -O-C-CH3, 6H), 1.45 (s, -O-C-CH3, 6H), 

3.70 (t, -O-CH2-C-CO-, 4H), 4.22 (d, -O-CH2-C-CO-, 4H) ppm. 13C-NMR (75MHz, 

CDCl3): δ = 17.6, 21.8, 25.4, 43.6, 65.8, 98.4, 169.7 ppm.  

 

Synthesis of G1 dendron (18) 

 To a mixture of deprotected azido-bis-MPA (16) (1.959 g, 0.00965 mol) and 

DMAP (0.353 g, 0.0029 mol) in pyridine (7.620 g, 7.76 mL, 0.0965 mol) was added a 

solution of bis-MPA anhydride (17) (8.280 g, 0.0251 mol) in DCM (25 mL). The reaction 

was let to stir at room temperature overnight. Once the reaction was completed, 2 mL of 

water was added to quench the excess anhydride. Then the reaction was diluted in DCM 

and extracted with water (3x), 10% NaHSO4 (3x), 10% Na2CO3 (3x) and brine (1x). The 

organic layer was isolated and dried with Na2SO4 and concentrated. The residue obtained 

was purified by column chromatography (1:1 hexane:EtOAc) to give a transparent sticky 

oil (18) (4.006 g, 0.0778 mol, 81% yield). 1H-NMR (400MHz, CDCl3): δ = 1.16 (s, ‐O‐C‐

CH3, 6H), 1.34 (s, ‐CO‐C‐CH3, 3H), 1.37 (s, ‐CO‐C‐CH3, 6H), 1.43 (s, ‐O‐C‐CH3, 6H), 

3.51 (t, N3‐CH2‐CH2‐, 2H), 3.64 (d, ‐O‐CH2‐C‐CO‐, 4H), 4.17 (d, ‐O‐CH2‐C‐CO‐, 4H), 4.33 

(t, N3‐CH2‐CH2‐, 2H), 4.36 (d, ‐O‐CH2‐C‐CO‐, 4H), ppm.  

 

Synthesis of deprotected G1 dendron (19) 

DOWEX 50W-X2 (0.700 g) was added to a solution of G1dendron (18) (1.558 g, 

0.00303 mol) in methanol (20 mL).  The mixture was heated at 45oC overnight.  The resin 

was then filtered off and wash thoroughly with methanol. The solvent was evaporated to 

yield (19) as a transparent oil (1.004 g, 2.29 mmol, 76 % yield). 1H-NMR (500MHz, 
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CDCl3): δ = 1.08 (s, ‐CH2‐C‐CH3, 6H), 1.35 (s, ‐CH2‐C‐CH3, 3H), 3.51 (t, N3‐CH2‐CH2‐, 

2H), 3.70 (d, HO‐CH2‐C‐CO‐, 4H), 3.83 (d, HO‐CH2‐C‐CO‐, 4H), 4.32 (m, -O‐CH2‐C‐CO‐

, 4H), 4.44 (t, N3‐CH2‐CH2‐, 2H) ppm. 13C-NMR (125MHz, MeOD): δ = 17.1, 17.98, 42.0, 

46.5, 53.45, 63.6, 64.8, 67.3, 172.8, 175.0 ppm. 

 

Synthesis of G2 dendron (20) 

 To a mixture of deprotected G1 dendron (19) (1.004 g, 0.0023 mol) and 

DMAP (0.168 g, 0.0014 mol) in pyridine (3.618 g, 3.70 mL, 0.0458 mol) was added a 

solution of bismpa anhydride (17) (3.927 g, 0.0119 mol) in DCM (10 mL). The reaction 

was let to stir at room temperature for 48h. Once the reaction was completed, 1 mL of water 

was added to quench the excess anhydride. Then the reaction was diluted in DCM and 

extracted with water (3x), 10% NaHSO4 (3x), 10% Na2CO3 (3x) and brine (1x). The 

organic layer was isolated and dried with Na2SO4 and concentrated. The residue obtained 

was purified by column chromatography (1:2 hexane:EtOAc) to give a transparent sticky 

oil (20) (2.020 g, 0.0019 mol, 83% yield). 1H-NMR (500MHz, CDCl3): δ = 1.17 (s, ‐O‐C‐

CH3, 12H), 1.26 (s, ‐CO‐C‐CH3, 6H), 1.30 (s, ‐CO‐C‐CH3, 3H), 1.37 (s, ‐CO‐C‐CH3, 12H), 

1.43 (s, ‐O‐C‐CH3, 12H), 3.54 (t, N3‐CH2‐CH2‐, 2H), 3.65 (d, ‐O‐CH2‐C‐CO‐, 8H), 4.17 (d, 

‐O‐CH2‐C‐CO‐, 8H), 4.26-4.34 (m, N3‐CH2‐CH2‐CO-, ‐O‐CH2‐C‐CO‐, 14H) ppm.  13C-

NMR (125MHz, CDCl3): δ = 14.2, 17.5, 18.5, 25.1, 42.0, 46.7, 49.6, 60.3, 64.1, 64.9, 66.0, 

98.1, 171.1, 171.9, 173.5 ppm. HRMS (ESI) m/z: [M+Na] + Calculated for C49H77O22N3Na 

1082.4891; Found 1082.4886 
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Synthesis of deprotected G2 dendron (21) 

A teaspoon of DOWEX 50W-X2 was added to a solution of G2 dendron (20) (760 

mg, 0.717 mmol) in methanol (10 mL).  The mixture was heated at 45oC overnight.  The 

resin was then filtered off and wash thoroughly with methanol. The solvent was evaporated 

to yield (21) as a transparent oil (645 mg, 0.717 mmol, quantitative). 1H-NMR (500MHz, 

MeOD): δ = 1.17 (s, ‐CH2‐C‐CH3, 12H), 1.32 (s, ‐CH2‐C‐CH3, 6H), 1.35 (s, ‐CH2‐C‐CH3, 

3H), 3.51 (t, N3‐CH2‐CH2‐, 2H), 3.57-3.63 (m, HO‐CH2‐C‐CO‐, HO‐CH2‐C‐CO‐, 22H), 

4.28-4.35 (m, -O‐CH2‐C‐CO‐, N3‐CH2‐CH2‐, 16H) ppm. 13C-NMR (125MHz, MeOD): δ = 

15.9, 46.5, 50.4, 64.4, 77.9, 174.9 ppm. 

 

Synthesis of G3 dendron (22) 

 To a mixture of deprotected G2 dendron (21) (645 mg, 0.72 mmol) and 

DMAP (131 mg, 1.08 mmol) in pyridine (2.260 g, 2.30 mL, 28.68 mmol) was added a 

solution of bis-MPA anhydride (17) (2.460 g, 7.46 mmol) in DCM (5 mL). The reaction 

was let to stir at room temperature for 48h. Once the reaction was completed, 1 mL of water 

was added to quench the excess anhydride. Then the reaction was diluted in DCM and 

extracted with water (3x), 10% NaHSO4 (3x), 10% Na2CO3 (3x) and brine (1x). The 

organic layer was isolated and dried with Na2SO4 and concentrated. The residue obtained 

was purified by column chromatography (1:2 hexane:EtOAc) to give a transparent sticky 

oil (22) (520 mg, 0.242 mol, 34% yield). 1H-NMR (500MHz, CDCl3): δ = 1.16 (s, ‐O‐C‐

CH3, 24H), 1.28 (s, ‐CO‐C‐CH3, 18H), 1.30 (s, ‐CO‐C‐CH3, 3H), 1.37 (s, ‐CO‐C‐CH3, 

24H), 1.43 (s, ‐O‐C‐CH3, 24H), 3.54 (t, N3‐CH2‐CH2‐, 2H), 3.65 (d, ‐O‐CH2‐C‐CO‐, 16H), 
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4.17 (d, ‐O‐CH2‐C‐CO‐, 16H), 4.27-4.34 (m, N3‐CH2‐CH2‐CO-, ‐O‐CH2‐C‐CO‐, 30H) ppm.  

13C-NMR (125MHz, CDCl3): δ = 17.1, 17.5, 18.5, 25.1, 42.0, 46.7, 46.8, 49.6, 64.2, 64.8, 

66.0, 98.1, 171.1, 171.8, 173.5 ppm. HRMS (ESI) m/z: [M+Na] + Calculated for 

C101H994O46N3Na 2170.994; Found 2170.990 

 

Synthesis of G1 (23) 

To a mixture of G1 dendron (18) (3.61 g, 0.0070 mol) and tripropargyl-

pentaerythritol (6) (0.486 g, 0.0019 mol) in THF (30 mL) was added sodium ascorbate 

(0.225 g, 0.00114 mol). After stirring for 5 minutes a solution of aqueous copper sulfate 

(142 mg, 0.00057 mol in 3 mL of water) was added to the stirring mixture. The reaction 

was warmed at 40oC and stirred overnight under argon. Once the reaction was completed 

the organic solvent was removed in vacuo. The mixture was dissolved in DCM and 

extracted with water (x3), EDTA solution (x3) and brine (x1). The organic phase was dried 

with Na2SO4 and the product concentrated. The residue was purified by column 

chromatography (100% EtOAc to 5% MeOH in DCM) to give a sticky white foam (23) 

(2.830 g, 0.00158 mol, 83% yield). 1H-NMR (500MHz, CDCl3): δ = 1.23 (s, ‐O‐C‐CH3, 

18H), 1.26 (s, ‐CO‐C‐CH3, 9H), 1.32 (s, ‐CO‐C‐CH3, 18H), 1.40 (s, ‐O‐C‐CH3, 18H), 3.51 

(t, N‐CH2‐CH2‐, 6H), 3.60 (d, ‐O‐CH2‐C‐CO‐, 12H), 4.12 (d, ‐O‐CH2‐C‐CO‐, HO-CH2-C-

, 14H), 4.30 (dd, -O‐CH2‐C‐CO-, 12H), 4.59 (m, ‐N‐CH2-CH2-CO-,-O-CH2-C-CH-N-, -O-

CH2-C- 18H), 7.73 (s, 3H, -O-CH2-C-CH-N-) ppm. 13C-NMR (125MHz, CDCl3): δ = 17.6, 

18.4, 21.5, 25.8, 42.1, 46.8, 48.8, 63.2, 64.8, 65.1, 65.9, 70.2, 98.1, 123.2, 145.3, 172.5, 

173.6 ppm.  HRMS (ESI) m/z: [M+Na] + Calculated for C83H129O34N9Na 1818.854; Found 

1818.853 
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Synthesis of G2 (24) 

To a mixture of G2 dendron (20) (1.437 g, 1.36 mmol) and tripropargyl-

pentaerythritol (6) (0.095 g, 0.38 mmol) in THF (10 mL) was added sodium ascorbate 

(0.045 g, 0.226 mmol). After stirring for 5 minutes a solution of aqueous copper sulfate 

(0.028 g, 0.113 mmol in 1 mL of water) was added to the stirring mixture. The reaction 

was warmed at 40oC and stirred overnight under argon. Once the reaction was completed 

the organic solvent was removed in vacuo. The mixture was dissolved in DCM and 

extracted with water (x3), EDTA solution (x3) and brine (x1). The organic phase was dried 

with Na2SO4 and the product concentrated. The residue was purified by column 

chromatography (100% EtOAc to 5% MeOH in DCM) to give a sticky white foam (24) 

(1.113 g, 0.325 mmol, 86% yield). 1H-NMR (500MHz, CDCl3): δ = 1.12 (s, ‐O‐C‐CH3, 

36H), 1.24 (s, ‐CO‐C‐CH3, 18H), 1.33 (s, ‐CO‐C‐CH3, 36H), 1.39 (s, ‐O‐C‐CH3, 36H), 

3.51 (s, N‐CH2‐CH2‐, 6H), 3.60 (d, ‐O‐CH2‐C‐CO‐, 24H), 4.12 (d, ‐O‐CH2‐C‐CO‐, HO-

CH2-C-, 24H), 4.20-4.30 (m, -O‐CH2‐C‐CO-, 36H), 4.55-4.66 (m, ‐N‐CH2-CH2-CO-,-O-

CH2-C-CH-N-, -O-CH2-C- 18H), 7.72 (s, 3H, -O-CH2-C-CH-N-) ppm. 13C-NMR 

(125MHz, CDCl3): δ = 14.2, 17.8, 18.4, 21.0, 25.2, 25.8, 42.1, 45.2, 46.8, 48.8, 53.4, 60.4, 

63.2, 66.0, 70.2, 98.1, 123.0, 145.3, 171.6, 171.9, 173.6 ppm.  HRMS (ESI) m/z: [M+Na] 

+ Calculated for C161H249O70N9Na 3451.609; Found 3451.621 

 

Synthesis of G1-pentyne (25) 

G1 (23) (500 mg, 0.28 mmol), pentynoic acid (35 mg, 0.34 mmol) and DMAP (17 

mg, 0.14 mmol) were dissolved in anhydrous DCM (10 mL), under argon atmosphere and 
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stirred for 10 minutes. Then DCC (288 mg, 1,40 mmol) and pyridine (5 mL) were added 

and the reaction was let to stir overnight at room temperature. The reaction mixture was 

diluted with DCM and extracted with water (x3), a saturated sodium carbonate solution 

(x3) and brine (x1). The organic phase was dried with sodium sulfate and filtered. The 

product was then concentrated and purified by column chromatography (100% EtOAc to 

5% MeOH in DCM) to give a sticky white foam (25) (350 mg, 0.18 mol, 64% yield). 1H-

NMR (500MHz, CDCl3): δ = 1.23 (s, ‐O‐C‐CH3, 18H), 1.26 (s, ‐CO‐C‐CH3, 9H), 1.32 (s, 

‐CO‐C‐CH3, 18H), 1.40 (s, ‐O‐C‐CH3, 18H), 2.09 (s, -O-CO-CH2-CH2-C-CH, 1H), 2.50 

(m, -O-CO-CH2-CH2-C-CH, 4H), 3.51 (t, N‐CH2‐CH2‐, 6H), 3.60 (d, ‐O‐CH2‐C‐CO‐, 

12H), 4.12 (d, ‐O‐CH2‐C‐CO‐, HO-CH2-C-, 14H), 4.30 (dd, -O‐CH2‐C‐CO-, 12H), 4.59 

(m, ‐N‐CH2-CH2-CO-,-O-CH2-C-CH-N-, -O-CH2-C- 18H), 7.73 (s, 3H, -O-CH2-C-CH-N-

) ppm. 13C-NMR (125MHz, CDCl3): δ = 14.3, 17.6, 18.4, 21.5, 25.8, 33.1, 42.1, 46.8, 48.8, 

63.2, 64.8, 65.1, 65.9, 70.2, 82.3, 98.1, 123.2, 145.3, 171.2, 172.5, 173.6 ppm.  HRMS 

(ESI) m/z: [M+Na] + Calculated for C88H133O35N9Na 1898.880; Found 1898.878 

 

 

 

Synthesis of G2-pentyne (26) 

G2 (24) (1.113 g, 0.33 mmol), pentynoic acid (40 mg, 0.40 mmol) and DMAP (25 

mg, 0.20 mmol) were dissolved in anhydrous DCM (10 mL), under argon atmosphere and 

stirred for 10 minutes. Then DCC (82 mg, 0.40 mmol) and pyridine (2 mL) were added 

and the reaction was let to stir overnight at room temperature. The reaction mixture was 

diluted with DCM and extracted with water (x3), a saturated sodium carbonate solution 
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(x3) and brine (x1). The organic phase was dried with sodium sulfate and filtered. The 

product was then concentrated and purified by column chromatography (100% EtOAc to 

5% MeOH in DCM) to give a sticky white foam (26) (700 mg, 0.20 mol, 61% yield). 1H-

NMR (500MHz, CDCl3): δ = 1.12 (s, ‐O‐C‐CH3, 36H), 1.24 (s, ‐CO‐C‐CH3, 18H), 1.33 (s, 

‐CO‐C‐CH3, 36H), 1.39 (s, ‐O‐C‐CH3, 36H), 1.98 (s, -O-CO-CH2-CH2-C-CH, 1H), 2.43-

2.48 (m, -O-CO-CH2-CH2-C-CH, 4H), 3.50 (s, N‐CH2‐CH2‐, 6H), 3.61 (d, ‐O‐CH2‐C‐CO‐

, 24H), 4.11 (d, ‐O‐CH2‐C‐CO‐, HO-CH2-C-, 24H), 4.20-4.30 (m, -O‐CH2‐C‐CO-, 36H), 

4.55-4.69 (m, ‐N‐CH2-CH2-CO-,-O-CH2-C-CH-N-, -O-CH2-C- 18H), 7.73 (s, 3H, -O-

CH2-C-CH-N-) ppm. 13C-NMR (125MHz, CDCl3): δ = 14.2, 17.8, 18.4, 21.0, 25.2, 25.8, 

33.3, 42.1, 45.2, 46.8, 48.8, 53.4, 60.4, 63.2, 66.0, 70.2, 82.6, 98.1, 123.0, 145.3, 171.6, 

171.9, 173.6 ppm.  HRMS (ESI) m/z: [M+Na] + Calculated for C166H253O71N9Na 

3531.635; Found 3531.631 

 

Synthesis of G1PEG2000 (27) 

To a mixture of G1-pentyne (25) (144 mg, 0.077 mmol) and N3PEG2000 (11) (154 

mg, 0.070 mmol) in THF (5 mL) was added sodium ascorbate (4 mg, 0.015 mmol). After 

stirring for 5 minutes a solution of aqueous copper sulfate (2 mg, 0.008 mmol in 0.5 mL of 

water) was added to the mixture. The reaction was warmed at 40oC overnight under argon 

atmosphere. Once the reaction was completed the THF was evaporated. The mixture was 

dissolved in DCM and solid ethylenediaminetetracetic acid disodium salt (Na2EDTA) was 

added stirred vigorously for 2h. The solution was dried with Na2SO4 and stir for 30 min 

before filtration of the solids. The DCM was removed under reduced pressure and diethyl 

ether was added drop wise to precipitate the product. The ether was decanted and the 
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residue re-dissolved in DCM and the precipitation procedure repeated multiple times. The 

obtained product was a yellow sticky solid (27) (80 mg, 0.019 mmol, 28% yield). 1H-NMR 

(500MHz, CDCl3): δ = 1.11 (s, ‐O‐C‐CH3, 18H), 1.25 (s, ‐CO‐C‐CH3, 9H), 1.33 (s, ‐CO‐

C‐CH3, 18H), 1.41 (s, ‐O‐C‐CH3, 18H), 2.78 (d, -O-CO-CH2-CH2-C-N, 2H), 3.03 (d, -O-

CO-CH2-CH2-C-N, 2H), 3.40 (s, -O-CH3, 3H), 3.51 (t, N‐CH2‐CH2‐, 6H), 3.60-3.75 (m, ‐

O‐CH2‐C‐CO‐, -O-CH2-CH2-O-, 200H), 4.12 (d, ‐O‐CH2‐C‐CO‐, HO-CH2-C-, 14H), 4.28 

(dd, -O‐CH2‐C‐CO-, 12H), 4.55 (m, ‐N‐CH2-CH2-CO-,-O-CH2-C-CH-N-, -O-CH2-C- 

18H), 7.53 (s, 1H, -CH2-CH2-C-CH-N-), 7.73 (s, 3H, -O-CH2-C-CH-N-) ppm. 13C-NMR 

(125MHz, CDCl3): δ = 17.6, 18.5, 21.5, 25.6, 34.6, 42.1, 46.9, 48.9, 59.0, 63.1, 64.5, 65.2, 

70.4, 71.7, 90.0, 98.1, 109.5, 122.4, 134.6, 163.1, 172.0, 173.6 ppm. GPC: Mn=4391 g/mol. 

Mw/Mn=1.12 MS (MALDI-TOF) m/z: [M+Na] + Calculated for C191H340O86N12Na 

4201.250; Found 4202.986 

 

Synthesis of G2PEG2000 (28) 

To a mixture of G2-pentyne (26) (350 mg, 0.10 mmol) and N3PEG2000 (11) (200 

mg, 0.09 mmol) in THF (5 mL) was added sodium ascorbate (5 mg, 0.02 mmol). After 

stirring for 5 minutes a solution of aqueous copper sulfate (3 mg, 0.01 mmol in 0.5 mL of 

water) was added to the mixture. The reaction was warmed at 40oC overnight under argon 

atmosphere. Once the reaction was completed the THF was evaporated. The mixture was 

dissolved in DCM and solid ethylenediaminetetracetic acid disodium salt (Na2EDTA) was 

added stirred vigorously for 2h. The solution was dried with Na2SO4 and stir for 30 min 

before filtration of the solids. The DCM was removed under reduced pressure and diethyl 

ether was added drop wise to precipitate the product. The ether was decanted and the 
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residue re-dissolved in DCM and the precipitation procedure repeated multiple times. The 

obtained product was a yellow sticky solid (28) (120 mg, 0.021 mmol, 23% yield). 1H-

NMR (500MHz, CDCl3): δ = 1.12 (s, ‐O‐C‐CH3, 36H), 1.22 (s, ‐CO‐C‐CH3, 18H), 1.33 (s, 

‐CO‐C‐CH3, 36H), 1.40 (s, ‐O‐C‐CH3, 36H), 2.68 (t, -O-CO-CH2-CH2-C-N, 2H), 2.95 (t, 

-O-CO-CH2-CH2-C-N, 2H), 3.44 (s, -O-CH3, 3H), 3.48 (s, N‐CH2‐CH2‐, 6H), 3.55-3.75 

(m, ‐O‐CH2‐C‐CO‐, -O-CH2-CH2-O-, 205H), 4.11 (d, ‐O‐CH2‐C‐CO‐, HO-CH2-C-, 24H), 

4.20-4.30 (m, -O‐CH2‐C‐CO-, 36H), 4.49-4.68 (m, ‐N‐CH2-CH2-CO-,-O-CH2-C-CH-N-, -

O-CH2-C- 18H), 7.52 (s, 1H, -CH2-CH2-C-CH-N-), 7.75 (s, 3H, -O-CH2-C-CH-N-) ppm. 

13C-NMR (125MHz, CDCl3): δ = 17.1, 17.5, 17.9, 18.5, 25.4, 30.9, 42.1, 46.9, 48.6, 48.8, 

53.4, 59.0, 64.9, 70.4, 86.4, 98.1, 128.7, 171.9, 173.6 ppm. GPC: Mn=24773 g/mol. 

Mw/Mn=1.12 HRMS (MALDI-TOF) m/z: [M+H] + Calculated for C225H433O115N12 

5503.840; Found 5502.738 

 

Synthesis of G2PEG6000 (29) 

To a mixture of G2-pentyne (26) (350 mg, 0.10 mmol) and N3PEG6000 (12) (539 

mg, 0.07 mmol) in THF (3 mL) was added sodium ascorbate (4 mg, 0.02 mmol). After 

stirring for 5 minutes a solution of aqueous copper sulfate (3 mg, 0.01 mmol in 0.3 mL of 

water) was added to the mixture. The reaction was warmed at 40oC overnight under argon 

atmosphere. Once the reaction was completed the THF was evaporated. The mixture was 

dissolved in DCM and solid ethylenediaminetetracetic acid disodium salt (Na2EDTA) was 

added stirred vigorously for 2h. The solution was dried with Na2SO4 and stir for 30 min 

before filtration of the solids. The DCM was removed under reduced pressure and diethyl 

ether was added drop wise to precipitate the product. The ether was decanted and the 



64 
 

residue re-dissolved in DCM and the precipitation procedure repeated multiple times. The 

obtained product was a yellow solid (29) (724 mg, 0.067 mmol, 95% yield). 1H-NMR 

(500MHz, CDCl3): δ = 1.12 (s, ‐O‐C‐CH3, 36H), 1.22 (s, ‐CO‐C‐CH3, 18H), 1.33 (s, ‐CO‐

C‐CH3, 36H), 1.40 (s, ‐O‐C‐CH3, 36H), 2.68 (t, -O-CO-CH2-CH2-C-N, 2H), 2.95 (t, -O-

CO-CH2-CH2-C-N, 2H), 3.44 (s, -O-CH3, 3H), 3.48 (s, N‐CH2‐CH2‐, 6H), 3.55-3.75 (m, ‐

O‐CH2‐C‐CO‐, -O-CH2-CH2-O-, 580H), 4.11 (d, ‐O‐CH2‐C‐CO‐, HO-CH2-C-, 24H), 4.20-

4.30 (m, -O‐CH2‐C‐CO-, 36H), 4.49-4.68 (m, ‐N‐CH2-CH2-CO-,-O-CH2-C-CH-N-, -O-

CH2-C- 18H), 7.52 (s, 1H, -CH2-CH2-C-CH-N-), 7.75 (s, 3H, -O-CH2-C-CH-N-) ppm. 13C-

NMR (125MHz, CDCl3): δ = 15.3, 17.5, 17.9, 18.5, 20.7, 25.2, 25.8, 37.8, 42.1, 46.9, 48.6, 

48.8, 53.4, 63.2, 64.9, 65.7, 68.9, 70.2, 70.4, 82.6, 98.1, 123.2, 145.3, 170.1, 171.9, 173.5 

ppm. GPC: Mn=16291 g/mol. Mw/Mn=1.14 HRMS (MALDI-TOF) m/z: [M+H] + 

Calculated for C481H885O228N12 10478.803; Found 10476.345 

Attempted synthesis of G3 (30) 

To a mixture of G3 dendron (22) (300 mg, 0.140 mmol) and tripropargyl-

pentaerythritol (6) (10 mg, 0.04 mmol) in THF (5 mL) was added sodium ascorbate (6 mg, 

0.03 mmol). After stirring for 5 minutes a solution of aqueous copper sulfate (4 mg, 0.015 

mmol in 0.2 mL of water) was added to the stirring mixture. The reaction was warmed at 

40oC and stirred for 72 h under argon. A sticky brown precipitate was forming in the round 

bottom flask. The reaction was stopped and the THF evaporated. The precipitate was 

triturate with water, EDTA solution and EtOAc. The product obtained was a brown solid. 
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Chapter 3: Self-Assembly, pH Responsiveness and 

Drug Delivery using Linear Dendritic Block 

Copolymers 

3.1 - Introduction 

The self-assembly of amphiphilic block copolymers has been extensively 

investigated, and constitutes an interesting area for applications in a diverse range of topics 

including catalysis,1 drug delivery.2 etc. Due to a wide variety of polymers available, 

polymeric micelles can be easily tailored for the intended application.3 Amphiphilic linear 

dendritic block copolymers (LDBC) are composed of a linear polymer and a dendron, 

which offer a new platform to fine tune the introduction of desired entities in the formed 

supramolecular structures (Figure 3.1). The multiple surface groups of a dendron are 

suitable for functionalization and thus increase the potential applications of self-assembled 

structures.4 For drug delivery applications, LDBC allow controlled incorporation of drug 

or stimuli sensitive group at the surface the dendron, in comparison to linear polymers 

which rely on statistical distribution.5 Furthermore, self-assembled LDBC show lower 

critical micelle concentration (CMC), which has been associated with longer circulating 

time and better colloidal stability, and increase drug loading, compared to the linear block 

copolymers, which make them especially valuable for biological applications.6 The lower 

CMC of linear dendritic block copolymers has been explained, through Brownian dynamic 

simulations, by Cao and co-workers as being inversely proportional to the branching 

parameter of the hydrophobic core.7 In theory, the more branched the dendron of the LDBC 
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is, the lower its CMC. These improved properties make self-assembly of LDBCs an 

interesting area of research with a lot of potential.  

               A     B 

 

 

 

 

Figure 3.1 – Self-Assembly of linear dendritic block copolymers into a micelle 

(A) and a vesicle (B). 

The first LDBC reported by Fréchet and Gitsov in 1992, was composed of 

polybenzylether dendron and PEG, and it was self-assembled in methanol and studied by 

1H-NMR spectroscopy.8 From the molecular dynamics of the PEG chain, the broadness of 

the signal was interpreted as an evidence of limited flexibility, it was deducted that micelles 

were formed from this LDBC. Now, DLS and TEM are standard tools to study self-

assembled micelles.9 In general spherical micelles between 20 and 100 nm with high 

polydispersity index (0.2-0.4) are obtained from LDBC self-assembly,10-12 however two 

examples stand out from the literature for their unexpected nanostructures. In 1995, Meijer 

studied self-assembly of LDBC based on polystyrene chain and poly(propylene imine) 

dendron.13 The dendritic generation was increased while keeping the polystyrene chain of 

the same length. The results gave a very strong generation dependant self-assembly with 

nanostructure showing vesicles (G2), rod-like micelle (G3) and spherical micelles (G4). 

More recently del Barrio et al.., reported the self-assembly of LDBC made of PEG and bis-

MPA dendron functionalized with cyanoazobenzene.14 These self-assembled LDBC gave 
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polymersomes (or dendrimersomes in this case), sheet like structure, and tubular micelles 

(Figure 3.2). This wide range of structures followed Israelachvili theory, and were affected 

by the ratio of hydrophobic to hydrophilic, with an increasing hydrophobic fraction 

yielding structures ranging from tubular micelles to sheet like micelles to polymeric 

vesicles.15 

 

Figure 3.2 – Schematic representation of the chain structures and the linear 

dendritic block copolymer self-assemblies. Reprinted with permission from 

reference [14]. Copyright 2010 American Chemical Society. 

Self-assembled materials that respond to certain stimuli are of great interest,16 

particularly for drug delivery systems as they allow to control delivery of drug both 

spatially and temporally.17 The most commonly explored stimuli are light18, heat19 and 

pH20. Light responsive LDBC are usually prepared by decorating the surface of the dendron 

with a light sensitive group.21 Azo-benzene is commonly used for this purpose,22 but Dong 
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and co-workers reported the use of diazonaphtoquilone (DNQ) on the surface. DNQ is a 

hydrophobic moiety which undergoes light induced Wolff rearrangement23 under UV or 

NIR irradiation and becomes hydrophilic. This drastic change in polarity has been used to 

its advantage to change the polarity on the surface of the PAMAM dendron (Figure 3.3). 

When the micellar solution was irradiated, micelles were disrupted due to LDBC dissolving 

in water and thus released its content, in this case doxorubicin. The in vitro studies showed 

an NIR-triggered cytotoxicity proving the efficiency of this type of stimuli responsive drug 

delivery system.24  

 

Figure 3.3 – DNQ functionalized LDBC Self-Assembly and their use as drug 

delivery system. Reprinted with permission from reference [24]. Copyright 2014 

Royal Society of Chemistry. 

 

In thermoresponsive LDBCs the linear part can be functionalized to respond to 

temperature change. Liu et al. reported the synthesis of a LDBC containing poly(N-
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isopropylacrylamide) (PNIPAM), a polymer which solubility in water drops above 32oC, 

and poly(benzylether) dendron.25 It was then self-assembled into micelles at 20oC and the 

micellar solution was heated, resulting in micelles collapsing and aggregating.  

pH responsive LDBCs have been reported by Fréchet and co-workers using PEG 

and poly(L-lysine) dendron bearing a pH sensitive trimethoxybenzaldehyde acetal groups 

at its surface.11 LDBCs were self-assembled into micelles and diluted in a pH 5 buffer. The 

effect was monitored only by DLS and showed a decrease in the size followed by 

disappearance of the micelles, after a few hours. The kinetic study showed that the contents 

of the micelle were released faster at acidic pH. 

The potential of such stimuli responsive systems in drug delivery is tremendous.26 

Chen and co-workers reported the self-assembly of pH responsive PEG-PAMAM LDBC 

and its in vitro effect as a drug delivery system.27 The surface of the dendron was 

functionalized with doxorubicin via pH sensitive hydrazone bond, while the micelle was 

loaded with another anticancer drug, camptothecin. The drug loading inside the micelle 

was high due to both conjugation and encapsulation, and the combination effect of these 

two drugs showed increase in apoptosis of cancer cells compared to unloaded micelles. 

We have examined the self-assembly behavior of LDBC synthesized in Chapter 2. 

Micellar structures are the most reported type of self-assembly for LDBC, and we expected 

the same type of behavior in our systems.10 The pH responsiveness of the micellar LDBC 

was monitored by TEM, which is a very useful technique to visualize this behavior. Finally, 

the potential of the self-assembled LDBC for drug delivery was explored by encapsulating 

acetazolamide (ATZ), which is a carbonic anhydrase inhibitor with potential in cancer 
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therapy,28 and treating tumor cell spheroids with the loaded micelles. The in vitro results 

show the great potential of the self-assembled LDBC as a drug delivery system. 

3.2 - Results and discussion 

3.2.1 - Structural characteristic 

The LDBC employed in this study are amphiphilic in nature as shown in Scheme 

3.1, representing G1PEG2000 with the fully extended PEG chain. The asymmetric aspect 

of this amphiphilic macromolecule can be clearly visualized. The hydrophobic part is short 

and condensed. On the other hand, the hydrophilic part is long and linear. 

 

 

Scheme 3.1 - Extended structure of G1PEG2000. 
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For the linear diblock copolymers, the hydrophobic to hydrophilic fraction ratio can 

be used to predict the type of self-assembled structure that will be obtained, using the 

Israelachvili theory.15 For example in linear block copolymers, micelles are obtained with 

a hydrophobic/hydrophilic ratio of 15/85 to 30/70. The self-assembly is affected by other 

factors including the packing parameters, but the ratio gives a general idea of the possible 

outcome.29 On the other hand, in LDBC self-assembly, the asymmetric structure and the 

compact dendritic part, in comparison to symmetric long linear chains, affect the outcome. 

Table 3.1 recapitulates all the structural information of the prepared LDBCs and shows the 

wide range of hydrophobic/hydrophilic ratios explored. 

Table 3.1 - MW distribution in LDBC 

LDBC Total MW Hydrophobic MW Hydrophilic MW Hydrophobic / 

Hydrophilic 

G1PEG2000 4077 1877 2200 46/54 

G2PEG2000 5730 3510 2200 60/40 

G2PEG6000 10010 3510 6500 36/64 

 

3.2.2 - Self-Assembly 

The self-assembly studies were performed using co-solvent evaporation method, 

which is widely used to self-assemble amphiphilic block copolymers.30 First the LDBCs 

(0.15 – 1.5 mg) were dissolved in acetone (1.0 mL) a good solvent for both the hydrophobic 

and hydrophilic part. The solution was then added dropwise to stirring deionized water (1.5 

mL), a selective solvent for the hydrophilic chain. Acetone was left to evaporate overnight 

and samples were then analysed by dynamic light scattering (DLS) to determine the 

hydrodynamic diameter (Rh) of the formed nanoparticles (Table 3.2). It is important to 



75 
 

note that the self-assembly behavior of G1PEG2000 and G2PEG6000 LDBCs was studied 

at 1.0 mg/mL. However, at this concentration, G2PEG2000 formed a cloudy solution and 

the concentration was subsequently reduced to 0.1 mg/mL for this LDBC. When a similar 

concentration was used for G1PEG2000 and G2PEG6000, no significant difference 

between 0.1 and 1.0 mg/mL was observed in the DLS results. 

 

Table 3.2 - DLS data for self-assembled LDBC 

LDBC Hydrodynamic Radius (Rh) ± SD Polydispersity Index (PDI) ± SD 

G1PEG2000 173.51 ± 0.24 0.091 ± 0.009 

G2PEG2000 163.12 ± 1.05 0.049 ± 0.006 

G2PEG6000 322.87 ± 2.44 0.177 ± 0.008 

 

DLS analysis showed the presence of monodisperse nanoparticles, with PDI below 

0.1, for G1PEG2000 and G2PEG2000 and large hydrodynamic diameter in comparison to 

other self-assembled LDBC.11 The size as well as the polydispersity for G2PEG6000 were 

higher, and this behavior could be explained using the transmission electron microscopic 

(TEM) images. LDBCs are organic molecules and TEM imaging of this type of systems 

can be problematic since the electron density in these materials is low. One way to increase 

the electron density is by staining the organic sample with heavier atoms. The most 

commonly used staining agent is uranyl acetate (UAc2)
31 and we used it to stain the self-

assembled LDBCs, however the results obtained showed a tubular network (Figure 3.4). 

This tubular network was in direct contradiction with the DLS data, which indicates 

discrete monodisperse nanostructures. 
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Figure 3.4 - TEM image of G1PEG2000 with UAc2 stain. 

The problem originated from the pH of the UAc2 solution used. In fact, the staining 

solution pH was about 4.5, and at this pH the acetonide groups are deprotected which lead 

to the formation of a crystalline structure. Since uranyl acetate precipitates when its pH is 

neutralized, a less acidic staining solution was prepared based on phosphotungstic acid 

(H3PW12O40). Its pH was carefully adjusted to 6.5 using sodium hydroxide solution. If the 

pH is higher than 7, the staining agent starts degrading. With the suitable staining agent, 

good TEM images of the self-assembled LDBCs were obtained (Figure 3.5 & 3.6). 
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 A         B 

 

 

 

 

 

 

Figure 3.5 - TEM images of G1PEG2000 micelles (A) and G2PEG2000 micelles (B). 

 

As we can see from the TEM images, micelles are formed for both G1PEG2000 

and G2PEG2000, the sizes of which were about 100 nm, which are consistent with the DLS 

data. The lower micellar size in TEM, in comparison to the DLS, a solution measurement, 

maybe due to shrinking of the sample during drying on the TEM grid. It should be noted 

that the micelles were monodisperse and non-aggregated.  

For G2PEG6000 a different type of self-assembled structure was obtained, and 

although the rod-like structure was unexpected, it is in agreement with the DLS data. The 

high polydispersity index observed was due to the rode-like shape of the self-assembled 

system. DLS measured the diameter for both the width and the length of the rod like 

micelles, increasing the PDI. The longer PEG chain of G2PEG6000 compared to 

G2PEG2000 seems to affects the self-assembly dramatically. 
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Figure 3.6 – TEM image of rod-like micelles from G2PEG6000. 

 

3.2.3 - pH study and CMC determination 

Since, it has been shown that smaller micelles exhibit better delivery efficacy,32 

G1PEG2000, which had the smallest particle size, was further studied as a drug delivery 

system. However, before the biological studies the pH responsiveness of the self-assembled 

G1PEG2000 micelles was tested to ensure the efficiency of the drug delivery system. The 

acetonide groups on the surface of the dendron make the surface hydrophobic and are pH 

sensitive. At pH 5, they should start to deprotect and expose the diols. This change on the 

surface of the dendron is expected to affect the self-assembled micelle. The pH effect was 

studied using two different methods: DLS and TEM. Aliquots of micellar solutions were 

diluted in pH 5 and pH 4 buffer solution and the DLS recorded over time (Figure 3.7). 
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As we can see in Figure 3.7, when subjected to acidic solution the hydrodynamic 

radius of the micelle started to increase. The polydispersity also increased from 0.1 to 0.14 

over 300 minutes in both cases. Since polydispersity did not increase as drastically as the 

hydrodynamic diameter, it is proposed that the micelles swell as the acetonide group are 

deprotected. The increase in diameter of the micelle was not very high at pH 5 but was still 

significant, while at pH 4 the micellar size increased by 100 nm over a period of just 3 

hours. Finally, the DLS measurement after 24h and one week, at these pH, were also 

recorded and the results are summarized in Table 3.3. We can see that after 24h the 

difference between pH 4 and 5 was not large, likely due to the deprotection of all acetonide 

groups. After 1 week, large aggregates were found at both pH. 
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Table 3.3 - pH effect on the hydrodynamic radius (Rh) and polydispersity (PDI) 

pH t=0 t=5h t=24h t=1 week 

4 Rh=172 ± 0.75 

PDI=0.102 ± 0.006 

Rh=282 ± 2.3 

PDI=0.163 ± 

Rh=352 ± 2.2 

PDI=0.16 ± 0.039 

Rh=642 ± 48 

PDI=0.243 ± 0.044 

5 Rh=172 ± 0.75 

PDI=0.102 ± 0.006 

Rh=210 ± 0.79 

PDI=0.028 ± 0.017 

Rh=345 ± 0.214 

PDI=0.195 ± 0.034 

Rh=479 ± 16.19 

PDI=0.243 ± 0.024 

 

 

 A         B 

 

 

 

  

 

 C         D 

 

 

 

 

 

 

Figure 3.8 – TEM image of G1PEG2000 micelles at pH 4 for 1h (A), 2h (B), 4h (C), 

24h (D). 
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The TEM study suggested swelling of the micelles at acidic pH (Figure 3.8). After 

1 hour treatment, micelles were approximately 150-200 nm, which is double the size of the 

starting micelles. After 2 hours, even bigger micelles can be seen and some of them start 

to aggregate. It should also be noted that micelles experienced a significant change in 

shape, shifting from circular to ellipsoidal nanostructure (Figure 3.8 B). The 4 hours image 

(Figure 3.8 C) shows that larger aggregates are formed, with a diameter of about 220-250 

nm which is in good agreement with the DLS data. Finally, the last figure, after 24 hours 

exposure to acidic pH, shows a crystalline structure. It seems to be composed of a thick 

main fiber on which crystals are growing. This crystalline structure suggests that the 

deprotection of the diols leads to higher ordering of the nanostructure. 

We subsequently attempted to determine the critical micellar concentration (CMC), 

also known as critical aggregation concentration (CAC) of self-assembled G1PEG2000. 

The CMC in LDBC micelles is usually lower than linear block copolymer micelles33, 

which is an advantage for drug delivery applications, since low CMC is synonym for better 

stability with the system and thus longer circulating time34. The CMC determination is 

commonly done by introducing a pyrene molecule inside micelles and measuring the 

fluorescence.33 Pyrene is a fluorescent molecule which has different emission and 

excitation spectra depending on its environment. When switching from a polar 

environment, such as water, to a less polar one, for example the interior of a micelle, a 

significant shift occurs in its spectra. To introduce the molecular probe inside the micelle, 

aliquots of different micelle concentration (from 0.01 mg/L to 200 mg/L) were stirred 

overnight in a solution of pyrene in water (16 µM). The excitation spectra was then 

measured for an emission at 390 nm, and the ratio of intensity at 331 to 334 nm was 
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calculated.35 Unfortunately, no change were observed in the spectra over the whole range 

of micellar concentration. To ensure the presence of micelles in the tested solutions, DLS 

experiments were performed. DLS was able to detect micelles for 200 µg/mL although 

there was no change in the fluorescence spectra which ruled out the possibility of a high 

CMC. Two other options might explain the lack of change in the emission spectra. First, 

the pyrene is unable to access the micelle core once they are self-assembled which can be 

explained by highly packed micelles. Second possibility, is that the micellar core 

environment is not favorable for pyrene to be introduced inside. The answer is probably a 

bit of both. The entropy of pyrene inside the micelle is likely lower than in aqueous solution 

due to packing and the possible enthalpy gain for interacting with a more hydrophobic 

environment does not overcome the entropic loss of entering the micelle. This could be 

explained by comparing the pyrene structure to the surface group (scheme 3.2), the pyrene 

is a fully aromatic molecule while the surface of the dendron (the micellar core) is made of 

esters and aliphatic groups. The difference between the two systems might explain that 

pyrene does not enter the micelles.  

Scheme 3.2 - Comparison of dendritic molecular structure to pyrene and nile red. 

Fortunately, other molecules can be used to determine the CMC. Nile red11, 

benzoylacetone36 and 1-(2-pyridylazo)-2-naphtol37 are some of them. These molecules 
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were not tested due to lack of time, but are likely to work better as they are more polar than 

pyrene and should have better interaction with the micelle core. 

 

3.2.4 - Biological Study 

The potential of G1PEG2000 micelles as a drug delivery system was subsequently 

investigated. Acetazolamide (ATZ) (Scheme 3.3), a carbonic anhydrase inhibitor with 

potential in cancer treatment, was encapsulated inside the micelle and its efficacy tested in 

vitro. The encapsulation of ATZ was carried out by diluting the drug with acetone solution 

of LDBC and following the same procedure as for blank micelle preparation. Various 

amounts of ATZ were diluted in an acetone solution, and after self-assembly the solution 

was filtered to remove unencapsulated drug. DLS studies showed no significant difference 

in the size and PDI of the micelle.  Aliquots of loaded micellar solution were diluted in 

methanol and HPLC was run to determine the amount of drug in each sample. The 

concentration was then plotted against standard solution of drug, measured prior to running 

samples. The encapsulation efficiency and the loading capacity of the micelle were 

calculated from the HPLC data and equation 1 and 2. The data are summarized in table 3.4 

and show the high loading capacity of our system. 

𝐸𝑛𝑐𝑎𝑝𝑠𝑢𝑙𝑎𝑡𝑖𝑜𝑛 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 % =
𝑊𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝐴𝑇𝑍 𝑖𝑛 𝑚𝑖𝑐𝑒𝑙𝑙𝑒

𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝐴𝑇𝑍
 (1) 

𝐿𝑜𝑎𝑑𝑖𝑛𝑔 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦 % =
𝑊𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝐴𝑇𝑍 𝑖𝑛 𝑚𝑖𝑐𝑒𝑙𝑙𝑒

𝑇𝑜𝑡𝑎𝑙 𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑚𝑖𝑐𝑒𝑙𝑙𝑒𝑠
 (2) 
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Table 3.4 - Drug loading and encapsulation 

Drug/Polymer Ratio Encapsulation Efficiency Loading Capacity 

30% 72% 25% 

50% 71% 35% 

100% 88% 57% 

 

 

 

 

Scheme 3.3 - Acetazolamide molecular structure. 

 

Biological studies were performed using U251N tumor cell spheroids which were 

treated with ATZ loaded micelle, and the results were compared with ATZ alone treatment 

at the same concentration, over a period of one day. 
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Figure 3.9 – Spheroids imaging after one day treatment. 

 

Figure 3.10 – Cell death after one day treatment. 

Figure 3.9 shows the spheroid after one day treatment. Hoechst 33258 is a 

fluorescent dye that stains the nucleii of all cells, while propidium iodide (PI) on the other 

hand only stains nucleii from dead cell. The fluorescence can then be used to quantify and 
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the ratio of fluorescence of PI to Hoechst calculated, to give the cell viability (Figure 3.10). 

As we can see from Figures 3.9 and 3.10, ATZ loaded micelles are significantly more 

effective at killing tumor cells than ATZ alone for the same concentration. Furthermore, 

ATZ alone at the used concentration is ineffective which clearly demonstrates the 

efficiency of the drug delivery system. It is important to note that empty micelle does not 

have any significant effect by itself which proves the non-toxicity of the drug delivery 

system developed. This study shows that after only one day treatment with ATZ loaded 

micelle the cell viability is drastically reduced. 

 

3.3 - Conclusions 

 Self-assembly of linear dendritic block copolymers of various ratios was studied 

using a co-solvent evaporation method. Spherical micelles were obtained from 

G1PEG2000 and G2PEG2000 while rod-like structures from G2PEG6000. The self-

assembly of G1PEG2000 micelle was further explored in response to change in pH. TEM 

monitoring of the pH stimuli brought a new insight in the micellar behaviour and revealed 

swelling and shape-shifting of the micelle followed by aggregation of the nanostructure. 

This behavior expands our understanding of such LDBC in terms of their response to 

external stimulus. Finally, the biological studies on cancer cell spheroids revealed the great 

potential of the developed LDBC drug delivery. 
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3.4 - Experimental 

Preparation of micelles 

The self-assembly studies of LDBC were carried out using a co-solvent evaporation 

method. In a typical procedure, specific amount (0.15-1.5 mg/mL) of LDBC was dissolved 

in 1 mL of acetone. The acetone solution was added dropwise (1 drop / 10 seconds) to 

stirring deionized water (1.5 mL). The mixture was stirred in the dark overnight to remove 

acetone and trigger micelle formation. The aqueous solution was filtered through a 0.45 

μm Sterlitech PVDF filter to remove any dust.  

 

Dynamic Light Scattering (DLS) 

Dynamic light scattering (DLS) measurements were performed on a NanoBrook 

90Plus Particle Size Analyzer equipped with an Brookhaven’s TurboCorr correlator (ALV 

GmbH), a 35mW red diode laser (λ = 640 nm). The scattered light was measured at an 

angle of 90°, and at a temperature of 25oC. A cumulant analysis was applied to obtain the 

diffusion coefficient (D) of micelle in solution. The hydrodynamic radius (RH) of micelles 

were obtained using the Stokes-Einstein equation. The constrained regularized CONTIN 

method was used to obtain the particle size distribution. Samples were filtered through a 

0.45 µm Sterlitech PVDF membrane prior to measurements. The data presented are the 

mean of three measurements ± S.D. 
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TEM sample preparation 

The carbon-coated 400 square-mesh copper grids (CF400-Cu) were negatively 

charged prior to addition of a drop (7 µL) of the micellar solution (0.1 mg/mL) sample, and 

left on it for 30 seconds. A drop (7 µL) of the staining solution was deposited on the grid 

and left on the grid for 1 minute. The sample was allowed to dry overnight at room 

temperature. 

TEM 

Transmission electron microscopy (TEM) was used to capture images of the 

micelles using a Tecnai T12 electron microscope equipped with an AMT XR 80C CCD 

camera at an acceleration voltage of 120 kV. 

pH studies 

The buffer solution was prepared from acetic acid and sodium acetate solution. An 

aliquot of the micellar solution (0.3 mL) was added to the buffer solution (1.7 mL), and the 

pH verified. DLS and TEM sample preparation were performed at the various reported 

time. 

Critical Micelle Concentration (CMC) determination 

Given volumes of pyrene stock solution in acetone (180 μM) were added to a series 

of 4 mL vials and the acetone was allowed to evaporate overnight in the dark. Blank LDBC 

micelles were prepared following the general procedure described above. Specified 

volumes of the micellar solutions were added to the vials having pyrene so that micelle 

concentration varied from 0.01 to 200 μg/mL while pyrene concentration was kept constant 

at 6 μM. The mixture was stirred overnight in the dark. Pyrene fluorescence excitation 

spectra were recorded from 360 to 410 nm following at emission of 390 nm. The ratios of 
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the first/third pyrene vibronic peaks (I1/I3) were plotted versus polymer concentration. 

Steady-state fluorescence spectra were recorded using a Varian Cary Eclipse fluorescence 

spectrophotometer. 

Drug loading 

Various amounts of drug were loaded inside the micelle. It was done by diluting 

different amounts of ATZ with the LDBC acetone solution and following the procedure 

for blank micelle preparation. The ATZ concentration was determined by HPLC analysis 

of acetazolamide (ATZ). It was performed on an Agilent Technologies HP 1260 infinity 

chromatography system equipped with a quaternary pump, a UV-visible diode array 

detector, a column thermostat and a HP Vectra computer equipped with the HP-

Chemstation software. The assay was carried out at 25 ºC using a 250x4.6 mm column 

filled with 2.7 µm-reversed phase EC-C18 Agilent eluted at a flow rate of 1.0 mL/min with 

100% methanol. The injection volume was 10 µL and the run time was 5.0 min. ATZ, 

monitored by its absorbance at 237 nm, had a retention time of about 0.23 min. A 

calibration curve (r2 ≥ 0.999) of acetazolamide was prepared using standard solutions 

ranging in concentration from 10 to 50 µg/mL prepared immediately prior to the assay. To 

assay ATZ content of different LDBC micelles, a given volume of the micellar solution 

was dissolved in methanol to reach micellar concentration of 0.1 mg/mL. A given weight 

of the polymer alone was suspended in the same solvent mixture (0.1 mg/mL), filtered and 

used as a control. ATZ encapsulation efficiency and loading efficiency were calculated 

equations 1 and 2.  
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Biological Studies 

  Morphological changes in U251N spheroids upon treatment with ATZ micelles (1 

day). U251N spheroids (5K) were developed in a 96-well plate coated with 2% agarose 

(Invitrogen) in serum-deprived DMEM solution. Spheroids were seeded and maintained in 

filtered (0.22 μm) complete DMEM medium for four days followed by drug treatments 

with the empty micelles, ATZ (100uM), ATZ micelles (100uM). PI and Hoechst 33342 

fluorescent dyes were added 4h prior to measurements. Following treatment, individual 

spheroids were imaged using a fluorescent microscope. Significant cell death caused by 

ATZ-micelles. Following treatments, PI and Hoechst 33342 fluorescent dyes were added 

4h prior to measurements. Spheroids were then carefully transferred onto a microscope 

slide using a pipette, and flattened under a coverslip. Imaging after flattening of the 

spheroids was conducted using fluorescence microscope, and fluorescence intensity was 

quantified using ImageJ software. The ordinate shows the relative PI to Hoechst-33342 

fluorescent intensity. The abscissa shows the concentration of the drugs as indicated. 

Average values and S.E.M.s are reported for three measurements which were repeated in 

at least two independent experiments. Statistically significant differences from control 

were calculated using a t-test and are indicated by * (p<0.05). 
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Chapter 4: Conclusions 

4.1 - Summary and conclusions 

Linear dendritic block copolymers (LDBC) are a novel class of macromolecules 

with potential for numerous applications. As in linear diblock copolymers, amphiphilic 

LDBC provide opportunities to self-assemble into a variety of nanostructures. The 

dendritic components can impart enhanced stability to the self-assembled structures and 

allow better loading of drug molecules inside the self-assembled architecture, compared to 

linear diblock copolymers, which is an added advantage for drug delivery.  

A series of LDBC containing bis-MPA dendron and PEG chain were prepared in 

this study. To further enhance controlled delivery of drug molecules, the surface of the 

dendrons was functionalized with pH sensitive acetonide groups. The divergent synthesis 

of bis-MPA dendrons was achieved using highly efficient chemistry and led to the 

development of generations 1 to 3. The generations 1 and 2 dendrons were successfully 

coupled to the pentaerythritol core via Cu(I) alkyne azide cycloaddition. The LDBCs were 

prepared by the coupling method between the dendrons and two different PEG chains.  The 

new macromolecules were fully characterized with 1H- 13C-NMR spectroscopy, MS, and 

GPC. 

Self-assembly of LDBC was studied using co-solvent evaporation method, and the 

resulting structures were analysed by DLS and TEM. Monodisperse spherical micelles of 

approximately 150-200 nm were obtained from G1PEG2000 and G2PEG2000 and larger 

rod-like structures from G2PEG6000. The pH responsiveness of the self-assembled LDBC 
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was examined using DLS and TEM technique, and showed swelling and aggregation of 

G1PEG2000 micelles. The unusual response was monitored by TEM, which has allowed 

to image the shape-shifting effect of pH, giving a better insight in the pH response of this 

type of micelles. 

Drug delivery capabilities of these self-assembled structures from LDBC was 

examined by loading acetazolamide into micelles and studying its efficacy in vitro. The 

blank micelles did not show any cytotoxicity, but for similar concentration, the loaded drug 

delivery system showed more toxicity towards cancer cells than ATZ alone. It is the first 

time ATZ was encapsulated inside micellar LDBC and tested for drug delivery, and this 

work shows the great potential micellar LDBC holds.  

We have developed a simple and highly versatile methodology to synthesize 

LDBC, dendrons are prepared using efficient chemistry, and can be simply coupled to 

linear polymers. Furthermore, pH sensitive groups were used to decorate the dendron and 

they could easily be elaborated to include any other molecules at their peripheries. Our 

results show that their self-assembly is dependent on the composition of the LDBC, and 

one could obtain from micelle to rod like shapes in these nanostructures. The pH 

responsiveness of the system demonstrates that these LDBC could help tailor drug delivery 

at desired locations. The loading efficiency of drugs into self-assembled structures is high, 

and provides a method to deliver highly potent drugs to cancer cells. These systems could 

be easily extended to include any other drug molecules of choice. 

4.2 - Future work and outlook 

 Co-delivery of two different drugs holds tremendous potential for cancer therapy, 

as the synergy between drugs could be exploited to increase the therapeutic effect. The 
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advantage of using a drug delivery system for this application is to ensure the release of 

the two drugs at the same location, at the same time. The surface of the LDBC could be 

functionalized with one drug while the other will be encapsulated inside the self-assembled 

system. To keep the pH responsiveness of the system, an alternative surface group is 

needed. One based on acetal formation is proposed in Scheme 4.1. 

Scheme 4.1 – Alternative functionalization of bis-MPA dendron for combination 

therapy 

We further envisage to understand other aspects of our systems such as the micelle 

stability, the drug delivery mechanism and the kinetic profile of the drug release.  CMC 

will be determined using new molecular probes. The kinetic profile of drug release can be 

determined by dialysis and may allow better understanding of the drug interaction with the 

micellar core. Furthermore, comparing the kinetic profile of drug release at pH 7.4 and pH 

5 would also give precious information. 

Micelles from G2PEG6000 LDBC have a significantly different shape but a similar 

molecular scaffold to G1PEG2000. Comparing drug delivery results for these two systems 

will also be of great interest. Finally, in vivo studies of the G1PEG2000 micelles would be 

a good follow up to the in vitro experiment, and could reveal the full potential of the drug 

delivery system. 

 


