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1. INTRODUCTION 

1.1  Polymers Architecture 

In 1920 Staudinger presented the “Macromolecular Hypothesis” which states that certain kinds of 

colloids consist of very long chained molecules. This hypothesis is the origin of modern polymer 

science and has led to our current understanding of how and why such materials as plastics and 

rubber have the properties they do.[1,2] A polymer is defined as a macromolecule made up of many 

connected segments. The process for connecting these segments to form a polymer is called 

polymerization. Depending on the structure of the monomer and on the polymerization method, 

polymer chains have different architectures which are linear, cross-linked, and branched (Figure 

1).[2,3,4] 

Dendrimers,[2-8] which are a special type of branched polymers, tend to reduce intermolecular chain 

entanglement and crystallization. Hyperbranched polymers[9,10] on the other hand, are not perfectly 

branched but share similar properties as dendrimers due to their high degree of branching. 

Hyperbranched polymers and dendrimers have become especially interesting in the last two decades 

due to their well-defined structures which can be used for a range of applications,[11-23] for example, 

in medicine and pharmacy as polymer therapeutics[24-26] or in organic chemistry as supports for 

synthesis and catalysis.[27-29] Combinations and variations of these architectures which have been 

investigated, include, linear polymers with dendronized side groups[30-34] and linear/star-like polymers 

with dendritic head groups.[35,36] 

 

Figure 1. Structures of polymers: (a) linear polymer, (b) crosslinked polymer, (c) branched polymer, 

(d) hyperbranched polymer, and (e) dendrimer.  
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1.2  Dendrimers 

Dendrimers are nearly perfect monodisperse macromolecules with a regular and highly branched 

three-dimensional architecture. They consist of three major architectural components: core, 

branches, and end groups. There are two different ways to synthesize dendrimers, the convergent 

synthesis (shell  core) and the divergent synthesis (core  shell) (Scheme 1). 

 

 

PG PG

PG

PG
a

a

b c b

b ba a

 

 

Scheme 1. Divergent synthesis via (a) addition and (b) deprotection of a monomer unit (upper) and 

convergent synthesis of dendrimers (lower). 

 

The first divergent synthesis of a dendritic branch based on propylamine units (PPI, DAB) was 

reported by Vögtle in 1978.[35] Newkome and Tomalia synthesized higher generation cascade 

arborol[36] and PAMAM (polyamidoamine)[37]  in 1985 and introduced the term “dendrimer.”[38] 

The convergent method was reported by Hawker and Fréchet between 1989 and 1990 especially for 

polyarylether[39] and polyphenylene[40] dendrimers. In the convergent method the dendrimer is 

synthesized from the shell to the core. First individual dendrons are synthesized, which are then 

attached to a multifunctional core (Scheme 1). 

The divergent method was developed by Tomalia and Newkome.[36,37] Growth starts from the initiator 

core and the process continues by repeating the coupling of multifunctional monomers and a 

following activation step (Scheme 1). The reaction of a peripheral functionality with the 

complementary reactive group of a multifunctional monomer introduces a new branching point at 

each coupling side. As a result, the number of peripheral functionalities increases by a factor of two 
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or more, depending on the number of functional groups of the monomer. After driving the first 

coupling reaction to completion, these latent peripheral functionalities can be activated to afford a 

new layer of functional groups that is capable of coupling to additional monomers (Scheme 1). 

Repetition of the coupling and activation steps leads to an exponential increase of the number of 

reactive groups at the periphery and creates new generations of the dendrimer. For higher 

generations the purification of dendrimers synthesized via the divergent route[37] gets more and 

more problematic because small defects result in similar structures are difficult to separate. This 

problem can be avoided in the convergent approach. 

The globular structure of the dendrimers and the missing entanglement causes low viscosity in 

solution.[41] In addition to good solubility in various solvents, the larger number of functional terminal 

groups than in linear polymers and their defined structure makes dendrimers attractive for many 

applications. In numerous publications these structures have been applied in fields such as 

medicine,[42-46] host-guest chemistry,[47-54] light harvesting structures,[55-56] catalysis,[57-61] and as 

chemosensors.[62-63] 

 

1.3 Hyperbranched Polymers 

The history of hyperbranced polymers began in the end of 19th century when the formation of a resin 

from tartaric acid and glycerol was reported by Berzelius.[65] Watson Smith reported the reaction 

between phthalic anhydride or phthalic acid and glycerol in 1901.[65] Kienle et al. studied this reaction 

further and obtained the results and conclusions that still used till now.[65-66] Baekeland introduced 

the first commercial synthetic plastics, phenolic polymers, in 1909.[67-68] In 1952, Flory reported a 

theory concluding that highly branched polymers can be synthesized without gelation by 

polycondensation of ABn monomer (n ≥ 2) in which A and B functional groups can react with each 

other.[69] The term “Hyperbranched polymer” was first coined by Kim and Webster[70-72] in 1988 when 

they synthesized soluble hyperbranched polyphenylene. Since then, hyperbranched polymers have 

attracted increasing attention owing to their unique properties and greater availability than 

dendrimers. The steric hindrance and the site-site interactions at the outer functional groups lead to 

synthetical problems in a dendrimer’s core.[73] Problematic purification, especially of higher 

generations dendrimers is a major drawback.[74]  This can be avoided if hyperbranched polymers are 

used that are obtainable in a single reaction step.[74] The main advantages of these types of polymers 

are their low price and relatively well defined structure. In some cases the imperfect structure of 

hyperbranched polymers can even be helpful for applications in drug or gene delivery and organic 

synthesis.[74-77] 

The perfection of hyperbranched structure relative to the respective perfect dendrimer can be 

measured by the degree of branching (DB). The DB of linear polymers is 0, while the perfect 
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dendrimer DB is 1. The DB can be calculated on the basis of the NMR spectroscopy intensity from the 

fraction of linear, dendritic, and terminal units from hyperbranched polymers. Fréchet and Hawker[78-

80] compared the sum of the dendritic and the terminal unit repeating units to the sum of all 

repeating units in the structure (Equation 1) where D, T, and L represent the number of dendritic, 

terminal, and linear units per molecule. Meanwhile, Frey and co-workers[81,82] did not include the 

terminal repeating units and could simplify the equation (Equation 2). 

 

          
   

     
         (Equation 1) 

        
  

    
               (Equation 2) 

 

Polymerization of AB2 monomers as described by Flory[69] theoretically leads to hyperbranched 

structures due to the large excess of the functionality B and the higher reactivity of group A. The 

degree of branching is lower (DB = typically 0.5 – 0.7) than in perfect dendrimers (DB = 1) because 

the statistical polymerization results in randomly branched structures and polydispersity. Due to 

their similar physicochemical properties, however, dendrimers and hyperbranched polymers are 

referred to as dendritic polymers (Figure 2).[83] 
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Figure 2. Dendritic polymer: (a) perfect [G3] glycerol dendrimer and (b) hyperbranched polyglycerol 

(hPG). 
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1.4 Hyperbranched Polyglycerol 

The first high molecular weight Polyglycerol (PG) was anionically polymerized by Vandenberg who 

concluded that branching only took place to a very limited extent.[84] Later Penczek and Dworak 

reported the cationic polymerization of glycidol.[85,86] In 1999, Polyglycerol, as an example of a 

hyperbranched polymer, was synthesized by Mülhaupt et al.[87] by a ring-opening multibranching 

polymerization (ROMB) of glycidol (Figure 3).[85-89] 
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Figure 3. (a) Mechanism of the anionic ring-opening multibranching polymerization of glycidol and (b) 

schematic structure of hyperbranched polyglycerol based on a 1,1,1-tris (hydroxymethyl) propane 

(TMP) initiator. 

 

The initiating alcohol (ROH) was only partially deprotonated as initiator to control the concentration 

of active side (alkoxides) in the polymerization, thus leading to simultaneous growth of all chains, 

better molecular weight control, and considerable narrowing of the polydispersity. By reacting the 

alcohol as an initiator with a suitable deprotonating agent (e.g., potassium tert-butoxide, potassium 

methylate or alkali metals), typically 10% of the hydroxyl groups was converted into alkoxide. In a 

subsequent propagation step, the alkoxide initiator reacted with the epoxide ring on its 

unsubstituted end and thereby generated a secondary alkoxide.  
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In order to control molecular weights, lower the polydispersity, and suppress cyclization, the anionic 

polymerization was carried out under slow monomer addition conditions. The cyclizations are only 

expected if no initiator is used or if the concentration of glycidol is higher than the initiator, resulting 

in the deprotonation of glycidol and initiation of polymerization by deprotonated monomer. The 

main benefit of an initiator is that the molecular weights can be controlled by the monomer/initiator 

ratio.  After the polymerization, the polyglycerols were obtained as transparent viscous liquids.[86-89] 

The molecular weight of hyperbranched PG (1,000-20,000 g/mol) and hence degree of 

polymerization (DP) can be tailored by the monomer/initiator ratio to obtain narrow polydispersities 

(typically < 2.0). The use of a macroinitiator can be an attractive way to control the molecular weight 

limitations associated with the synthesis of hyperbranched PG up to molecular weight of 24,000 

g/mol.[95] Recently, Brooks et al. reported the synthesis of a very high molecular weight (up to 700 

kDa) and narrowly polydispersed (PDI = 1.1-1.4) hyperbranched PG by ROMP of glycidol using 

dioxane as an emulsifying agent.[94] PG has a degree of branching of 60% compared to fully branched 

perfect glycerol dendrimers. In contrast to glycerol dendrimers,[90] hyperbranched PG possesses 40% 

linear OH groups in the core as well as 60% in terminal OH groups on the periphery of the 

macromolecule.[91] The linear OH groups lead to a more polar core of the unfunctionalized polymer, 

and no transport of hydrophobic drugs, unlike for perfect polyglycerol dendrimers,[92-93] can be 

observed. On the other hand, these linear OH groups can be used to modify the core of the 

unfunctionalized macromolecules with very unpolar groups, e.g, aromatic rings or fluorinated 

chains.[25,97] 

With regard to the biocompatible properties of the aliphatic polyether polyols in general (e.g., 

polysaccharides, polyethylene glycols), similar properties are observed for polyglycerol. To 

investigate the biocompatibility of hPGs, several studies have been conducted. Poly(ethylene glycol) 

(PEG) has been used for comparison with PG structures. In preliminary cell culture experiments, 

hyperbranched PG with a molecular weight of 5 kDa showed no toxicity on the cellular level.[96] 

Brooks et al. reported the analysis of PGs in a broad MW distribution and with the different 

compositions.[97-99] Both linear and hyperbranched PGs were reported to have a similar or even 

better biocompatibility profile than PEG with MW ranging from 4.2 kDa to 670 kDa. Different 

scaffolds were evaluated in vitro for blood compatibility, viscosity, complement activation, platelet 

activation, plasma protein precipitation, and cytotoxicity. In all cases PG appeared to have very little 

effect on the tested parameters and outperformed PEG in some cases.[100] Furthermore, 

oligoglycerols (2-10 monomer units) have been studied in detail with respect to their toxicological 

properties and are in the process of being approved as food and pharmaceutical additives.[101] 

Dendritic architectures based on polyglycerol should therefore be well suited for the generation of 

spherical amphiphilic macromolecules for applications in drug solubilization and delivery.[102] 
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1.5 Click Chemistry 

To fulfill the demand for new chemical materials and biologically active molecules, researchers have 

begun to explore potentially active compounds. “Click chemistry,” which is a powerful and selective 

reaction, is a unique way to form heteroatom links to create new chemical material. “Click chemistry” 

reactions only require mild reaction conditions and a simple workup and purification procedures and 

still rapidly create molecular diversity using reactive modular building blocks.[103] Sharpless et al. have 

identified a number of reactions that meet the criteria for click chemistry. Perhaps the most powerful 

one discovered to date is the CuI-catalyzed variant of the Huisgen 1,3-dipolar cycloaddition of azides 

and alkynes that affords 1,2,3-triazoles. Azides and alkynes are relatively stable under a variety of 

conditions and essentially inert to most biological and organic conditions, including highly 

functionalized biological molecules, molecular oxygen, water, and the majority of common reaction 

conditions in organic synthesis.[104,105] In particular, despite the thermodynamic favorability of azide 

decomposition, kinetic factors allow aliphatic azides to remain nearly invisible until presented with a 

good dipolarophile.[105] The kinetic stability of alkynes and azides is directly responsible for their slow 

cycloaddition, which generally requires elevated temperatures and long reaction times. For coupling 

reactions involving highly electron-deficient terminal alkynes, good regioselectivity in the 

uncatalyzed Huisgen type cycloaddition is observed. Reaction with other alkynes usually afford a 

mixture of 1,4- and 1,5-regioisomers. The Sharpless[105] and Meldal[106] groups reported 

independently that CuI-catalyzed alkyne-azide coupling improves regioselectivity enough to 

exclusively afford the 1,4-regioisomer and increase reaction rate up to 107 times,[107] eliminating the 

need for elevated temperatures (Scheme 2). The click reaction is catalyzed by CuI species that are 

added directly as cuprous salts[108,109] or generated by the reduction of CuII salts[108, 110-112] or by in situ 

oxidation of copper metal[113] turnings to give the CuI species. A stepwise mechanism on the basis of 

calculations and kinetic was proposed (Scheme 2). The reaction proceeds in a diversity of solvents, 

tolerates a wide range of pH values, and performs well over a broad temperature range.[114] 
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Scheme 2. Proposed mechanism for thermal and Cu(I)-catalyzed cycloaddition.[103] 
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1.5.1 Click Chemistry in Polymer Materials 

As the click reaction is not only a very highly yielding reaction, regardless of most of the functional 

groups present in the reaction partners, it also allows reaction in sterically hindered environments. 

The fixation of dendrons onto polymeric backbones, the synthesis of dendrimers and hyperbranched 

polymers, and the derivatization of the dendrimer’s surface is an important field for click chemistry. 

The surface functionalization of dendrimers using click chemistry has been achieved. Hawker et al.[115] 

have described a reaction of 3,5-dioxybenzyl ether dendrimers with p-(azidomethyl) benzoic acid 

methyl ester, which yielded the fully substituted dendrimer upon microwave irradiation with 

Cu(PPh3)3Br as catalyst with more than 96% yield as proven by MALDI measurements.[115] They also 

reported the multi-step, one-pot non-tandem reaction strategy (NTRs) that uses features of CuAAC 

with [G4] of PPI dendrimer as a multifunctional macromolecular scaffold. This amidation reaction 

between terminal amino groups and activated 4-pentynoic acid led to the formation of acetylene 

terminality. A subsequent addition of azido compound with Cu(I) catalyst produced a final ‘click’ 

product (Scheme 3).[115] 
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Scheme 3. One-pot multi-catalytic functionalization strategy for PPI (poly(propylene imine)) 

dendrimers.[115] 

 

 

Rijkers and coworkers have been reported a similar effect upon reaction of dendrimers derived from 

3,5-dihydroxybenzoic acid using a large variety of surface-bound peptides. Starting from a dendrimer 

with a surface bearing multiple acetylenic moieties, a variety of amino acids, as well as undecameric 

peptides and cyclic peptides, have been immobilized onto the dendrimer surface to furnish the 

surface functionalization of dendrimers derived from 3,5-dihydroxybenzoic acid (Scheme 4).[116] Using 

the catalytic system CuSO4/sodium ascorbate in DMF mixtures, yields between 43-56% were attained. 

Upon applying microwave irradiation, the reaction yields were increased to 96%.  
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Scheme 4. Surface functionalization of dendrimers by click chemistry.[116] 

 

Lee et al. have been demonstrated that dendrons up to the 4th generation can be linked together 

convergently and efficiently using “click chemistry.” For example, they reacted a tripodal acetylene 

core, tripropargyl amine, with methoxy terminated Fréchet type dendrons containing azide 

functionality at the focal point.[117] Similarly, Wyszogrodzka et al. introduced a convergent approach 

to biocompatible polyglycerol “Click” dendrons for the synthesis of modular core-shell architectures. 

By applying the Williamson ether synthesis followed, by an ozonolysis/reduction procedure, glycerol 

based dendrons were prepared up to the fourth generation. These glycerol based dendrons were 

further functionalized to the corresponding monoazido derivatives by applying copper(I) catalyzed 

1,3-dipolar cycloaddition. After removal of the 1,2-diol protecting groups, generations of water-

soluble core-shell architectures were obtained in high yields. These structures could be used to 

observe the structure-transport relationship observation. The experiment clearly shows dependence 

between core size and generation of the polyglycerol dendrons (Figure 4).[118] 



  Introduction 

11 
 

NN

N

N

N
N

N

N N

O

O

O

O

OH

OH

OH

OH

O

O

HO OH

HO OH

O

O

O
O

HO

HO

HO

HO

O

O
OH

OHOH

OH

O

O

O
O

HO
OH

OHHO

O

O

HO

HO

HO

HO

 

 

Figure 4. Core-shell architecture based on [G3] glycerol dendrons.[118] 

 

 

1.6 Drug Delivery Systems 

The therapeutic effectiveness of a drug is often diminished by its inability to gain access to the site of 

action with an appropriate dose. This is often due to poor solubility of the drug in the body’s aqueous 

environment. Therefore, the drugs are delivered in large volumes of aqueous or ethanolic solutions, 

sometimes even in conjunction with surfactants or chemically derivatized to afford soluble 

prodrugs.[119] The method by which a drug is delivered can have a significant effect on its efficacy. 

Some drugs have an optimum concentration range within which a maximum benefit is derived, and 

concentrations above this range can be toxic or if below may not be therapeutic at all. On the other 

hand, the very slow progress in efficient treatment of severe diseases has increased the need for a 

multidisciplinary approach for delivering therapeutics to targeted tissues. In order to minimize drug 

degradation and loss, prevent harmful side-effects, increase drug bioavailability and the precentage 

of the drug accumulated in the required zone, various drug delivery and drug targeting systems are 

currently under development. Among these potential drug carriers are soluble polymers, 

microparticles made of insoluble or biodegradable natural or synthetic polymers, lipoproteins, 

liposomes, and micelles.[120] 
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1.6.1 Surfactant 

Surfactants are amphiphilic molecules composed of a hydrophilic or polar moiety known as head and 

hydrophobic or nonpolar moiety known as tail. The surfactant head can be charged (anionic or 

cationic), dipolar (zwitterionic), or non-charged (non-ionic). Sodium dodecyl sulfate (SDS), 

hexadecyltrimethylammonium bromide (CTAB), triton X-100, and dioctanoylphosphatidylcholine (C8-

lecithin) are typical examples of anionic, cationic, nonionic, and zwitterionic surfactants (Figure 5).[121, 

122] 
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Figure 5. Examples of (a) anionic (SDS), (b) cationic (CTAB), (c) nonionic (triton X-100), and (d) 

zwitterionic (C8-lecithin) surfactants (lipids from cell membrane). 

 

Surfactants can increase the solubility of sparingly soluble substances in water. In this context, 

solubilization can be defined as the spontaneous dissolving of a substance by reversible interaction 

with the micelles of a surfactant in water to form a thermodynamically stable isotropic solution with 

reduced thermodynamic activity of the solubilized material.[122] The solubility of a poorly soluble 

compound is very low until the surfactant concentration reaches the critical micelle concentration 

(CMC). At a surfactant concentration above the CMC, the solubility increases linearly with the 

concentration of surfactant, which indicates that solubilization is related to micellization. The lower 

the CMC value of a given surfactant, the more stable the micelles are. Since only micelles of 

surfactants with a low cmc value still exist upon dilution with a large volume of blood, in the case of 

intravenous administration, a micelles from surfactants with a high CMC value may dissociate into 

monomers and thus precipitate their content into the blood.[123] 

There are a number of possible loci where a drug can be solubilized and absorbed in a micelle where 

the drug can be adsorbed into a micelle (Figure 6) because the micelle’s physical properties, such as 

microviscosity, polarity, and hydration degree, are not uniform.[124] 
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Figure 6. Possible loci for solubilizing drug in surfactant micelles, depending on drug hydrophobicity. 

 

The capacity of surfactant in solubilizing drugs depends on the solution conditions (temperature, pH, 

ionic strength), chemical structure of the surfactant and the drug (functional groups), structural 

properties of the drugs itself (pKa, polarity, dipole moment), and formulation of the drug (crystal, 

powder or liquid), etc.[125] Nonionic surfactants are usually better solubilizing agents than ionic 

surfactants for hydrophobic drugs because of their lower CMC values. Since solubilization can be in 

the inner and outer regions of the micelle, it is more complicated for polar drugs to establish a 

general relationship between the degree of solubilization and the chemical structure of the 

surfactant. Krisnhna and Flanagan observed that ionic surfactant showed a much higher 

solubilization of the antimalarial drug β-Arteether (an endoperoxide containing a sesquiterpene 

lactone) than nonionic surfactants. They suggested that the solubilization of the drug may not only 

involve incorporation into the micellar interior, but may also be due to adsorption at the micelle-

water interface.[126] 

Regarding the influence of the drug’s structure, crystalline solids generally show less solubility in 

micelles than do liquids of a similar structure.[127] For polar drugs, the depth of penetration into the 

micelle varies with the structure of the drug. Usually, the less polar the drug (or the weaker its 

interaction with either the polar head of the surfactant in the micelle or the water molecules at the 

micelle-water interface) and the longer the chain length, the smaller its degree of solubilization, as a 

result of deeper penetration into the palisade layer.[122, 127] 

Asymmetry in the shape of the micelle increases solubilization of the drugs in the core but decreases 

it in the outer region.[126] Barry and El Eini, however, observed that the molar solubilizing efficiency of 

surfactants increased as the length of the polyethylene oxide (PEO) chain increased, while micellar 

size is known to decrease with an increase in PEO chain length. The authors suggested that, although 

the inclusion of non-polar drugs into the micelles decreases as the PEO hydrophilic chain increases, 

the number of micelles in equimolar amounts of surfactants increases and the total amount of non-

polar drugs per mole of surfactant is consequently greater, so that there is a vise in solubilizing 

efficiency with longer hydrophilic chain lengths due to the molar concentrations.[128] 
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The amount of drug solubilized in a micellar system increases with higher temperatures. This can be 

attributed to the increase in thermal agitation, which results in more space available for 

solubilization in the micelles, in addition to the increase of drug solubility in water at high 

temperatures.[127] The ionic strength can significantly influence the solubilization of a drug in micellar 

solutions, especially in the case of ionic surfactants. The addition of small amounts of salts decreases 

the repulsion between similarly charged ionic surfactant head groups, thus decreasing the CMC and 

increasing the aggregation number and volume of the micelles. The increase in aggregation number 

favors the solubilization of hydrophobic drugs in the inner core of the micelle. The decrease in 

mutual repulsion of the ionic head groups causes a closer packing of the ionic surfactant molecules in 

the palisade layer and lowers the volume available for solubilization of polar drugs.[122] The pH of 

micellar solutions also show a significant influence upon the extent of solubilization of drugs, since 

this may change the equilibrium between ionized and molecular forms of some drugs.[129, 130] 

Regarding ionic surfactants, a particular kind of behavior can be observed for the solubility of drugs 

at different pH values. Enhanced solubility of a drug may be observed at pH values at which the drug 

is found mostly ionized, when surfactant and drug are oppositely charged. This behavior is a 

consequence of the electrostatic interactions between the surfactant and the charged drug which 

cause a decrease in the repulsive force between the head groups of the surfactant molecules, thus 

contributing to the micellization process and generally decreasing the CMC value.[131] 

 

1.6.2 Polymeric Micelles 

According to Kabanov, the ideal self-assembling drug delivery system should spontaneously form 

from drug molecules, carrier components, and targeting moieties. Their size should be of around 10 

nm in order to enable them to penetrate various tissues and even cells and they should be stable 

long enough in vivo to release the drug upon contact with target tissues/cells. Furthermore, the 

components of the carrier should be removable from the body after the therapeutic function and 

they should not provoke any biological reactions. The particle sizes of individual macromolecules 

drug carriers (antibodies, albumin, and dextran) are below 5 nm, whereas liposomes particle sizes are 

above 50 nm. The pharmaceutical micelle’s size which is between 10 and 80 nm, fills the gap 

between individual macromolecules and liposomes.[132] 

Polymeric micelles (PM) based on amphiphilic block copolymers have a similar structures to some 

viruses and lipoproteins.[133] Block copolymers have a CMC at lower concentration and, as a result, 

appear to be promising drug delivery agents than micelles that are formed from low molecular 

weight amphiphilic molecules,.[134] In addition, some polymeric micelles seem to dissolve better than 

surfactant micelles due to their higher number of micelles and and/or larger cores.[135] 
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A drug can be solubilized by physical encapsulation (noncovalent encapsulation) or by loading 

hydrophobic molecules (drugs, protein, etc.) that are conjugated with polymeric backbone (covalent 

linkage). In the case of drug conjugates, there should be a cleavage (hydrolysis, enzymatically 

cleavable bonds, acid labile linker, etc.)[136-140] of the covalent bond between drug and polymer. 

Therefore, the release may be dependent on the rate of micellar dissociation, since water diffusion 

into the hydrophobic micellar core must be restricted, resulting in a sustained drug release.[141] In 

1975 Ringsdorf’s general model for drug delivery systems was based on synthetic polymers (Figure 7). 

The polymer conjugate can contain special moieties, such as targeting groups (antibodies or sugars) 

and/or groups which increase solubility.[142-144] 

 

 

 

Figure 7. Ringsdorf’s model  for drug delivery system based on synthetic polymers.[25] 

 

Most studies and applications that have been conducted are based on block copolymers of PEO and 

polypropylene oxide (PPO) blocks, commercially known as PluronicsTM. Studies for the solubilization 

of drugs such as haloperidol, indomethacin, doxorubicin, amphotericin B, and digoxin have been 

reported.[132, 145-150] Biodegradable block copolymers with polyester core-forming structures have 

been developed. For example, micelles of PEO-poly(D,L-lactic acid co-caprolactone) (PEO-PDLLA) 

have been used to encapsulate paclitaxel and shown similar in vitro toxicity and increased 

efficacy.[151] 

Polymeric micelles based on polyethylene oxide-b-poly(L-amino acid) (PEO-b-PLAA) have been 

suggested as synthetic analogs of natural carriers to afford a unique ability for chemical modification, 

since the free functional groups of PLAA blocks constitute sites to attach drugs. Yokoyama et al. 

studied PEO-b-poly(L-aspartic acid)-DOX conjugates; they observed that the polymer drug conjugate 

has a significantly lower toxicity than the free drug.[152-154] 

Despite several block copolymer-drug conjugates studies, physical encapsulation of drugs within 

polymeric micelles offers a great alternative, since conjugation of the drug may lead to changes in 

the biological properties of the drug and consequently make regulatory approval of the drug more 
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difficult. However, physical encapsulation may present low capacity and/or leaching of the 

encapsulated drug.[155] 

Alternatively, polyion micelles that have been formed by the hydrophobic interactions of the inner 

block, e.g. ionic interactions, e.g. a poly(aspartate) block (PAsp), complex to a negatively charged 

polymer such as DNA. The outer block often consists of a polar PEO block which forms the shell of 

the nanocarrier and protects its core. It has been demonstrated that PEO prevents the adsorption of 

proteins and hence forms a biocompatible polymeric nanocarrier shell.[132, 156] These systems seem to 

be promising and have been receiving significant attention.[157-160] 

 

1.6.3 Dendritic Polymers 

1.6.3.1 Unimolecular Polymeric Micelles 

Because micelle formation is a thermodynamic phenomenon, even PM can be unstable under shear 

stress or at high dilutions such as those encountered after oral administration.[132] Unimolecular 

polymeric micelles (UPM) that consist of covalently bound amphiphilic polymer chains can overcome 

these problems since their formation is independent of polymer concentration.[83] Dendritic polymers 

and star polymers are an example of UPM. Dendritic polymers are spherical, branched 

macromolecules with a specific topology: an interior branching scaffold (core) and the end groups in 

the periphery (shell). Dendritic polymers with their regular and well defined unimolecular 

architecture are currently attracting interest as so-called dendritic nanocarriers for applications in 

drug solubilization and delivery.[6, 7, 9, 25] 

In 1990 Kim and Webster introduced a UPM system for fully aromatic water-soluble hyperbranched 

poly(phenylene)s with carboxylic end groups.[71] In 1991 Newkome described a saturated 

hydrocarbon dendrimer (micellanoic acid) that contained 36 carboxylic acid moieties converted into 

ammonium and tetramethylammonium salts as UPM with the diameter of the monomers around 30-

40 Å (Figure 8). Fluorescence spectroscopy experiments with lipophilic diphenylhexatriene (DPH) 

have shown that DPH molecules are associated within the lipophilic interior of the polycarboxylate 

microenvironment like in real micelles.[161] Hawker et al. reported a similar system with a Fréchet-

type dendritic core.[162] 
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Figure 8.  Chemical structure of micellanoic acid cascade polymer with carboxylic acid ammonium 

salts.[161] 

 

Encapsulation tests for anticancer drugs, using doxorubicin and methotrexate in water, were 

performed by extraction with chloroform from mixtures of PAMAM dendrimers with grafted mPEG 

chains as drug carrier systems and various amounts of the drugs. The solubility of the drugs increased 

with growing dendrimer generations and monomethyl poly(ethylene glycol) ether chain length. The 

highest transport ability (6.5 doxorubicin molecules or 26 methotrexate molecules per dendrimer 

molecule) was achieved by a polymer with a [G4] core and a shell composed of mPEG with the 

average molecular weight of 2000 g/mol. Nevertheless, due to weakening of the electrostatic 

interaction between the drug molecules and core-shell dendrimer in isotonic solution, both of the 

drug types were readily released from the poly(ethylene glycol)-attached dendrimer.[44, 48] Yang et al. 

used a [G3] PAMAM dendrimer and conjugated it with mPEGs of different molecular weights (750, 

2000, 5000 g/mol). The PEG arm length had a significant effect on the pyrene solubility in water. The 

optimal length was determined to be    2000 g/mol so the PEG chains coned create a thick network at 

the dendrimer surface and offer additional cavities for guest molecules. Shorter PEG chains could not 

create shells with the right thickness to enhance the transport ability and longer chains caused 

agglomeration and interpenetration of PEG chains which limited the number of available cavities for 

transported molecules.[164] Many other dendritic core-shell architectures have been reported as 

active agents and drug delivery systems.[5, 52, 42, 165-169] 
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Krämer et al.[170] and Xu et al.[171] synthesized a number of dendritic core-shell architectures with pH-

labile linkers based on hyperbranched (polyethylene) imine (PEI) cores and/or biocompatible 

(polyethylene) glycol (PEG) shells. In the latter approach,[171] the polymeric core-shell architectures 

were prepared by simply attaching mPEG shells to the PEI core using imine bond formation. The 

time-dependent releases of three prototypal dyes (congo red, rose bengal, and thymol blue) were 

evaluated at 37°C in buffered aqueous solutions of pH 5 and 7.4 to demonstrate the potential of 

these polymers for controlled release. The results showed that the acid-labile nanocarriers exhibited 

much higher transport capacities for dyes than unfunctionalized hyperbranched PEI. As determined 

by UV/Vis spectroscopy, the measured half-life times of dye release at pH 5 were about 2−5 times 

faster than those determined at physiological pH. 

 

 

 

 

 

 

 

 

 

Figure 10. Unimolecular dendritic nanocarrier for supramolecular encapsulation of biologically active 

compounds. Drugs can be selectively released in acidic media (such as tumor tissue) when the acid-

labile linkers (connecting the shell to the core) are cleaved.[171] 

 

 

1.6.3.2 Supramolecular Aggregates Polymers 

The conventional nanotransport systems, either of micellar origin or based on liposomes, can either 

transport nonpolar guest molecules into an aqueous environment, or in the case of inverted micelles, 

transport polar compounds into a nonpolar environment (organic solvent). To overcome this 

problem Radowski et al. synthesized a dendritic core-multishell architecture that provided an 

universal transport of hydrophilic and hydrophobic guest molecules in both polar and nonpolar 

solvents.[172] They reported two dendritic multishell architectures based on poly(ethylene imine) (PEI) 

cores with different molecular weights (Mn= 3600 g/mol, PD = 1.4; Mn= 10 500 g/mol, PD = 2.0) 

(Figure 11). These hyperbranched cores were functionalized with linear amphiphilic building blocks 

formed by alkyl diacids (C6, C12, or C18) connected to monomethylpoly(ethylene glycol) (mPEG with 6, 

10, and 14 glycol units on average) with different degrees of functionalization (70–100%). The 

transport 
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terminal mPEG chains acting as an external polar layer provided good solubility in water as well as in 

organic solvents and a high degree of biocompatibility.  

 

 

 

 

 

Figure 11. Schematic representation of the multishell architecture based on a hyperbranched 

poly(ethylene imine) (PEI) core. This architecture mimics the structure of a liposome on an 

unimolecular basis.[172] 

 

Like hydrophobically modified dendrimers, these multishell nanocarriers self-assemble into 

supramolecular aggregates above a well-defined threshold concentration (CAC). In addition, this new 

type of supramolecular aggregate only acts as a carrier for guest molecules after self-assembly and 

not as an unimolecular systems. Surprisingly, the multishell systems with a PEI core can 

accommodate polar and nonpolar guest molecules but also adapt to various environmental polarity 

conditions ranging from toluene to water. Based on these particular properties, they may be 

considered as chemical chameleons. For the evaluation of the solubilization behavior in aqueous 

solution a representative selection of dyes (pyrene, nile red, congo red, rose bengal, thymol blue) as 

well as commercial drug molecules including nimodipine were applied.[172] Quadir et al.[173]have 

shown that the multishell architectures were able to transport a broad variety of biological active 

agents including the antitumor drugs doxorubicin hydrochloride (Dox), methotrexate (Mtx), and 

sodium ibandronate (Ibn). Dox and Mtx loaded carriers were soluble in both organic and aqueous 

media as determined by SEC and UV–VIS spectroscopy. For the VIS transparent Ibn isothermal 

titration calorimetric experiments showed an exothermic interaction of the drug with the dendritic 



  Introduction 

20 
 

nanocarrier. The enthalpic stabilization (ΔH) upon encapsulation, however, was in the order of 7 

kcals/mol which indicating attractive interactions between Ibn and the dendritic nanoparticle. 

  

1.6.4 Nanocarriers Based on Dendritic Polyglycerols 

Dendritic polygylcerols (PGs)[85-89] are currently under investigation for application in drug 

solubilization and delivery.[174] Dendritic polyglycerol can be further tailored by post-synthetic 

chemical modification of the shell to increase hydrophilicity. One of the primary requisites of such 

post-modification is the conversion of existing functional groups of the polymer into reactive ones for 

further chemical changes. Such modifications can be easily performed on hPG using classical hydroxyl 

group chemistry thereby changing the hPG hydroxyl groups, namely, to azides, alkynes, amines, and 

to many others.[174] Unlike dendrimers, hPGs show no distinguishable interior or periphery. Instead 

they possess two types of hydroxyl functionalities arising from linear and terminal hydroxyl units. 

Conceptually, these linear hydroxyl groups are in proximity with the core as opposed to the terminal 

ones which are on the periphery of the molecule. The so-called “selective chemical differentiation” 

strategy enables one to selective and differentially modify these two types of hydroxyl groups in 

order to generate core-shell type architectures within the hPG scaffold.[91,102] The modification of 

dendritic macromolecules with an appropriate shell that results in stable micelle-type structures is 

suitable for noncovalent encapsulation of guest molecules. The size of these dendritic nanocarriers 

can be defined precisely between 5 and 20 nm. The encapsulation of guest molecules is driven by 

noncovalent interactions (ionic, H-bond, π – π stacking, and van der Waals interactions) and can be 

simultaneously tailored for various drugs, while a drug-polymer conjugate has to be synthesized 

individually.[102, 174]  

Using the “selective chemical differentiation” strategy, Türk et al. synthesized a water-soluble core-

shell architecture based on hyperbranched polyglycerol. They modified the core of hPG with biphenyl 

derivatives and reported that the solubility of guest molecules (pyrene, nimodipine) increased due to 

noncovalent weak binding interactions, such as hydrophobic, van der Waals interactions, and π-π 

interactions (Figure 12).[102] 
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Figure 12. Core-shell type architectures with the functionalized core hydroxyl groups (red) and the 

terminal 1,2-diol groups (blue).[102] 

 

 

A stimuli-reponsive PG-based polymeric system has been reported by Kono et al.. They described the 

preparation of hPG with NIPAM moieties that imparted thermosensitivity and pH responsiveness to 

the PG scaffold in ranges around normal physiological conditions.[175] 

Burakowska et al. reported on a dendritic core-double shell architecture that consists of a 

hyperbranched polyglycerol core, a long aliphatic hydrophobic inner shell, and hyperbranched 

polyglycerol-based hydrophilic outer shell. The result showed the polymer-guest molecule complexes 

have unimolecular transport behavior (Figure 13).[176] 
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Figure 13. A double-shell hyperbranched polyglycerol-based architecture.[176] 

 

Trappmann et al. reported non-ionic dendritic glycerol based amphiphiles that can form micelles. All 

amphiphiles assembled by hydrophilic groups of dendronized polyglycerol with different generations 

of polar dendritic head groups and hydrophobic groups of aromatic and aliphatic units (tail). The 

synthesis was done by a click chemistry strategy. These amphiphiles spontaneously self-assemble 

into micelles and can be used as carrier systems for hydrophobic compounds such as nile red and 

pyrene. The type of self-assembly as well as the aggregation number is influenced by the dendritic 

head group and leads to the formation of spherical micelles for [G2] and dendrons for [G3]. Due to 

the packing parameter [G1] amphiphiles rather form cylindrical micelles (Figure 14).[177] 
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Figure 14. Schematic representation of micellization of various types of non-ionic dendritic glycerol-

based amphiphiles in water. Due to the packing parameter [G1] amphiphiles preferably form 

cylindrical micelles.[177] 

 

Popeney et al. prepared a water-soluble molecular transporter with a dendritic core-shell 

nanostructure by a tandem coordination, ring-opening, hyperbranched polymerization process. The 

molecular transport consisted of hydrophilic hyperbranched polyglycerol shell grafted from 

hydrophobic dendritic polyethylene core. Based on evidence from fluorescence spectroscopy, light 

scattering, and electron microscopy, the core-shell copolymer transports the hydrophobic guests 

pyrene and nile red by a unimolecular transport mechanism. Furthermore, it was shown that the 

core-shell copolymer effectively transports the hydrophobic dye nile red into living cells under 

extremely high and biologically relevant dilution conditions, which is in sharp contrast to a small 

molecule amphiphile. These results suggest potential applicability of such core-shell molecular 

transporters in the administration of poorly water-soluble drugs.[178] 

Attachment of poly(ethylene glycol) (PEGylation) onto nanoparticles can increase hydrophilicity and 

improve drug bioavailability and efficacy by reducing unintended uptake in normal tissues, 

decreasing systemic toxicity, prolonging circulation time in blood, and enhancing tumor 

accumulation.[181,182] Park et al. have demonstrated substantial solubility enhancement for several 

poorly water-soluble bioactive molecules with different generation PG dendrimers.[92,93,183] Pegylation 

of PG resulted in efficient encapsulation, although the release profiles need to be improved to 

overcome the strong host-guest interaction. Paleos et al. prepared pegylated hyperbranched PG 

derivated bearing folate targeting ligands.[184] A similar core-shell structure with pH-labile linker has 
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been reported.[171, 185] The construct developed by Brooks et al. containing alkyl chains at the core and 

PEG moieties grafted on the shell is an example of an in situ modification of PG scaffold during 

polymerization reaction. The compound showed low intrinsic viscosity and unipolymeric micelles, 

and can therefore be used as human serum albumin (HSA) substitutes.[99,186] 

A novel kind of core – multishell architecture that was inspired by the molecular mimicry of a 

liposome based on a hyperbranched PG core surrounded by double-layered shells, has been 

developed and used for transdermal transport of dyes and drugs.[187] 

 

1.7 Enzymatic Reactions for Drug Delivery Applications  

Gupta et al. synthesized a new class of non-ionic dendronized multiamphiphilic polymers. These 

polymers were prepared from a biodegradable (AB)n-type diblock polymer synthesized from 2-azido-

1,3-propanediol (azido glycerol) and polyethylene glycol (PEG)-600 diethylester using Novozym-435 

(Candida antarctica lipase) as a biocatalyst, following a well-established biocatalytic route. These 

polymers are functionalized with dendritic polyglycerols (G1 and G2) and octadecyl chains in 

different functionalization levels via click chemistry to generate dendronized multiamphiphilic 

polymers. The results demonstrate the potential of these dendronized multiamphiphilic polymers for 

the development of prospective drug delivery systems for the solubilization of poorly water soluble 

drugs.[188] Meanwhile, Kumar et al. explored the chemo-enzymatic modifications on dendritic 

hyperbranched polyglycerol guiding to amphiphilic polymeric architectures with easily hydrolyzable 

ester linkages. These architectures were studied for nile red solubilization. The release of nile red was 

observed with a half-life time of 8 hours at pH 5 and with the diameter of aggregates of polymer 

around 100 nm (Figure 15).[189] 

 

Figure 15. Synthesis of amphiphilic PG-PEG architectures via enzymatic reaction.[189] 
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2. SCIENTIFIC GOALS 

The goal of this PhD thesis was to expand new dendritic core-shell architectures as molecular 

nanocarriers for drug delivery and to gain more understanding of the encapsulation mechanism.  

Taking into account the previously considered factors, a useful drug delivery vehicle should be based 

upon the following criteria: 1) biocompatibility (low cellular toxicity), 2) size (ca. 10 nm to penetrate 

into various tissues and even cell), and 3) controlled drug release. 

Considering these criteria, polygylcerols are good candidates for drug delivery systems. The linear OH 

groups of polyglycerol can be modified with very unpolar groups to increase hydrophobicity of 

polymer core. Furthermore, the terminal OH groups can be modified with biocompatible 

poly(ethylene oxide) (PEG).  

Even though in recent years there have been many publications for molecular transport systems 

based on hyperbranched polyglycerol, many questions still remain: 

- What is the mechanism of molecular transport (unimolecular or micelle/aggregate)? 

- How does the supramolecular aggregation affect the transport properties? 

- Where are the possible solubilization loci of the drug in the polymer? 

- To what extent does the polarity gradient between the core and the shell influence the 

transport properties? 

The physical nature of transport of small molecules by nanocarriers still remains poorly understood. 

A systematic study of the effects of core topology, flexibility and shell composition on the overall 

transport effectiveness of core-shell nanostructures will provide new insights to these open 

questions. 

To answer these open questions, a series of core-shell architectures based on hyperbranched 

polyglycerol were synthesized. First of all, the hyperbranched polyglycerol core should be modified to 

increase the core hydrophobicity of the architecture. Different types and percentage of 

functionalization (e.g. aromatic, and perfluorinated core groups) were introduced to get a general 

understanding of host-guest interactions. Further modification should be performed by two different 

strategies to increase the hydrophilicity of the polymer by attaching poly(ethylene oxide) (PEO) chain 

in the shell of polyglycerol. Two synthetic strategies for shell placement will be carried out via click 

chemistry and enzyme reactions. 
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Figure 16. Three different architecture for core-shell nanotransport systems (a) core modification 

using “selective chemical differentiation” strategies, (b) core-shell modification using click chemistry 

strategies and (c) core-shell modification using “selective chemical differentiation” and chemo-

enzymatic strategies. 

Non polar (nimodipine, nile red, and pyrene) and polar (rose Bengal, and congo red) guest molecules 

were used to get a general idea of host-guest interaction. The investigation of the formation of the 

polymer-drug complexes should be examined with UV-VIS spectroscopy, fluorescence spectroscopy, 

dynamic light scattering, and atomic force microscopy (AFM). The formation of aggregates could also 

be confirmed by measurements of the critical micelle concentration (CMC). Since the last aim is to 

get the nanocarriers system that can be used for invivo application, the release study and 

degradability of the system became particularly interesting. The release studies should be performed 

under acid condition or enzyme reaction using nile red or pyrene as a guest molecules and monitor 

by fluorescence spectroscopy. The degradability of the system also should be monitored and checked 

by using gel permeation chromatography (GPC) and NMR spectroscopy. Finally, the biocompatibility 

of the obtained polymers and possible biomedical applications of these newly developed core-shell 

architectures should be studied.   
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3. Publications and Manuscripts  

3.1 Supramolecular Aggregates of Water Soluble Dendritic Polyglycerol 

Architectures for the Solubilization of Hydrophobic Compounds 

 

This chapter was published in the following journal: Indah N. Kurniasih, Hua Liang, Jürgen P. Rabe, 

Rainer Haag, Macromol. Rapid. Commun. 2010, 31, 1516-1520. DOI: 10.1002/marc.201000112. The 

original article is available at: http://onlinelibrary.wiley.com/doi/10.1002/marc.201000112/full 

All of the syntheses, encapsulation studies, UV-VIS and fluorescence experiments, and the 

preparation of the manuscript were done by Indah Nurita Kurniasih. The SFM measurements were 

carried out by Hua Liang. 

Abstract: 

Dendritic core–shell architectures which 

are based on hyperbranched 

polyglycerol for the solubilization of 

hydrophobic drugs have been 

synthesized and characterized. The core 

of hyperbranched polyglycerol has been 

modified with hydrophobic biphenyl 

groups or perfluorinated chains to 

increase the core hydrophobicity of the 

macromolecules. These amphiphilic 

core–shell type architectures were then 

used to solubilize pyrene, nile red, and a 

perfluoro tagged diazo dye, as well as 

the drug nimodipine in water. Specific host–guest interactions such as fluorous–fluorous interactions 

could be tailored by this flexible core design and determined by UV spectroscopy. The transport 

capacity increased 450-fold for nile red, 47-fold for nimodipine, and 37-fold for pyrene at a polymer 

concentration of only 0.1 wt.-%. Surface tension measurements and scanning force microscopy (SFM) 

were used to reveal the aggregation properties of these complexes. The formation of supramolecular 

aggregates with diameters of ≈20 nm and critical aggregate concentrations of 2 × 10

 

−6

 mol · L

 

−1

 have 

been observed. This indicates the controlled self-assembly of the presented amphiphilic dendritic 

core–shell type architectures. 
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3.2 Synthesis and transport properties of new dendritic core-shell 

architectures based on hyperbranched polyglycerol with biphenyl-PEG shells 

The chapter was published in the following journal: Indah N. Kurniasih, Hua Liang, Vicki D. 

Möschwitzer, Mohiuddin A. Quadir, Michał Radowski, Jürgen P. Rabe, Rainer Haag, New J. Chem. 

2012, 36, 371-379. DOI: 10.1039/c1nj20466a.  

The original article available at: http://pubs.rsc.org/en/content/articlelanding/2012/nj/c1nj20466a 

All of the syntheses except PG

5kDa

-azide (provide by Meta Mentari) were done by Indah N. Kurniasih 

following the procedure from Diplomarbeit of Vicki D. Möschwitzer with slight modification of the 

purification of the click chemistry product. The encapsulation studies, UV-VIS experiments, and the 

preparation of the manuscript were done by Indah N. Kurniasih. The SFM measurements were 

carried out by Hua Liang 

Abstract:  

A new core–shell type of nano-architectures based on hyperbranched polyglycerol (hPG) has been 

designed by attaching a mono(methoxy)polyethylene glycol (mPEG) shell either directly or through a 

hydrophobic biphenyl spacer to the hPG scaffold. Alternatively the hPG core was decorated with 

hydrophobic segments specifically located around the hPG and mPEG as the shell. The constructed 

structures were compared and contrasted for their ability to solubilize guest molecules of different 

polarity indices to their corresponding non-solvent for possible drug delivery applications.  

UV/Vis spectroscopy and Scanning 

Force Microscopy (SFM) techniques 

have been used to characterize the 

host–guest complex. Highly 

hydrophilic nanocarriers composed 

of an hPG–mPEG arrangement were found to be very efficient in transporting hydrophilic molecules 

to an organic environment with almost no encapsulation of the hydrophobic guests. Introduction of 

biphenyl fragments as hydrophobic spacers between hPG and mPEG, or near the hPG core, 

substantially increased the hydrophobic guest encapsulation efficiency of the resulting system. The 

encapsulation and transport properties were found to critically depend on the M

n

 of hPG, degree of 

functionalization with hydrophilic and/or hydrophobic fragments and length of mPEG chains, either 

alone or in combination with each other. SFM images revealed that the size of the nanocarriers is 

within the range of 10 nm as single particles and 50 nm as aggregates, with the sizes substantially 

increased upon interaction with the guest species. 
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3.3 A bifunctional nanocarrier based on amphiphilic hyperbranched 

polyglycerol derivatives 

The chapter was published in the following journal: Indah N. Kurniasih, Hua Liang, Sumit Kumar, 

Andreas Mohr, Sunil K. Sharma, Jürgen P. Rabe, Rainer Haag, J. Mater. Chem. B, 2013, 1, 3569-3577. 

DOI: 10.1039/c3tb20366B.  

The original article available at: http://pubs.rsc.org/en/content/articlelanding/2013/tb/c3tb20366b 

All of the syntheses, the encapsulation studies, UV-VIS and fluorescence experiments, DLS 

experiments, release studies, and the preparation of the manuscript were done by Indah N. Kurniasih. 

The SFM measurements were carried out by Hua Liang. 

 

Abstract:  

We here report on the synthesis of a bifunctional nanocarrier system based on amphiphilic 

hyperbranched polyglycerol (hPG), which is modified by introducing hydrophobic aromatic groups to 

the core and retaining hydrophilic groups in the shell. “Selective chemical differentiation” and 

chemo-enzymatic reaction strategies were used to synthesize this new core-shell type nanocarrier. 

The system shows an innovative bifunctional carrier capacity with both polymeric and unimolecular 

micelle-like transport properties. Hydrophobic guest molecules such as pyrene were encapsulated 

into the hydrophobic core of modified hPG via hydrophobic interactions as well as π-π stacking, 

analogous to an unimolecular micelle system. A second guest molecule, which has a high affinity to 

the shell like nile red, was solubilized in the outer shell of the host molecule, thus connecting the 

nanocarrier molecules to form aggregates. This model is confirmed by UV-VIS, fluorescence, Atomic 

Force Microscopy, and Dynamic Light Scattering, as well as release studies triggered by pH-changes 

and enzymes. Encapsulated guest molecules, respectively in the core and in the shell, present 

different controlled release profiles. The bifunctional nanocarrier system is a promising candidate for 

simultaneous delivery of different hydrophobic drugs for a combination therapy, e.g., in tumor 

treatment.  

 



  Summary and Conclusion 

74 

 

4. Summary and Conclusion 

Due to the hydrophobic nature of many modern drugs, new drug delivery systems are required for 

solubility in aqueous environments. Therefore, a new nanocarriers system based on hyperbranched 

polyglycerol (hPG) has been synthesized. Three (selective chemical differentiation, click chemistry, 

enzymatic reaction) strategies were used for construction of new nanocarrier systems. First of all, the 

selective chemical differentiation strategies were applied to achieve the core modification with 

hydrophobic group (e.g. biphenyl or perfluorinated alkyl chain) of polyglycerol. As a result, the 

hydrophobicity of the polymer core was increased. The hydrophilicity of the polymer shell, to 

enhance the solubility of the polymer in water, was increased by PEGylation procedure. The 

PEGylation process is using two different approaches, via click chemistry strategies or enzymatic 

reaction strategies. By using these three general strategies, new biocompatible nanocarrier systems 

that have a size around 10 nm and in some systems can release the drug by enzymatic or acid 

catalyzed degradation have been obtained.  

 

4.1 Supramolecular Aggregates of Water Soluble Dendritic Polyglycerol 

Architectures for the Solubilization of Hydrophobic Compounds 

 

In this work, the influenced of the hydrophobicity of the core was investigated. Preliminary work has 

been done by Türk et al. in 2007.

[102]

 He reported the specific π-π interaction between the core 

modification polyglycerol with M

n

 = 5kDa (host) and the hydrophobic dye or drugs molecules (guest). 

But the influence of the size of the polymer, the effect of increasing hydrophobicity of the core is still 

unclear. To answer these questions, a different size of polyglycerol (M

n

=10kDa), different 

functionalization and different hydrophobic core molecules were used. From the experiment, it turns 

out that the size of polyglycerol did not increase the encapsulation ability of the polymer compared 

with the results obtained by Türk et al. But the increasing hydrophobicity of the core of the 

polyglycerol by substitution of the biphenyl with the perfluorinated chain improved the water 

solubility of nonpolar dyes (pyrene, nile red, perfluoro tagged diazo dye) and the drug nimodipine. 

Specific host-guest interactions such as fluorous-fluorous interactions were determined by UV-VIS 

spectroscopy. 

Surface tension measurements and scanning force microscopy (SFM) were used to reveal the 

aggregation properties of these complexes. The formation of supramolecular aggregates with 

diameters of 20nm and critical aggregate concentrations of 2 x 10

-6

mol/L has been observed. 

The results showed that the transport capacity of the dendritic polyglycerol derivatives, which are 

based on hydrophobic host–guest interactions, strongly depends on the degree and type of core 
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functionalization. The high complex stabilities of these water soluble dendritic architectures and the 

suitable particle size for endocytosis (20–200 nm) make them ideal candidates for cellular uptake 

studies. 

 

4.2 Synthesis and transport properties of new dendritic core-shell 

architectures based on hyperbranched polyglycerol with biphenyl-PEG shells 

 

From the result of the PG core modification experiment, the degree of core functionalization is 

influenced the transport capacity properties of the dendritic polyglycerol derivatives. Unfortunately, 

the solubility of PG derivatives in water were decreases by increasing of degree of hydrophobic core 

functionalization. The PG biphenyl derivatives were only soluble in water up to 18% core 

functionalization. To increase the transport capacity properties and at the same time maintain the 

solubility of the carrier system in water, the click chemistry strategies were employed.  

A new core–shell type nano-architecture based on hPG has been designed by attaching a 

mono(methoxy)polyethylene glycol (mPEG) shell either directly or through a hydrophobic biphenyl 

spacer to the hPG scaffold. Alternatively the hPG core was decorated with hydrophobic segments 

specifically located around the hPG and mPEG as the shell. The constructed structures were 

compared for their ability to solubilize guest molecules of different polarity indices for possible drug 

delivery applications.  

UV-VIS spectroscopy and scanning force microscopy (SFM) techniques have been used to 

characterize the host–guest complex. Highly hydrophilic nanocarriers composed of an hPG–mPEG 

arrangement were found to be very efficient in transporting hydrophilic molecules to an organic 

environment with almost no encapsulation of the hydrophobic guests. The increasing of molecular 

weight of PG and mPEG revealed an insignificant change in the transport properties of the 

nanocarrier system. Introduction of biphenyl fragments as hydrophobic spacers between hPG and 

mPEG, or near the hPG core, substantially increased the hydrophobic guest encapsulation efficiency 

of the resulting system. The defined compound with a biphenyl core functionalization and mPEG 

shell showed a significantly higher transport capacity for hydrophobic guest molecules indicating that 

the stepwise modification of the core and shell leads to more defined systems. SFM images revealed 

that the size of the nanocarriers is within the range of 10 nm as single particles and 50 nm as 

aggregates, with the sizes substantially increased upon interaction with the guest species. 
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4.3 A bifunctional nanocarrier based on amphiphilic hyperbranched 

polyglycerol derivatives 

 

Even though the previous nanocarrier systems had shown a significant improvement in solubilizing of 

hydrophobic dye/drugs molecules, the available systems lack a controlled release of the guest 

molecules. The synthesis of a bifunctional nanocarrier system based on amphiphilic hPG, which is 

modified by introducing hydrophobic aromatic groups to the core and retaining hydrophilic groups in 

the shell were performed. Selective chemical differentiation and chemo-enzymatic reaction 

strategies were used to synthesize this new core-shell type nanocarrier. The system shows an 

innovative bifunctional carrier capacity with both polymeric and unimolecular micelle-like transport 

properties. Hydrophobic guest molecules such as pyrene were encapsulated into the hydrophobic 

core of modified hPG via hydrophobic interactions as well as π-π stacking, analogous to an 

unimolecular micelle system. A second guest molecule, which has a high affinity to the shell like nile 

red, was solubilized in the outer shell of the host molecule, thus connecting the nanocarrier 

molecules to form aggregates. This model is confirmed by UV-VIS, fluorescence spectroscopy, 

scanning force microscopy, and dynamic light scattering, as well as release studies triggered by pH-

changes and enzymes. Encapsulated guest molecules, respectively in the core and in the shell, 

present different controlled release profiles. The bifunctional nanocarrier system is a promising 

candidate for simultaneous delivery of different hydrophobic drugs for a combination therapy, e.g., 

in tumor treatment. 
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5. Outlook 

The nanocarrier systems that presented in this thesis could be further investigated for their potential 

to encapsulate other drugs like doxorubicin, taxol, and tamoxifen. Another interaction such as cation-

π and anion-π in host-guest molecule also could be further investigated by using the modified pyrene 

as guest molecules. Further studies on a fundamental physical characterization of the formed host-

guest complexes such as the binding strength and the stability of polymer-drug complexes should be 

performed. 

 

Combined two different guest molecules can also be considered. For instance, encapsulation studied 

can be performed by combined the hydrophobic/hydrophilic drugs molecule that preferable locate in 

the core and the hydrophobic/hydrophilic drugs molecule that preferable to locate in the shell of the 

polymer. Since the system have the smart controlled release by the acid and enzymatic release, we 

expect that the hydrophobic/hydrophilic drug molecule that preferable sits in the shell of the 

polymer can be release by the acid (pH 4 or 5) and the hydrophobic drug molecule that preferable to 

sits in the core of the polymer can be released by the enzyme.  

 

Structural modification of these nanotransporters should also be considered. For instance, the 

hydrophobicity of the core can be modified by aliphatic chains. Furthermore, the shell could be 

exchange with the oligo(ethylene glycol) monoethers (OEG), and methoxy poly(ethylene glycol)s at 

lower molecular weight (e.g. 350 or 550) to get the temperature-dependent polymers. The polymers 

can exhibited phase transitions at a specific temperature (the cloud point), depending on the 

composition of OEG. By tuning the composition of OEG in the polymer, thermosensitive polymers 

with cloud point near body temperature can be produced.

175   

Alternatively, the shell of the nanocarrier system can be modified with glycerol dendron to avoid the 

aggregation of the polymer. The polymer also can be modified with further functionalization of the 

polymer shell and conjugated different biologically active recognition moieties onto the carrier 

system. Finally, studies of biocompability of the system should be performed.  
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6. Short Summary 

Due to the hydrophobic nature of many modern drugs, new drug delivery systems are required for 

solubility in aqueous environments. Therefore, a new nanocarriers system based on hyperbranched 

polyglycerol has been synthesized. Three (selective chemical differentiation, click chemistry, 

enzymatic reaction) strategies were used for construction of new nanocarrier systems. First of all, the 

selective chemical differentiation strategies were applied to achieve the core modification with 

hydrophobic group (e.g. biphenyl or perfluorinated allyl chain) of polyglycerol. As a result, the 

hydrophobicity of the polymer core was increased. Specific host-guest interactions such as fluorous-

fluorous interactions were determined by UV-VIS spectroscopy. Surface tension measurements and 

scanning force microscopy (SFM) were used to reveal the aggregation properties of these complexes. 

The formation of supramolecular aggregates with diameters of 20 nm and critical aggregate 

concentrations of 2 x 10

-6

 mol/L have been observed. The results showed that the transport capacity 

of the dendritic polyglycerol derivatives, which are based on hydrophobic host–guest interactions, 

strongly depends on the degree and type of core functionalization. The hydrophilicity of the polymer 

shell, to enhance the solubility of the polymer in water, was increased by PEGylation procedure. The 

PEGylation process with using click chemistry strategies performed to syntheses a new core–shell 

type nano-architecture based on hyperbranched polyglycerol (hPG). These system designed by 

attaching a mono(methoxy)polyethylene glycol (mPEG) shell either directly or through a hydrophobic 

biphenyl spacer to the hPG scaffold. Alternatively the hPG core was decorated with hydrophobic 

segments specifically located around the hPG and mPEG as the shell. The constructed structures 

were compared for their ability to solubilize guest molecules of different polarity indices for possible 

drug delivery applications. Highly hydrophilic nanocarriers composed of an hPG–mPEG arrangement 

were found to be very efficient in transporting hydrophilic molecules to an organic environment with 

almost no encapsulation of the hydrophobic guests. The defined compound with a biphenyl core 

functionalization and mPEG shell showed a significantly higher transport capacity for hydrophobic 

guest molecules indicating that the stepwise modification of the core and shell leads to more defined 

systems. SFM images revealed that the size of the nanocarriers is within the range of 10 nm as single 

particles and 50 nm as aggregates, with the sizes substantially increased upon interaction with the 

guest species. The synthesis of a bifunctional nanocarrier system based on amphiphilic 

hyperbranched polyglycerol (hPG), which is modified by introducing hydrophobic aromatic groups to 

the core and retaining hydrophilic groups in the shell were performed by selective chemical 

differentiation and chemo-enzymatic reaction strategies. The system shows an innovative 

bifunctional carrier capacity with both polymeric and unimolecular micelle-like transport properties 

and in some systems can release the drug by enzymatic or acid catalyzed degradation.  
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7. Kurzzusammenfassung 

Hinsichtlich der hydrophoben Natur moderner Arzneistoffe besteht ein großer Bedarf an Forschungs- 

und Entwicklungsarbeit um die Löslichkeit von Wirkstoffen in  physiologischen Umgebungen zu 

erhöhen. Das Konzept von sogenannten Kern-Schale-Architekturen wird häufig zur Solubilisierung 

unpolarer Wirkstoffe mit geringer Löslichkeit in Wasser verwendet. Im Rahmen dieser Arbeit wurde 

ein einfaches Synthese konzept zur Herstellung von neuen Kern-Schale-Nanotransportern basierend 

auf hochverzweigten Polyglycerol (hPG) entwickelt. Zur Darstellung dieser neuartigen 

Nanotransporter wurden drei generelle Strategien (selektive Differenzierung, Klick-Chemie und die 

enzymatische Reaktion) angewandt. Zunächst wurde mithilfe der selektiven Differenzierung der 

hyperverzweigte Polyglcerol-Kern mit hydrophoben Gruppen ((z. B. Biphenyl- oder perfluorierte 

Alkyl-Kette) modifiziert. Dadurch konnte die Hydrophobizität des Kerns erhöht werden. Die daraus 

resultierenden spezifischen Wechselwirkungen der Polymer-Wirkstoff-Komplexe, wie Fluor-Fluor 

Wechselwirkungen wurden durch UV-VIS Spektroskopie bestimmt. Diese Ergebnisse verdeutlichen, 

dass die Transportkapazität der Polyglcerol-Derivate abhängig vom Grad der Kernmodifikation ist. 

Um die Hydrophilie des modifiziert Polymers und damit dessen Löslichkeit in Wasser zu erhöhen, 

wird die Polyglycerol-Schale durch Anknüpfen einer Polyethylenglycol-Komponte. Die Verknüpfung 

von Mono(methoxy) Polyethylenglykol (mPEG) erfolgt via Click-Chemie und kann entweder direkt an 

die Polyglycerol-Architektur (hPG-mPEG) oder über hydrophobe Biphenyl-Abstandshalter konjugiert 

werden. Zusätzlich wurden auch hochverzweigte Polyglycerole synthetisiert,  wo sowohl der Kern, als 

auch die Schale modifiziert wurden. Durch diese Herangehensweise wurden vielfältige Kern-Schale-

Nanotransporter basierend auf Polyglycerol generiert und schließlich bezüglich Ihres Solubilisierungs-

vermögens und Ihrer Transportkapazität von diversen Wirkstoffen mit unterschiedlichen Polaritäten 

miteinander verglichen. Hydrophile Nanotransporter mit einer hPG-mPEG Architektur erweisen sich 

als sehr effizient in Bezug auf hydrophile Wirkstoffe und deren Transport in organische Lösungsmittel, 

allerdings können sie keine hydrophoben Wirkstoffe verkapseln. Die Transportkapazität gegenüber 

hydrophoben Wirkstoffen wird durch Verwendung von Polyglycerolen, die sowohl am Kern, als auch 

an der Schale modifiziert sind, deutlich erhöht. Durch schrittweise Modifizierung des Kerns und der 

Schale können somit die Transporteigenschaften entsprechend dem jeweils verwendeten Wirkstoff 

angepasst werden. Schließlich wurden auch bifunktionale Nanotransporter basierend auf 

amphiphilen, hyperverzweigten Polyglycerolen durch chemische Modifizierung und chemisch-

enzymatische Reaktion gewonnen. Der Kern wurde mit hydrophoben, aromatischen Gruppen 

modifiziert und die Schale mit hydrophilen Gruppen funktionalisiert. Diese Architekturen weisen eine 

innovative bifunktionale Transportkapazität auf, die ihre Wirkstoffe in polymeren oder 

unimolekularen Mizellen verkapseln und diese durch enzymatischen oder Säure-katalysierten Abbau 

freisetzen können. 



  References 

80 

 

 

8. References 

 

 

[1]  J. M. J. Fréchet, D. A. Tomalia, Dendrimers and other dendritic polymers, Wiley, West Sussex, 

2001. 

[2] G. R. Newkome, C. N. Moorefield, F. Vögtle, Dendritic Molecules: Concept, Syntheses, 

Perspectives, VCH-Verlag GmbH, 1996. 

[3] D. A. Tomalia, J. M. J. Fréchet, J. Polym. Sci, Part A: Polym. Chem. 2002, 40, 2719-2728. 

[4]  A. D. Jenkins, P. Kratochvil, R. F. T. Stepto, U. W. Suter, Pure & Appl. Chem. 1996, 68, 2287-

2311. 

[5]  A. Archut, F. Vögtle, Chem. Soc. Rev. 1998, 27, 233-240. 

[6] M. Fischer, F. Vögtle, Angew. Chem. Int. Ed. 1999, 38, 884-905; Angew. Chem. 1999, 111, 

934-955. 

[7]  A. W. Bosman, H. M. Janssen, E. W. Meijer, Chem. Rev. 1999, 99, 1665-1688. 

[8]  B. Helms, J. L. Mynar, C. J. Hawker, J. M. J. Fréchet, J. Am. Chem. Soc. 2004, 126, 15020-

15021. 

[9]  C. Gao, D. Yan, Prog. Polym. Sci. 2004, 29, 183-275. 

[10]  D. Yan, C. Gao, H. Frey, Hyperbranched Polymers: Synthesis, Properties, and Application, John 

Wiley & Sons, New York, 2011. 

[11]  D. A. Tomalia, A. M. Naylor, W. A. Goddard III, Angew. Chem. Int. Ed. 1990, 29, 138-175. 

[12]  J. M. J. Fréchet, Science 1994, 263, 1710-1715. 

[13]  A. M. Caminade, V. Maraval, R. Laurent, J. P. Majoral, Curr. Org. Chem. 2002, 6, 739-774. 

[14]  W. B. Turnbull, S. A. Kalovidouris, J. F. Stoddart, Chem. Eur. J. 2002, 8, 2988-3000. 

[15]  S. E. Stiriba, H. Frey, R. Haag, Angew. Chem. Int. Ed. 2002, 41, 1329-1334. 

[16] L. J. Twyman, A. S. H. King, I. K. Martin, Chem. Soc. Rev. 2002, 31, 69-82. 

[17] S. C. Zimmerman, L. J. Lawless, Top Curr. Chem. 2001, 217, 95-120. 

[18]  G. M. Dykes, J. Chem. Technol. Biotechnol. 2001, 76, 903-918. 

[19]  R. Esfand, D. A. Tomalia, Drug Discov Today 2001, 6, 427-436. 

[20]  P. E. Froehling, Dyes Pigments 2001, 48, 187-195. 

[21]  C. B. Gorman, J. C. Smith, Acc. Chem. Res. 2001, 34, 60-71. 

[22]  F. Vögtle, S. Gesterman, R. Hesse, H. Schwierz, B. Windisch, Prog. Polym. Sci. 2000, 25, 987-

1041. 

[23]  A. D. Schlüter, J. P. Rabe, Angew. Chem. Int. Ed. 2000, 39, 864-883. 

[24]  R. Duncan, Nature Rev. Drug Disc. 2003, 2, 347-360. 



  References 

81 

 

[25]  R. Haag, F. Kratz, Angew. Chem. Int. Ed. 2006, 45, 1198-1215; Angew. Chem. 2006, 118, 1218-

1237. 

[26]  R. Satchi-Fainaro, R. Duncan, C. M. Barnes, Adv. Polym. Sci. 2006, 193, 1-65. 

[27]  R. Haag, Chem. Eur. J. 2001, 2, 327-335. 

[28]  D. Astruc, F. Chardac, Chem. Rev. 2001, 101, 2991-3024. 

[29]  R. van Heerbeek, P. C. J. Kamer, P. W. N. M. van Leeuwen, J. N. H. Reek, Chem.Rev. 2002, 102, 

3717-3756. 

[30]  B. Helms, J. L. Mynar, C. J. Hawker, J. M. J. Fréchet, J. Am. Chem. Soc. 2004, 126, 15020-

15021. 

[31]  M. Malkoch, A. Carlmark, A. Woldegiorgis, A. Hult, E. E. Malmström, Macromolecules 2004, 

37, 322-329. 

[32]  C. C. Lee, M. Yoshida, J. M. J. Fréchet, E. E. Dy, F. C. Szoka, Bioconjugate Chem. 2005, 16, 535-

541. 

[33]  R. Al-Hellani, A. D. Schlüter, Macromolecules 2006, 39, 8943-8951. 

[34]  F. Moingeon, P. Masson, S. Méry, Macromolecules 2007, 40, 55-64. 

[35]  E. Buhleier, W. Wehner, F. Vögtle, Synthesis 1978, 155-158. 

[36]  G. R. Newcome, Z.-Q. Yao, G. R. Baker, V. K. Gupta, J. Org. Chem. 1985, 50, 2003-2004. 

[37]  D. A. Tomalia, H. Baker, J. R. Dewald, M. Hall, G. Kallos, S. Martin, J. Roeck, J. Ryder, P. Smith, 

Polymer Journal (Tokyo) 1985, 17, 117-132. 

[38]  M. Fischer, F. Vögtle, Angew. Chem. 1999, 111, 934-955; M. Fischer, F. Vögtle, Angew. Chem. 

Int. Ed. 1999, 38, 884-905. 

[39]  C. J. Hawker, J. M. J. Fréchet, J. Am. Chem. Soc. 1990, 112, 7638-7647. 

[40]  F. Morgenroth, E. Reuther, K. Müllen, Angew. Chem. 1997, 109, 647-649; F. Morgenroth, E. 

Reuther, K. Müllen, Angew. Chem. Int. Ed. 1997, 36, 631-634. 

[41]  S. Uppuluri, S. E. Keinath, D. A. Tomalia, P. R. Dvornic, Macromolecules 1998, 31, 4498-4510. 

[42]  S.-E. Stiriba, H. Frey, R. Haag, Angew. Chem. 2002, 114, 1385-1390; S.-E.Stiriba, H. Frey, R. 

Haag, Angew. Chem. Int. Ed. 2002, 41, 1329-1334. 

[43]  U. Lünig, Nachr. Chem. 2000, 48, 134-137. 

[44]  C. Kojima, K. Kono, K. Maruyama, T. Takagishi, Bioconjugate Chem. 2000, 11, 910-917. 

[45]  C. Z. Chen, N. C. Beck-Tan, P. Dhurjati, T. K. vanDyk, R. A. LaRossa, S. L. Cooper, 

Biomacromolecules 2000, 1, 473-480. 

[46]  C. Z. Chen, N. C. Beck-Tan, S. L. Cooper, Chem. Commun. 1999, 1585-1586. 

[47]  G. Pistolis, A. Malliaris, D. Tsiourvas, C. M. Paleos, Chem. Eur. J. 1999, 15, 4397- 4403. 

[48]  C. Kojima, Y. Haba, T. Fukui, K. Kono, T. Takagishi, Macromolecules 2003, 36, 2183-2186. 



  References 

82 

 

[49]  J. F. G. A. Jansen, E. M. M. de Brabander-van den Berg, E. W. Meijer, Science 1994, 266, 1226-

1229.  

[50]  A. I. Cooper, J. D. Londono, G. Wignall, J. B. McClain, E. T. Samulski, J. S. Lin, A. Dobrynin, M. 

Rubinstein, A. L. C. Burke, J. M. J. Fréchet, J. M. DeSimone, Nature 1997, 389, 368-371. 

[51]  M. W. Baars, R. Kleppinger, M. H. J. Koch, S.-L. Yeu, E. W. Meijer, Angew. Chem. 2000, 112, 

1341-1344; M. W. Baars, R. Kleppinger, M. H. J. Koch, S.-L.Yeu, E. W. Meijer, Angew. Chem. 

Int. Ed. 2000, 39, 1285-1288. 

[52]  M. W. P. L. Baars, E. W. Meijer, Top. Curr. Chem. 2000, 210, 131-182. 

[53]  M. Krämer, J.-F. Stumbe, H. Türk, S. Krause, A. Komp, L. Delineau, S. Prokhorova, H. Kautz, R. 

Haag, Angew. Chem. 2002, 114, 4426-4431; M. Kraemer, J.-F. Stumbe, H. Türk, S. Krause, A. 

Komp, L. Delineau, S. Prokhorova, H. Kautz, R. Haag, Angew. Chem. Int. Ed. 2002, 41, 4252-

4256. 

[54]  R. Haag, M. Krämer, J.-F. Stumbe, S. Krause, A. Komp, S. Prokhorova, Polym. Prepr. (Am. 

Chem. Soc. Div. Polym. Chem.) 2002, 43, 328. 

[55]  D.-L. Jiang, T. Aida, Nature 1997, 388, 454-456. 

[56]  U. Hahn, M. Gorka, F. Vögtle, V. Vicinelli, P. Ceroni, M. Maestri, V. Balzani, Angew. Chem. 

2002, 114, 3747-3750; U. Hahn, M. Gorka, F. Vögtle, V. Vicinelli, P. Ceroni, M. Maestri, V. 

Balzani, Angew. Chem. Int. Ed. 2002, 41, 3595-3598. 

[57] G. E. Oosterom, J. N. H. Reek, P. C. J. Kamer, P. W. N. M. van Leeuwen, Angew. Chem. 2001, 

113, 1878-1901; G. E. Oosterom, J. N. H. Reek, P. C. J. Kamer, P. W. N. M. van Leeuwen, 

Angew. Chem. Int. Ed. 2001, 40, 1828-1849. 

[58]  M. Mager, S. Becke, H. Windisch, U. Denninger, Angew. Chem. 2001, 113, 1951-1955; M. 

Mager, S. Becke, H. Windisch, U. Denninger, Angew. Chem. Int. Ed. 2001, 40, 1898-1902. 

[59]  S.-M. Lu, H. Alper,  J. Am. Chem. Soc. 2003, 125, 13126-13131. 

[60]  C. Hajji, S. Roller, M. Beigi, A. Liese, R. Haag, Adv. Synth. Catal.2006, 348, 1760-1771. 

[61]  C. Hajji, R. Haag, Topics in Organometallic Chemistry, Vol. 20, Springer-Verlag, 2006. 

[62]  F. Vögtle, S. Gestermann, C. Kauffmann, P. Ceroni, V. Vicinelli, V. Balzani, J. Am. Chem. Soc. 

2000, 122, 10398-10404. 

[63]  V. Vicinelli, P. Ceroni, M. Maestri, V. Balzani, M. Gorka, F. Vögtle, J. Am. Chem. Soc. 2002, 124, 

6461-6468. 

[64]  R. H. Kienle, A. G. Hovey, J. Am. Chem. Soc. 1929, 51, 509-519 

[65]  R. H. Kienle, P. A. van der Meulen, F. E. Petke, J. Am. Chem. Soc. 1939, 61, 2258-2268. 

[66]  R. H. Kienle, P. A. van der Meulen, F. E. Petke, J. Am. Chem. Soc. 1939, 61, 2268-2271. 

[67]  G. Odian, Principles of polymerization, 3

rd

ed. New York: Wiley, 1991, 125-132. 

[68]  P. J. Flory, J. Am. Chem. Soc. 1941, 63, 3083-3090. 



  References 

83 

 

[69]  P. J. Flory, J. Am.Chem. Soc. 1952, 74, 2718-2723. 

[70]  Y. H. Kim, O. W. Webster, Polym.Prepr. 1988, 29, 310-311. 

[71]  Y. H. Kim, O. W. Webster, J. Am.Chem. Soc. 1990, 112, 4592-4593. 

[72]  Y. H. Kim, O. W. Webster, Macromolecules 1992, 25, 5561-5572. 

[73]  S. Roller, H. Zhou, R. Haag, Molecular Diversity 2005, 9, 305-316. 

[74]  R. Haag, Chem. Eur. J. 2001, 7, 327-335. 

[75]   R. Haag, Angew. Chem. 2004, 116, 280-284; R. Haag, Angew. Chem. Int. Ed. 2004, 43, 278-

282. 

[76]  R. Haag, A. Sunder, A. Hebel, S. Roller, J. Comb. Chem. 2002, 4, 112-119. 

[77]  M. Krämer, J.-F. Stumbe, G. Grimm, B. Kaufmann, U. Krüger, M. Weber, R. Haag, 

ChemBioChem. 2004, 5, 1081-1087. 

[78]  P. J. Flory, Principles of Polymer Chemistry, Cornell University Press, Ithaca, NJ, 1953. 

[79]  C. J. Hawker, Adv. Polym. Sci. 1999, 147, 113-160. 

[80]  C. J. Hawker, R. Lee, J. M. J. Fréchet,  J. Am. Chem. Soc. 1991, 113, 4583-4588. 

[81]  R. Hanselmann, D. Hölter, H. Frey, Macromolecules 1998, 31, 3790-3801. 

[82]  D. Hölter, A. Burgath, H. Frey, Acta Polymer. 1997, 48, 30-35. 

[83]  G. R. Newkome, C. N. Moorefield, F. Vögtle, Dendritic Molecules: Concepts, Syntheses, 

Perspectives, 2nd ed., Wiley-VCH, Weinheim, 2001. 

[84]  E. J. Vandenberg, J. Polym. Sci. 1985, 23, 915-949. 

[85]  R. Tokar, P. Kubisa, S. Penczek, A. Dworak, Macromolecules 1994, 27, 320-322. 

[86]  A. Dworak, W. Waiach, B. Trzebicka, Macromol. Chem. Phys. 1995, 196, 1963-1970. 

[87]  A. Sunder, H. Frey, R. Mulhaupt, Polym. Mat. Sci. Eng. 1999, 80, 203-204. 

[88]  A. Sunder, R. Hanselmann, H. Frey, R. Muelhaupt, Macromolecules 1999, 32, 4240-4246. 

[89]  A. Sunder, R. Mülhaupt, R. Haag, H. Frey, Adv. Mater. 2000, 12, 235-239. 

[90]  R. Haag, A. Sunder, J.-F. Stumbé, J. Am. Chem. Soc. 2000, 122, 2954-2955. 

[91]  R. Haag, J.-F.Stumbé, A. Sunder, H. Frey, A. Hebel, Macromolecules 2000, 33, 8158-8166. 

[92]  T. Ooya, J. Lee, K. Park, J. Control. Release 2003, 93, 121-127. 

[93]  T. Ooya, J. Lee, K. Park, Bioconjugate Chem. 2004, 15, 1221-1229. 

[94]  R. K. Kainthan, E. B. Muliwan, S. G. Hatzikiriakos, D. E. Brooks, Macromolecules 2006, 39, 

7708-7717. 

[95]  D. Wilms, F. Wurm, J. Nieberle, P. Böhm, U. Kemmer-Jonas, H. Frey, Macromolecules 2009,42, 

3230-3236. 

[96]  H. Frey, R. Haag, J. Biotechnol. 2002, 90, 257. 

[97]  R. K. Kainthan, J. Janzen, E. Levin, D. V. Devine, D. E. Brooks, Biomacromolecules 2006, 7, 703. 

[98]  R. K. Kainthan, D. E. Brooks, Biomaterials 2007, 28, 4779. 



  References 

84 

 

[99]  R. K. Kainthan, C. Mugabe, H. M. Burt, D. E. Brooks, Biomacromolecules 2008, 9, 886-896. 

[100]  Y.-C. Huang, A. T. Royappa, S. Tundel, K. Tsukamoto, V. Sharma, J. Appl. Polym. Sci. 2009, 111, 

2275. 

[101] a) D. Howes, R. Wilson, C. T. James, Food and Chemical Toxicology 1998, 36, 719-738; b) R. 

Wilson, B. J. Van Schie, D. Howes, Food and Chemical Toxicology 1998, 36, 711-718. 

[102]  H. Türk, A. Shukla, P. C. A. Rodrigues, H. Rehage, R. Haag, Chem. Eur. J. 2007, 15, 4178-4196. 

[103]  a) H. C. Kolb, M. G. Finn, K. B. Sharpless, Angew.Chem. Int. Ed. 2001, 40, 2004-2021; b) H. C. 

Kolb, M. G. Finn, K. B. Sharpless, Drug Discov. Today 2003, 8, 1128-1137. 

[104]  a) E. Saxon, C. R. Bertozzi, Science 2000, 287, 2007-2010; b) K. L. Kiick, E. Saxon, D. A. Tirrel, C. 

R. Bertozzi, Proc. Natl. Acad. Sci. USA 2002, 99, 19-24. 

[105]  V. V. Rostovtsev, L. G. Green, V. V. Fokin, K. B. Sharpless, Angew. Chem. Int. Ed. 2002, 41, 

2596-2599.  

[106]  C. W. Tornøe, C. Christensen, M. Meldal,  J. Org. Chem. 2002, 67, 3057-3064. 

[107]  P. Appukkuttan, W. Dehaen, V. V. Fokin, E. van der Eycken, Org. Lett. 2004, 6, 4223-4225. 

[108] F. Pérez-Balderas, M. Ortega-Muñoz, J. Morales-Sanfrutos, F. Hernández-Mateo, F. G. Calvo-

Flores, J. A. Calvo-Azín, J. Isac-García, F. Santoyo-González, Org. Lett. 2003, 5, 1951-1954. 

[109]  A. J. Scheel, H. Komber, B. I. Voit, Macromol. Rapid Commun. 2004, 25, 1175-1180. 

[110]  S. Chittaboina, F. Xie, Q. Wang, Tetrahedron Lett. 2005, 46, 2331-2336. 

[111]  D. B. Ramachary, C. F. Barbas III, Chem. Eur. J. 2004, 10, 5323-5331. 

[112]  C. O. Kappe, Angew. Chem. Int. Ed. 2004, 43, 6250-6284. 

[113] D. Stuerga, M. Delmotte, Microwaves in Organic Synthesis, Wiley-VCH, Weinheim, 2002, 1-34. 

[114]  F. Himo, T. Lovell, R. Hilgraf, V. V. Rostovtsev, L. Noodleman, K. B. Sharpless, V. V. Fokin, J. 

Am. Chem. Soc. 2005, 127, 210-216. 

[115]  M. Malkoch, K. Schleicher, E. Drockenmüller, C. J. Hawker, T. P. Russell, P. Wu, V. V. Fokin, 

Macromolecules 2005, 38, 3663-3678. 

[116]  D. T. S. Rijkers, G. W. van Esse, R. Merkx, A. J. Brouwer, H. J. F. Jacobs, R. J. Peiters, R. M. J. 

Liskamp, Chem. Commun. 2005, 36, 4581-4583. 

[117]  J. W. Lee, J. H. Kim, B.-K. Kim, W. S. Shin, S.-H. Jin, Tetrahedron 2006, 62, 894-900.  

[118] M. Wyszogrodzka, R. Haag, Chem. Eur. J. 2008, 14, 9202-9214. 

[119]  H. Türk, A. Shukla, P. C. A. Rodrigues, H. Rehage, R. Haag, Chem. Eur. J. 2007, 15, 4178-4196. 

[120]  M.-C. Jones, M. Ranger, J.-C.Leroux, Bioconjugate Chem. 2003, 14, 774-781. 

[121]  M. N. Jones, D. Chapman, Micelles, monolayers andbiomembranes. Wiley-Liss, New York, 

1995. 

[122]  M. J. Rosen, Surfactants and interfacial phenomena, 2ed., John Wiley & Sons, New York, 1989. 

[123]   M. Yokoyama, CRC Crit. Rev.Ther. Drug Carrier Syst. 1992, 9, 213-248. 



  References 

85 

 

[124]  G. B. Dutt, J. Phys. Chem.B 2003, 107, 10546-10551. 

[125]  V. P. Torchilin, J. Control Rel. 2001, 73, 137-172. 

[126]  A. K. Krishna, D. R. Flanagan, J. Pharm.Sci. 1989, 78, 574-576. 

[127]  A. T. Florence, D. Attwood, Physicochemical Principles of Pharmacy, 3

rd

ed. The MacMillan 

Press, London, 2003. 

[128]  B. W. Barry, D. I. D. El Eini, J. Pharm. Pharmac. 1976, 28, 210-218. 

[129]  P. Li, E. Tabib, S. H. Yalkowsky, J. Pharm. Sci. 1999, 88, 507-509. 

[130]  P. Li, L. Zhao, J. Pharm. Sci. 2003, 92, 951-956. 

[131]  G. Zografi, D. E. Auslander, J. Pharm. Sci. 1965, 54, 1313-1318. 

[132]  A. V. Kabanov, E. V. Batrakova, N. S. Melik-Nubarov, N. A. Fedoseev, T. Y. Dorodnich, V.Y. 

Alakhov, V. P. Chekhonin, I. R. Nazarova, V. A. Kabanov, J. Contr. Rel. 1992, 22, 141-158. 

[133]  M.-C. Jones, M. Ranger, J.-C.Leroux, Bioconjugate Chem. 2003, 14, 774-781. 

[134]  G. S. Kwon, M. Naito, K. Kataoka, M. Yokoyama, Y. Sakurai, T. Okano, Colloids Surfaces B: 

Biointerfaces 1994, 2, 429-434. 

[135]  F. Gadelle, W. J. Koros, R. S. Schechter, Macromolecules 1995, 28, 4883-4892. 

[136]  R. J. Amir, N. Pessah, M. Shamis, D. Shabat, Angew. Chem. Int. Ed. 2003, 42, 4494-4499. 

[137]  K. Haba, M. Popkov, M. Shamis, R. A. Lerner, C. F. Barbas III, D. Shabat, Angew. Chem. Int. Ed. 

2005, 44, 716-720. 

[138]  I. F. Tannock, D. Rotin, Cancer Res. 1989, 49, 4373-4384. 

[139]  R. B. Greenwald, C. D. Conover, Y. H. Choe, Crit. Rev. Ther. Drug Carrier Syst. 2000, 17, 101-

161. 

[140]  K. Kataoka, A. Harada, Y. Nagasaki, Adv. Drug Del. Rev. 2001, 47, 113-131. 

[141]  Y. Li, G. S. Kwon, Pharm. Res. 2000, 17, 607-611. 

[142]  B. Rihova, K. Kubackova, Curr.Pharm. Biotechnol. 2003, 4, 311-322. 

[143]  J. Kopecek, P. Kopeckova, T. Minko, Z.-R. Lu, Eur. J. Pharm. Biopharm. 2000, 50, 61-81. 

[144]  R. Duncan, Polymeric Drug Delivery Systems (Ed.: G. S. Kwon), Marcel Dekker, New York, 2005, 

1-92. 

[145]  K. Mortensen, Coll. Surf. A 2001, 183-185, 277-292. 

[146]  A. V. Kabanov, V. P. Chekhonin, V. Alakhov, E. V. Betrakova, A. S. Lebedev, N. S. Mellik-

Nubarov, S. A. Arzakov, A. V. Levashov, G. V. Morozov, E. S. Severin, V. A. Kabanov, FEBS Lett. 

1989, 258, 343–345. 

[147]  S. Lin, Y. Kawashima, Pharm. ActaHelv. 1985, 60, 345-350. 

[148]  E. V. Baratkova, T. Y. Dorodnich, E.Y. Klinskii, E. N. Kliushnenkova, O. B. Shemchukova, O. N. 

Goncharova, V. Y. Arjakov, V. Alakhov, A. V.Kabanov, Br. J. Cancer 1996, 74, 1545-1552. 

[149]  D. Forster, C. Washington, S. S. Davis, J. Pharm. Pharmacol. 1988, 40, 325–328. 



  References 

86 

 

[150]  E. V. Baratkova, D. W. Miller, S. Li, V. Alakhov, A. V. Kabanov, W. F. Elmquist, J. Pharmacol. 

Exp. Ther. 2001, 269, 551-557. 

[151]  X. Zhang, H. M. Burt, D. Von Hoff, D. Dexter, D. Mangold, D. Degen, M. Oktaba, W. L. Hunter, 

CancerChemother. Pharmacol. 1997, 40, 81-86. 

[152]  M. Yokoyama, G. S. Kwon, T. Okano, Y. Sakurai, T. Sato, K. Kataoka, Bioconjug.Chem. 1992, 3, 

295-301. 

[153]  G. S. Kwon, M. Yokoyama, T Okano, Y. Sakurai, K. Kataoka, Pharm Res 1993, 10, 970-974. 

[154]  M. Yokoyama, T. Okano, Y. Sakurai, H. Ekimoto, C. Shibazaki, K. Kataoka, Cancer Res. 1991, 51, 

3229-3236. 

[155]  A. Lavasanifar, J. Samuel, G. S. Kwon, Adv. Drug Deliv. Rev. 2002, 54, 169-190. 

[156]  G. S. Kwon, K. Kataoka, Adv. Drug Deliv. Rev. 1995, 16, 295-309. 

[157]  A. V. Kabanov, V. A. Kabanov, Adv. Drug Deliv. Rev. 1998, 30, 49-60. 

[158]  P. Lemieux, S. V. Vinogradov, C. L. Gebhart, N. Guerin, G. Paradis, H. K. Nguyen, B. Ochietti, Y. 

G. Suzdaltseva, E. V.  Baratkova, T. K. Bronich, Y. St-Pierre, V. Y. Alakhov, A. V. Kabanov, J. 

Drug Target 2000, 91-105. 

[159]  K. Itaka, K. Yamauchi, A. Harada, K. Nakamura, H. Kawaguchi, K. Kataoka, Biomaterials 2003, 

24, 4495-4506. 

[160]  J. F. Berret, B. Vigolo, R. Eng, P. Herve, I. Grillo, L. Yang, Macromolecules 2004, 37, 4922-4930. 

[161]  G. R. Newkome, C. N. Moorefield, G. R. Baker, M. J. Saunders, S. H. Grossman, Angew. Chem. 

Int. Ed. Engl. 1991, 30, 1178-1180. 

[162]  C. J. Hawker, K. L. Wooley, J. M. J. Fréchet, J. Chem. Soc., Perkin Trans. 1 1993, 1287-1297. 

[163]  J. F. G. A. Jansen, E. W. Meijer, E. M. M. de Brabander-van den Berg, J. Am. Chem. Soc. 1995, 

117, 4417-4418. 

[164]  H. Yang, J. J. Morris, S. T. Lopina, J. Colloid Interface Sci. 2004, 273, 148-154. 

 [165]  U. Gupta, H. B. Agashe, A. Asthana, N. K. Jain, Biomacromolecules 2006, 7, 649-658. 

[166]  C. C. Lee, J. A. MacKay, J. M. J. Fréchet, F. C. Szoka Jr., Nature Biotechnol. 2005, 23, 1517-1526. 

[167]  V. Chechik, M. Zhao, R. M. Crooks, J. Am. Chem. Soc. 1999, 121, 4910-4911. 

[168]  A. Schmitzer, E. Perez, I. Rico-Lattes, A. Lattes, S. Rosca, Langmuir  1999, 15, 4397-4403.  

[169] A. V. Ambade, E. N. Savariar, S. Thayumanavan, Molecular Pharmaceutics 2005, 2, 264-272. 

[170]  M. Krämer, J.-F. Stumbé, H. Türk, S. Krause, A. Komp, L. Delineau, S. Prokhorova, H. Kautz, R. 

Haag, Angew. Chem.2002, 114, 4426-4431; Angew. Chem. Int. Ed. 2002, 41, 4252-4256. 

[171]  S. Xu, Y. Luo, R. Haag, Macromol. Biosci. 2007, 7, 968-974. 

[172]  M. R. Radowski, A. Shukla, H. V. Berlepsch, C. Böttcher, G. Pickaert, H. Rehage, R. Haag, 

Angew. Chem. 2007, 119, 1287-1292; Angew. Chem. Int. Ed. 2007, 46, 1265-1270. 

[173]  M. A. Quadir, R. Haag, J. Control. Rel. 2012, 161, 484-495.  



  References 

87 

 

[174] M. Calderón, M. A. Quadir, S. K. Sharma, R. Haag, Adv. Mater. 2010, 22, 190-218. 

[175]  C. Kojima, K. Yoshimura, A. Harada, Y. Sakanishi, K. Kono, Bioconjugate Chem. 2009, 20, 1054-

1057. 

[176]  E. Burakowska, R. Haag, Macromolecules 2009, 42, 5545-5550. 

[177]  B. Trappmann, K. Ludwig, M. R. Radowski, A. Shukla, A. Mohr, H. Rehage, C. Böttcher, R. Haag, 

J. Am. Chem. Soc. 2010, 132, 11119-11124. 

[178]  C. S. Popeney, M. C. Lukowiak, C. Böttcher, B. Schade, P. Welker, D. Mangoldt, G. Gunkel, Z. 

Guan, R. Haag, ACS Macro Lett. 2012, 1, 564-567.  

[179]  J. M. Harris, R. B. Chess, Nat. Rev. Drug. Discovery 2003, 2, 214-221. 

[180]  F. M. Veronese, G. Pasut, Drug Discovery Today 2005, 10, 1451-1458. 

[181]  D. Papahadjopoulos, T. M. Allen, A. Gabizon, E. Mayhew, K. Matthay, S. K. Huang, K. D. Lee, 

M. C. Woodle, D. D. Lasic, C. Redemann, Natl. Acad. Sci. U. S. A. 1998, 88, 11460-11464. 

[182]  T. M. Allen, P. R. Cullis, Science 2004, 303, 1818-1822. 

[183]  T. Ooya, K. M. Huh, M. Saitoh, E. Tamiya, K. Park, Sci. Technol. Adv. Mat. 2005, 6, 452. 

[184]  L.-A.Tziveleka, C. Kontoyianni, Z. Sideratou, D. Tsiourvas, C. M. Paleos, Macromol. Biosci. 

2005, 6, 161-169. 

[185]  S. Xu, Y. Luo, R. Graeser, A. Warnecke, F. Kratz, P. Hauff, K. Licha, R. Haag, Bioorg. Med. Chem. 

Lett. 2009, 19, 1030. 

[186]  R. K. Kainthan, J. Janzen, J. N. Kizhakkedathu, D. V. Devine, Donald E. Brooks, Biomaterials 

2008, 29, 1693-1704. 

[187]  S. Küchler, M. R. Radowski, T. Blaschke, M. Dathe, J. Plendl, R. Haag, M. Schäfer-Korting, K. D. 

Kramer, Eur. J. Pharm. Biopharm. 2009, 71, 243. 

[188] S. Gupta, B. Schade, S. Kumar, C. Böttcher, S. K. Sharma, R. Haag, Small 2013, 9, 894-904. 

[189]  S. Kumar, A. Mohr, A. Kumar, S. K. Sharma, R. Haag, Int. J. Artif Organs 2011, 34, 84-92. 

 

 



  Abbreviations 

   

88 

 

Abbreviations  

 

 

AFM  Atomic Force Microscopy  

AIBN   azo-bis-isobutyronitrile 

CAC   critical aggregate concentration  

CHCl

3

  chloroform  

CMC   critical micelle concentration  

CTAB   hexadecyltrimethylammonium bromide  

CuAAC  Copper-catalyzed azide-alkyne-cycloaddition 

DB   degree of branching  

DLS   dynamic light scattering  

DP   degree of polymerization  

DF   degree of functionalisation 

DIAD   diisopropylazodicarboxylate 

DMF   N,N’-dimethylformamide 

e.q.  equivalent 

[G]   dendrimer generation  

h  hour  

Hz   Hertz  

J   coupling constant  

L   linear unit  

Me   methyl  

MeOH  methanol  

Mn  number-average molar mass  

Mw   weight averange molecular weigth 

NMR   Nuclear Magnetic Resonance  

PAMAM  polyamidoamine 

PEG   poly (ethylene glycol)  

PG   polyglycerol 
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PM   Polymeric Micelles  

PPI   Propylene Imine  

ppm  parts per million  

PTSA   para-toluenesulfonic acid  

r.t  room temperature  

ROMB   ring-opening multibranching polymerization  

SDS   sodium dodecyl sulfate  

SFM   scanning force microscopy  

T   terminal unit  

THF   tetrahydrofuran 

TMP   1,1,1-tris (hydroxymethyl) propane  

UPM   unimolecular polymeric micelles  

UV/VIS   ultraviolet visual  

wt.-%   weight percent 
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