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Abstract 
In healthcare today there are primarily three methods for stabilization of bone fractures, plaster cast, 

external stabilization and plates/screws, but these are not sufficient for all fractures. In situations 

where the fracture is on an irregular surface, in thin bone, fragmented bone or near sensitive tissue a 

bone adhesive would be the solution. However, there is no commercial bone adhesive available 

today for fracture stabilization, because of non sufficient adhesion to wet bone. Therefore the aim of 

this study has been to increase adhesion between adhesive and bone.  

 

In this work a bifunctional dendrimer have been built and functionalized with one group that should 

bind to wet bone and another group that forms a bond to the adhesive. This bifunctional dendrimer 

would make up a thin layer between the bone and the adhesive and act as bridge to increase 

adhesion, a so called primer.  

 

Initial testing of low molecular weight compounds as primers showed that the dendrimer should be 

functionalized with allyl-groups that would bind to the adhesive and carboxcylic acids or DOPA 

groups that would bind to the bone. A TMP-G1-COOH3-allyl6 and a TMP-G1-DOPA3-allyl6 dendrimer 

were built with TMP-G1-azide3-allyl6 and TMP-G1-azide3-acetonide3 as references. It was believed 

that the bond between the bone and the primer would be weaker than that to the adhesive and 

therefore TMP-G1-allyl3-COOH6 and TMP-G1-allyl3-DOPA6 with more functional groups (to the bone) 

were built, with TMP-G1-allyl3-azide6 as reference. 

 

The shear test results showed that the highest adhesive strength was obtained with TMP-G1-allyl3-

azide6 dendrimer, hence one of the references. For the other dendrimers it was found that the 

dendrimers with more functional groups (to the bone) decreased the adhesion to bone.  
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Sammanfattning 
Inom sjukvården idag finns det huvudsakligen tre olika metoder för att stabilisera benfrakturer; gips, 

metallplattor med tillhörande skruvar eller extern fixering. Dessa är dock otillräckliga för frakturer 

nära känslig vävnad, på ojämna ytor, fragmenterat ben och tunt ben, här skulle ett benadhesiv kunna 

vara lösningen. Idag finns det dock inga kommersiella benadhesiv tillgängliga för frakturstabilisering, 

på grund av problem med vidhäftning till blött ben. Detta leder till syftet med detta arbete, som är 

att förbättra just adhesionen mellan blött ben och adhesiv. 

 

I detta arbete syntetiserades en bifunktionell dendrimer, där den ena funktionella gruppen ska binda 

till adhesivet och den andra till blött ben. Den bifunktionella dendrimeren kommer utgöra ett tunt 

lager mellan benet och adhesivet och därmed agera som en bro mellan dessa för att öka adhesionen, 

med andra ord kommer dendrimeren verka som primer. 

 

Inledande tester med lågmolekylära ämnen som primer resulterade i att dendrimeren 

funktionaliserades med allylgrupper, som ska binda till adhesivet, och DOPA eller karboxylsyra-

grupper, som ska binda till benet. En TMP-G1-COOH3-allyl6 och TMP-G1-DOPA3-allyl6 dendrimer 

byggdes med TMP-G1-azide3-allyl6 and TMP-G1-azide3-acetonide3 som referenser. Det ansågs att 

bindningen mellan ben och primer förmodligen skulle vara svagare än bindningen mellan primer och 

adhesiv, därför syntetiserades även TMP-G1-allyl3-COOH6 och TMP-G1-allyl3-DOPA6 med mer 

funktionella grupper som skulle kunna binda till benet. Referesen till dessa dendrimerer var TMP-G1-

allyl3-azide6. 

 

Den högsta adhesiva styrkan uppnåddes enligt skjuvtesterna med TMP-G1-allyl3-azide6 dendrimeren, 

en av referenserna. För dendrimererna som funktionaliserades med DOPA och karboxylsyra-grupper 

visade det sig att desto mer funktionella grupper (som kan binda mot benet) ju läger adhesion till 

ben.  
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Abbrevations 
Dimethylformamide  DMF 

Dichlormethane  DCM 

Tetrahydrofuran  THF 

Triethylamine   TEA 

Sodium hydroxide  NaOH 

Sodium chloride  NaCl 

Toluene-4-sulfonic acid  pTSA 

Dimethyl sulfoxide  DMSO 

Dimethylamino pyridine  DMAP 

Iron(III) chloride  FeCl3 

Sodium azide   NaN3 

2,5-dihydroxybenzoic acid  DHB 

Sodium bisulphate  NaHSO4 

Sodium Carbonate  NaCO3 

Magnesium sulphate  MgSO4 

N,N’-dicyclohexyl-carbodiimde DCC 

2,2-dimethoxypropane  DMP 

Hydrochloric acid  HCl 

3,4-dihydroxy-L-phenylalanine L-DOPA 

Trimethylolpropane  TMP 
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1.0 Purpose of the Study 
 

The purpose of this study is to develop a primer for a bone adhesive that improves the adhesive 

strength to wet bone. The primer is a thin bridging layer in-between the bone and the adhesive. Its 

purpose is to bind both to the bone and the adhesive. For this purpose a dendrimer will be built, 

post-functionalized and used as a primer. With its multivalence it will bind both to bone and 

adhesive. Parallel to building the dendrimer low molecular weight compounds will be tested as 

primers to evaluate, which functional groups the dendrimer should be post-functionalized with, in 

the end. The primers will be evaluated with shear tests. 
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2.0 Introduction 

2.1 Adhesives 
It takes about 12 weeks for bone fractures to heal, depending on what bones that have been injured, 

what the fracture looks like and if the bone is growing, e.g. fractures in children heal faster than in 

grownups.[1] During bone repair it is often desired to mechanically support bone fractures to ease 

the healing process, ensure that the bone heals properly, avoid malformations and prevent 

unnecessarily pain. Today in medicine, there are a few different methods for bone stabilization. 

Plaster cast is appropriate for uncomplicated fractures that are easy to relocate into their original 

position. For more complicated fractures stabilization with screws and metal plates are used. These 

implants usually give good results but are not suited for fractures involving thin bone, irregular 

surfaces, fragmented bone or fractures near sensitive tissue. Because drilling in thin bone can result 

in new fractures and near sensitive tissue there is a large risk of harming the tissue. For fractures with 

irregular surfaces it can be difficult to find a plate that fits the bone well. In addition, it is not always 

possible to reach all fractures with open surgery and implant stabilization can therefore be difficult 

sometimes. In this context bone adhesives are attractive alternatives for treating bone defects. [1, 2] 

A sufficient bone adhesive requires a set of properties to be applicable. First it must bind efficiently to 

the bone, even under moist or wet surgical conditions. Secondly the adhesive itself has to be 

mechanically strong. Thirdly, it should exhibit high mechanical properties in a harsh in vivo 

environment, even after a couple of months. Biocompatibility is of course also necessary. It is a 

challenge to combine all these properties; therefore there is still no established bone adhesives used 

for treatment of bone fractures. [1, 2]  

2.1.1 Dental Adhesives 

The dental primers and adhesives are interesting as bone primer or adhesive, since the structure of 

bone and dentine are very similar. Dentine consists of approximately 70 % inorganic hydroxyapatite 

component, an organic component mainly consisting of collagen type 1 is 20%, and the rest 10% is 

water. In comparison to bone that has 2-3% more organic adhesive, thus 3-2% less inorganic 

adhesive, it can be realised that their composition is very similar.[3, 4] Endres and co-workers [3] 

considered these similarities and wanted to use PMMA dental cement, which is used in dental 

surgery, as an adhesive to replace screws in metal plates for bone fixation. Dental cement is 

generally used in porous dentine, but as an adhesive on enamel and dentin that are plane and dense 

bone, where there are no cavities, the adhesive strength was not sufficient. For this reason they 

developed a bone-bonding agent that should increase the adhesion to bone. It had an amphiphilic 

structure and could bind to both the bone and the dental cement, in other words it acted as a 

primer. They compared their results with adhesive strengths for different dental and tissue adhesives 

investigated by Maurer and co-workers [50] and found that their bond-bonding agent in combination 

with PMMA dental cement lay in the same range as some dental primers and adhesives, without the 

need of any etching that most dental adhesives require. [3] 

Scotchbond XT dental adhesive is here used as an example of what dental adhesives contains to get a 

conception of their bonding mechanism to dentine. Among other components Scotchbond XT 

contains bisphenolglycidyl dimethacrylate (BisGMA), ethylene glycol dimethacrylate and hydroxyl 

ethyl methacrylate (HEMA), Figure 2.1. These three components have ester bonds. It is suggested 
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that ester bonds can chelate calcium when they are degraded to carboxyl groups and in that way 

bind to bone.[5] The fact that 1, 2 and 4 contains methacrylates is an interesting factor to investigate 

further. 

 

 

 

Figure 2.1. The chemical structure of BisGMA, 1, HEMA, 2, vitrebond polykenoic acid copolymer, 3, and ethylene glycol 
dimethacrylate, 4. 

2.1.2 Methacrylates 

Many dental adhesives contain methacrylates, e.g. Scotchbond XT see structures 1, 2 and 4 in Figure 

2.1. Metacrylates are frequently used in bone adhesive formulations and various cements, for 

example poly(methyl methacrylate), PMMA, a bone cement for prostheses fixation. The fact that 

they can homopolymerise and crosslink quickly in combination with high mechanical properties and 

low cost make them attractive as adhesives. However, their biocompatibility has been questioned. 

One study of alkylene bis(dilactoyl)-methacrylate showed good biocompatibility but emphasized the 

need for studies of long term stability.[6] The long-term stability was followed up by Grossterlinden 

et al., who found alkylene bis(dilactoyl)-methacrylate not to be biocompatible in the long run.[7] 

They investigated sheep after six weeks and six months. The six week group showed results of 

biocompatibility, but all the animals in the six month group had extensive tissue destruction. Even 

though the results can differ between species the results are not promising. [7] 

Some biocompatibility studies of methyl methacrylates state that methyl methacrylates are 

biocompatible while others state that they are not.[7-11] This uncertainty may be explained by that 

the biocompatibility is influenced by other components, than the actual methacrylate moiety. One 

reason for toxicity may be the existence of monomer residues in the polymer used.[11] 

A study of methyl methacrylates and mechanisms behind possible toxicity, was done by Bereznowski, 

who did not find any signs of toxicity.[11] However, the interaction of methyl methacrylate with 

other compounds in the body has to be taken into consideration. By competing for the active site of 

esterase, methyl methacrylate may increase toxicity of some compounds, as they are detoxified by 

esterase. Furthermore, conditions where serum esterase activity is decreased may increase the 

toxicity of methyl methacrylate.[11] Because the uncertainty of the biocompatibility of methacryltes 

its use in bone adhesives should be minimised. 

2 

4 3 

1 
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2.1.3 Cyanoacrylates 

Cyanoacrylate in different combinations is a widely used adhesive component, which exhibits good 

adhesion to bone even in wet environments. The fact that cyanoacrylate polymerise in the presence 

of water can contribute to its great attachment to wet bone. The initiator is already present in the 

bone and on the surface, which enables cyanoacrylate to polymerise itself as adhesive and also 

attach to the surface.[12] In other words cyanoacrylates can bind covalently to the wet bone surface. 

In Figure 2.2 the anion polymerisation of poly(ethyl α-cyanoacrylate) is shown, where a hydroxyl 

group is the nucleofil that attacks the double bonded carbon.  

Unfortunately the formation of formaldehyde and cyanoacetate during the degradation process of 

cyanacrylate adhesive is unfavourable in terms of biocompatibility.[2, 13-15] By making 

cyanoacrylates with longer alkyl chains the degradation of the molecule can be prolonged giving a 

lower concentration of toxic products and higher degree of biocompatibility. One attempt to achieve 

non-toxic cyanoacrylate adhesive involved isobutyl 2-cyanoacrylate, also known as Histoacryl. It is 

approved and used in surgery for wound closure, however not for bone fractures. Nevertheless, it 

could have potential as bone adhesive and has been tested in this matter, but it did not result in a 

sufficiently strong bond for fracture stabilization and was only biocompatible if used in limited 

amounts.[16, 17] Therefore isoamyl 2-cyanoacrylate was investigated that has a longer alkyl chain, 

which also could result in higher biocompatibility. Despite the longer alkyl chain of isoamyl 2-

cyanoacrylate the toxicity result did not differ much from that of isobutyl 2-cyanoacrylate. They were 

both non-toxic when used in limited amounts.[17] However, definite biocompatibility is required for 

a possible bone adhesive. 

 

Figure 2.2. The anion polymerisation of cyanoacrylate.[12] 

2.1.4 Mussel Adhesive 

There are many animals in the marine environment that produce adhesives to attach themselves to 

different substrates in the water, among others mussels, oysters, limpets and marine worms. The 

blue mussel Mytlius edulis is one of the most investigated of these marine animals in the context of 

adhesives. The blue mussels have the ability to anchor themselves to both inorganic and organic 

substrates, even in wet environments. This is a desirable feature that could be taken advantage of 

when investigating a good bone adhesive, as most adhesives loose strength when set in wet 

environments.[18-20] The system with which the mussel attaches itself to substrates is found in the 

foot of the mussel. It consists of many byssal threads and attachment plaques at the end of the 

threads that are fixed to the substrate. The build-up is shown in Figure 2.3. 
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Figure 2.3. A. A mussel attached by byssal threads to glass. B. A schematic picture of the build-up of the mussel 
adhesive.[18] 

Many studies have been done to investigate what properties and components that give mussels the 

ability to anchor themselves to such a variety of substrates.[18, 19, 21, 22] Form the build-up of the 

mussel (Figure 2.3) it is realised that the protein of interest is found in the foot of the mussel and the 

attachment plaques are of specific interest for the adhesion properties. Studies of the mussel foot 

protein have shown that 3,4-dihydroxyphenylalanine (L-DOPA) is in particularly high concentration at 

the adhesive/substrate interface (plaques). L-DOPA seems to be the main substance responsible for 

the cross-linking and adhesion to surfaces that mussels attach themselves to.[21, 23] Another study 

also showed that the closer the protein is found to the attachment plaque the higher L-DOPA 

content. This is also supported by a study showing decreased adhesion ability with the absence of L-

DOPA. [23] 

It has also been found that the metal levels (e.g. Fe, Zn, Cu, Mn) in the mussel adhesives are 

significantly higher than that of the surrounding water. Therefore it is reasonable to believe that 

metals influence the curing and the adhesive strength of the mussel adhesive proteins. The levels are 

often 100 000 times greater than those in open ocean sea water. Monahan et al. examined the 

functional roles of metal ions in the mussel adhesive through experiments that investigated the 

effect of different metal ions as curing agents. Spectroscopic analysis showed that addition of Fe3+ to 

the protein precursors to adhesion makes the mussel protein cross-link. A cross-link is created 

between Fe3+ and three DOPA-containing protein strands. The proposed cross-link can be seen in 

Figure 2.4 and Figure 2.5.[20, 24, 25] This leads to that the main theory of how the mussel adhesion 

occurs is through chelating of DOPA. It explains how DOPA may bind to inorganic surfaces and why 

the DOPA itself is especially strong. 

 

Figure 2.4. The blue mussel adhesive plaque with suggestion of the iron cross-link of the mussel adhesive protein.[24] 
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Figure 2.5. The suggested iron cross-linking of the mussel adhesive proteins.[25] 

To explain the bonding mechanism of the mussel adhesive proteins even further, it is worth 

mentioning that the Fe(DOPA)3 (Figure 2.5)can oxidize the mussel adhesive proteins, which generates 

radical species that may enable further protein-protein bonding (cross-links) or protein-surface 

bonds for adhesion. [24] 

With these different mechanisms the mussel attaches itself to organic and inorganic substrates in the 

marine environment. This is extremely interesting for the development of bone adhesives, as the 

bone itself is a mixture of organic and inorganic components. The chelating binding can propose how 

L-DOPA could bind to bone, where the chelating metal ion is calcium instead of iron. Heiss and 

Endres have also proposed that calcium forms a chemical connection to carboxcylic acids, which 

coincide with the theory that calcium could be the chelating agent in bone for L-DOPA, which 

contains carboxcylic acids. Furthermore, they suggest that amino groups of collagen form water-

insoluble bonds with hydroxyl groups, which propose that L-DOPA would bind very well to bone. [3, 

6] Figure 2.6 illustrates the suggested binding of L-DOPA to bone. 

 

Figure 2.6. The possible binding of L-DOPA to bone. 
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L-DOPA has great potential for bone adhesives, as the binding mechanisms originating from that in a 

marine environment can be transferred to that of bone. Preliminary immunological studies on 

marine adhesive proteins have also shown that they are poor antigens, making them good 

candidates for medical applications in the body. [26] 

2.1.5 Polysaccharides 

The high biocompatibility of polysaccharides makes them interesting candidates for bone fixation.[2] 

It has been shown that polysaccharides sulfates and carboxylates can chelate Ca2+ and N-

acetylamido, which suggest potential of binding to bone. Additionally, hydroxyl groups can form 

hydrogen bonds with protonated PO4
3-, water and hydroxyl groups, which propose that 

polysaccharides could be promising as bone adhesives as all these molecules are present in the 

inorganic matrix of bone. [27]  

In one study the combination of chitosan and oxidized dextran or starch were used to obtain a bone 

adhesive. The chemical structures of these molecules are shown in Figure 2.7. When these molecules 

are mixed with water the components cross-link. By the same mechanism, as in the cross-linking, the 

adhesive binds to exposed amino groups in a bone fracture, even in the presence of water. Starch 

was oxidized to provide aldyhyde groups that could react with both amino groups of the tissue as 

well as with the chitosan component, which creates cross-linking within the adhesive on the one 

hand and on the other hand strong bonding to the surrounding tissue. The adhesive strength was 

one third of the mechanical strength of that of cyanoacrylate adhesives. However, to be a successful 

bone glue the adhesive strength still has to be improved. [2] 

 

 

Figure 2.7. The chemical strucutre of chitosan [1], dextran [2] and starch [3]. 
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These were some examples of investigated possible bone adhesives. Some examples are more 

promising than others; however it seems to be difficult to combine high mechanical properties with 

biocompatibility. Cyanoacrylate glues adhere well to wet bone, however they have shown to be toxic 

and therefore not a good alternative. The main issue is to find a bone adhesive that attach well to 

wet bone, since it is impractical and unreasonably to wait for the bone to dry before applying the 

bone adhesive. In this context L-DOPA seems very promising, as many different studies propose 

possible binding mechanisms that could be applicable to bone. 
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2.2 Dendrimers for Increased Adhesion 
Dendrimers have proven to enhance adhesion in many applications because of their muliti-valence 

nature of functional groups. For example improved adhesion between gold films and oxide films was 

obtained by using a generation eight polyamidoamine (PAMAM) dendrimer.[28] The samples 

containing dendrimer exhibited a two times higher critical load compared to samples without 

dendrimer. The improved adhesion was verified by both nanoscratch studies and microscopic 

examinations of the characteristics of plastic flow during nanoindentation.[28] Furthermore, water-

soluble dendrimers of first generation bearing nine guanidium ions at the pheriphery have shown to 

prevent the ATP-driven sliding motion of actomyosin by an adhesive process.[29] However, 

dendrimers have not been used to improve bone adhesion. 

2.2.1 Basics about Dendrimers 

The dendritic family, a subgroup of polymes with highly branched structures, consists of dendrimers, 

hyperbranched polymers, dendrigrafts and dendronized polymers (Figure 2.8). These structures are 

fairly new in macromolecular chemistry and are a combination of organic chemistry and polymer 

synthesis. Dendronized polymers combine a linear backbone with dendritic side-chains. Their 

structure can be either random coil or fully stretched depending on the size and density of the 

attached side-chains (for dendrons see Figure 2.9). The fully stretched structure is believed to have 

great potential and interesting features, as the rod-like structure resembles numerous biological 

functional units. The dendrigrafts are flexible macromolecules where high molecular weights can be 

produced fast. These molecules unite the properties of dendrimers and hyperbranched polymers 

with the features of linear polymers. [30] 

 

Figure 2.8. The dendritic family and its sub-classes.[30] 

Hyperbranched polymers similar to dendrimers have a large amount of end groups and a globular 

conformation at higher molecular weights. Unlike linear polymers, dendrimers and hyperbranched 

polymers do not entangle leading to unusual viscosity behaviours, i.e. low solution viscosity. 

Furthermore, their many end-groups result in much higher solubility than their linear analogues. The 

difference between dendrimer and hyperbranched polymers is that the hyperbranched polymers 

have an ill-defined architecture with irregular branches and they generally have polydispersities of 2 

or higher. Dendrimers on the contrary are monodisperse polymers with a perfectly branched 

structure. This difference in polydispersity origin from their synthesis, where the hyperbranched 

polymers can be manufactured by a simple one-pot synthesis. Due to this structural difference and 

other unique physical and chemical properties of dendrimers compared to hyperbranched the 

applications for dendrimers are many, for example targeted drug-delivery, macromolecular carriers, 

imaging, catalysis and surface engineering. However, because of the complex synthesis there are 

only a few dendrimers that are commercially available. Nonetheless, many hyperbranched polymers 

are available commercially.[30, 31] The fact that polymers with the same molecular weight but 

different PDI (polydispersity index) can have different biodistribution in the body and that 

monodispersity is of high importance in this work due to need of exact control of number of 

functional groups [32] dendrimers will be used in this work.  

Dendrimers consist of a core that connects the dendrons and keeps the molecule together. Part of 

the dendron makes up the interior of the dendrimer and part of it is the end-groups. The interior is 
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formed from the chosen monomer and the end-groups are either the activated monomer groups or 

other groups that the dendrimer is post-functionalised with. Dendrimers can be made in different 

sizes, in other words generations. The first generation corresponds to a dendrimer with one 

monomer layer around the core and the second generation corresponds to two monomer layers and 

so on. The structure of a dendrimer is illustrated in Figure 2.9. [30] 

 

Figure 2.9. The internal structure of a dendrimer.[30] 

2.2.2 Dendrimer Synthesis 

Traditional synthesis of dendrimers is very long-winded with repetitive stepwise growth and 

deprotection/activation steps, as well as purification between each generation. Not to forget the 

synthesis of the monomer. To begin with the monomers contain more than one functional group, so 

called ABx. A is one functionality and B another. A can only react with B and the other way around, 

they cannot react with themselves. The number of B functional groups is denoted with X and is 

higher than or equal to 2, which leads to the branching. There are two different synthesis paths; 

divergent growth, first introduced by Tomalia et al. and Newkome et al. [33, 34] and convergent 

growth, developed by Hawker and Fréchet in 1990 [35], Figure 2.10. They result in the same 

molecules but are suitable for different conditions. [30] 

 

Figure 2.10. Divergent and convergent growth strategy of producing dendrimers.[30] Note, that in this picture 
in the convergent strategy the separate dendron is synthesized divergently, but the whole dendrimer is 

synthesized convergently. 

The divergent growth strategy starts from the core molecule with chosen core multiplicity. Core 

multiplicity means reactive groups of the same functionality from where the dendrimer can grow. 

Each group represents the beginning of a dendron. To make the first generation (G1 see Figure 2.9) 

the B functional groups have to be protected from reacting with A. This allows A only to react with 

reactive sites of the core. The reaction is followed with MALDI-TOF and NMR to ensure that all 

reactive sites have reacted and that the core is fully substituted. After this a purification step follows 

to separate starting material and by-products from the product. This step is usually performed by 

column chromatography. Thereafter the B functionalities of the first generation dendrimer are 

activated to enable their reaction with a new set of ABx-monomers to build the second generation of 

the dendrimer. These steps are repeated until the desired generation is reached. [30] 

In the convergent growth approach of the dendrimers separate dendrons are synthesised first. The 

dendrons are synthesized from the pheriphery and inwards.[35] The dendron focal point has to be 

activated during the synthesis of the dendron. The dendrons are coupled to a core when the desired 

generation is reached. With this method each dendron can be grown with high control as the 

dendron is a less complicated molecule structurally than the entire dendrimer, as the complexity of 

the dendrimer increases with each generation. Due to steric hindrance in dendrones of high 

generations it is hard to obtain fully substituted core molecules resulting in partly derivatized 

dendrimers. However, since the partly derivatized dendrimers are much smaller this purification step 

is quite straight forward. The increasing complexity also applies for the divergent method. Here the 

risk for incomplete derivatization is also a problem and the purification method is very complicated. 
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Even so, the divergent method is preferred upon identifying efficient reactions for growth and 

activation steps. [30] 

As mentioned earlier traditional dendrimer synthesis is very tedious, but studies have been 

performed to accelerate their synthesis.[36-38] The approach is to speed up the synthesis by 

eliminating activation steps. This is achieved by synthesis of AB2- and CD2-monomers that react 

orthogonally to each other; hence they are built up in a way that eliminates the need of an activation 

step, which result in an increase of generation at each iterative step. The monomer contains groups 

that let them react through esterifications or so called click-reactions. The click reactions  are very 

selective and result in high yields[39], which lead to that the dendrimer synthesis becomes very 

effective.[36-38] The use of AB2C-monomers is another approach to accelerate the synthesis, where 

the acceleration strategy is to increase the amount of functional groups at each iterative step. In 

traditional synthesis using AB2-monomers six functional groups are obtained in the first step (using 

an trifunctional core), but by employing AB2C-monomers the number of functional groups after the 

first step is increased to nine.[40] The combination of AB2- and CD2-monomers results in a dendrimer 

with one type of functional group at the pheriphery in contrast to the AB2C-monomer that leads to a 

dendrimer with two different types of functionalities. 

 

2.2.3 Bifunctional Dendrimers 

Bifunctional dendrimers are dendrimers that consist of two different functional groups. Both 

functional groups can be represented at the periphery (Figure 2.11A). Another possibility is a 

bifunctional dendrimer with two dendrons with different functionalities (Figure 2.11B) or a 

dendrimer with internal functional groups that differs from the functional groups at the periphery 

(Figure 2.11C). Bifunctional dendrimers have shown great potential for drug delivery and other 

therapeutic or diagnositic applications as a bifunctional dendrimer can combine two different 

functionalities. For example many low molecular drugs suffer from poor water-solubility and low 

bioavailability, but with bifunctional dendrimers these problems can be solved by uniting two 

properties in one molecule, by incorporating two different functional groups, where one is highly 

soluble in water and the other exhibit high bioavailability. Bifunctional dendrimers allow us to attach 

one functional group that adheres to wet bone and the other that adhere to the adhesive to attain 

maximum adhesion between the bone and the adhesive. [40, 41] 

 

Figure 2.11. Three different types of bifunctional dendrimers. A with two different functional groups at the periphery. B 
consists of two dendrons with different functionalities, so called “bow-tie” dendrimer. C has an interior with different 

functionality than the periphery.[40] 

The different types of bifunctional dendrimers are synthesized according to different paths. One 

option when synthesizing so called “bow-tie” dendrimers  (Figure 2.11B) is to separately synthesize 

the two dendrons and then couple them. However, this approach resulted in low yields for coupling 

of large dendrons because of sterical reasons. Therefore, Gillies and Fréchet chose another strategy, 

where one dendron was synthesized first with protected groups. Then the focal point was activated 

and the other dendron was grown divergantely from this focal point. This strategy resulted in higher 

yields than coupling of the two large dendrons. [41] 
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For peripheral bifunctional dendrimers a divergent synthesis is preferred. It has been proposed that 

the most efficient way to produce these is to first make a symmetric dendrimer in bulk and then 

post-functionalize it. Fréchet and co-workers used a cyclic carbonate that served as the symmetric 

substrate, which could be transformed and result in a bifunctional product. The symmetric carbonate 

at the periphery reacted cleanly, efficiently and selectively with the amines to produce a peripheral 

bifunctional dendrimer.[40, 42] 

To expand the area of bifunctional dendrimers even more the typically dormant intererior could be 

activated with functional groups. A more sophisticated synthetic path is required for this purpose. 

One approach is to predetermine the functional groups at the interior; hence the monomer bear the 

functional groups of the interior and no need for post-functionalization of the interior is needed. 

Another option is to make groups at the interior that can undergo post-functionalization with 

ruthenium catalyst, super bases or strong acids. Since dendrimers can be degraded easily when 

exposed to acids or bases it is important to synthesize a dendrimer that can tolerate these harsh 

conditions. Malkoch et al. made an AB2C-type monomer, where A could only react with B and C was 

the functional group at the interior that is dormant during dendrimer synthesis.  A divergent growth 

path was chosen and resulted in a fully activated dendrimer after six reaction steps compared to 16 

steps for a peripheral dendrimer with less functional groups. The created dendrimer had acetylene 

groups in the interior and hydroxy groups at the periphery that can undergo robust post-

functionalization, without the harsh conditions described above. [40] 

2.2.4 Click-Chemistry 

Click-chemistry, introduced by Sharpless and co-workers [39], refers to reactions that are very 

selective, hence result in the wanted products with very little or no by-products, work well under 

various conditions and are orthogonal to other functional groups. There are many different types of 

click reactions for example copper-catalyzed azide-alkyne cycloaddition (CuAAC, Figure 2.12A), strain 

promoted azide alkyne cycloadditions (SPAAC, Figure 2.12B), Diels-Alder cycloadditions (Figure 

2.12C) and thiol-ene click reaction (Figure 2.12D-E). The most popular one is the CuAAC and it will be 

discussed later in the introduction. [43]  

In SPAAC strained cycloalkynes are used to couple the azides to the acetylene group. The advantage 

of SPAAC compared to CuAAC is that it does not involve any toxic copper. Diels-Alder reactions were 

first reported in 1928 and have been used in organic chemistry for a long time. However, it gained 

interest in material chemistry when the click-concept was introduced. In contrast to the many other 

click reactions Diels-Alder reactions form a carbon-carbon bond instead of a heteroatom-carbon 

bond. The thiol-ene click reaction progress by hydrothiolation of practically any alkene either by 

radical or nucleophilic mechanisms. The high efficiency and the robustness of the reaction are 

attractive, but also the fact that thiols are present in biological systems, which could enable 

bioconjugation. [39, 43, 44] 
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Figure 2.12. Example of click reactions commonly employed in polymer synthesis and functionalization.[43] 

 

2.2.4.1 Copper-Catalyzed Azide-Alkyne Cycloaddition (CuAAC) 

Copper-catalyzed azide-alkyne cycloaddition (CuAAC) click-reaction will be used to post-functionalize 

the bifunctional dendrimers with DOPA or carboxcylic acid. Dipolar cycloadditions between organic 

azides and acetylenes fulfil the click criteria with their very selective functional groups. The first 

specific cycloaddition of primary acetylenes and azides was first introduced by Huisgen in 1984.[45] 

However, the low reaction rate did not make them very useful as click-reactions. Nevertheless, when 

the catalyst effect of copper(I) for azides was revealed the true potential of azides in click-reactions 

was shown.[46] The uncatalyzed reaction needed higher temperatures and produced a mixture of 

the two regiostereomers of 1,4- and 1,5-triazole, seen in Figure 2.13A. The copper(I) catalyzed 

reaction (Figure 2.13B) on the other hand increased the reaction rate with a factor of 107 compared 

to the thermal process and is regiosepcific, forming only the 1,4-triazole. Other advantages are that 

higher yields are reached and that it is performed in room temperature (Figure 2.13B). [44, 46] 

 

Figure 2.13. A. 1,3-dipolar cycloaddition of azides and alkynes. Requires prolonged heating and give both 
regiostereomers of 1,4- and 1,5-triazole. B. Copper catalyzed azide-alkyne cycloaddition (CuAAC).[44] 
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However, copper(I) is the least thermodynamically stable oxaditive state for copper, but there are a 

few possible ways of adding copper(I) to the reaction mixture, either copper(I) salts (bromide, 

chloroide, acetate) or copper(I) complexes are added or a source that contains copper(II) is used and 

converted into copper(I) or elemental copper is added. However, if elemental copper is applied the 

reaction mixture needs to stirred or shaked for 12-48 hours, which prolong the reaction time. If a 

source of copper(II) is added it can be converted to copper(I) by ascorbate, which is a mild reductant. 

[44] 

To be able to improve and perform the reaction it is important to know the mechanism for it, but it is 

very complicated. Nevertheless, studies have been made that suggest the mechanism illustrated in 

Figure 2.14. 

 

Figure 2.14. Catalytic cycle for the CuAAC reaction.[44] 

For the click-reaction to be successful it is crucial that Cu(I) exist in the presence of organic azides. 

Organic azides are weak ligands for copper; however they seem to be sufficient enough to enter the 

productive catalytic cycle. Nevertheless, solvents that promote ligand exchange are preferred so that 

the reaction reaches its full potential.[44] The simplicity and robustness of click-chemistry allows 

functionalization of the dendrimers with both acid and dopamine groups with one simple step.  
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3.0 Experimental 

3.1 Materials 
 

Chemicals 

Chloroform, dimethylformamide (DMF) and methanol were purchased from Fisher Sientific. 

Dichlormethane (DCM), tetrahydrofuran (THF), triethylamine (TEA), sodium hydroxide pellets (NaOH, 

max. 0.02% K), sodium chloride (NaCl), sea sand extra pure, toluene-4-sulfonic acid manhydrate 

(pTSA), n-heptane, dimethyl sulfoxide (DMSO), ethyl acetate (EMPROVE) and succinic anhydride 

were all obtained from Merck. Diethyl ether and pyridine were purchased from AnalR NormaPur. 

Dimethylamino pyridine (DMAP, 99%), 1,3,5-triallyl-1,3,5-triazine-2,4,6-trione (98%), 6-heptenoic 

acid, iron(III) chloride (FeCl3, >97%), 4-pentenoic anhydride (98%), sodium ascorbate, copper(II) 

sulphate pentahydrate (CuSO4, 98+%), 6-bromohexanoic acid, sodium azide (NaN3), 9-nitroantracene 

(95%), 2,5-dihydroxybenzoic acid (DHB, >99%), sodium bisulphate (NaHSO4), sodium carbonate 

(Na2CO3) and trizma hydrochloride were acquired from Sigma Aldrich. Ethanol (absolute, 96%) was 

purchased from GPR RectaPur. Magnesium sulphate (MgSO4, 99%, extra pure), silica gel (ultra pure, 

40-60µm), N,N’-dicyclohexyl-carbodiimde (DCC, 99%), 2,2-Dimethoxypropane (2,2-DMP, 98%) and 

hydrochloric acid (HCl, 37%) were obtained from Acros Organics. 3,4-dihydroxy-L-phenylalanine (L-

DOPA, 98+%) was acquired from Alfa Aesar and 4-pentynoic acid (98%) from GFS Chemicals. The 

NMR solvents chloroform-D + silverfoil (D 99.8%), methanol-D4 (D99.8%) and dimethylsulfoxide-D6 

(DMSO, D99.9%) were all purchased from Camebridge Isotope Laboratories Inc.. Trimethylolpropane 

(TMP) was acquired from Perstorp. Irgacure 184 was obtained from Ciba. 

 

Fibres 

Woven, 90/0, E-glass fibre veils with 25 g/m2, style 106, were obtained from Procher industries. 

 

Commercial adhesives 

The dental adhesive used, Scotchbond XT, was obtained from 3M Espe. The butyl-cyanoacrylate 

used, Histoacryl, was purchased from B Braun. 

 

Bones 

All specimens were obtained from bovine femur. 

 

3.2 Characterization Methods 
 
Nuclear Magnetic Resonance, NMR 
1H and 13C NMR were performed on a Bruker Avance 400 MHz NMR instrument. NMR solvent was 

used as a reference. 

 

UV-curing 

Fusion:  

UV induced cross-linking were performed using a Fusion UV Curing System Model F300, equipped 

with a V-bulb (405-420 nm) or H-bulb (320-390 nm). Dose measurements were done with a UVICURE 

Plus from EIT Inc., Sterling, VA, USA. 
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Oriel: 

UV-induced cross-linking of the adhesive was carried out with an Oriel 82410 device with a 1000 W 

Xenon-mercury lamp. Dose measurements were done with a UVICURE Plus from EIT Inc., Sterling, 

VA, USA. 

 

UV-box: 

UV-induced cross-linking was performed using a UV-box, which is a cardboard box equipped with a 

15 W UV-Bench lamp (352 nm). 

 

MALDI-TOF 

MALDI-TOF MS measurements were performed on a Bruker Uniflex MADLI-TOF MS with SCOUT-MTP 

Ion Source (Bruker Daltonics) equipped with a N2-laser (337 nm), a gridless ion source and reflector. 

All spectra were acquired using a reflector-positive method with an acceleration of 25 kV and a 

reflector voltage of 26.3 kV. The detector mass range was set to 500-4000 Da. The laser intensity was 

set to the lowest value possible to acquire a spectrum. The instrument was calibrated using 

SpheriCalTM calibrants purchased from Polymer Factory Sweden AB. 9-Nitroantracene, 

dihydroxybenzoic acid (10 mg/ml THF) or sinapic acid was used as matrix with sodium trifluoracetate 

as the counter ion. The obtained spectra were analyzed using FlexAnalysis Bruker Daltonics version 

2.2. 

 

Mechanical Measurements 

The mechanical measurements were performed on the static testing machines, Instron 5566 with a 

10 kN load cell or Instron 5567 with a 30kN load cell.  

 

3.3 Dendrimer Synthesis 

3.3.1 Monomer Synthesis 
 

Synthesis of acetonide protected trizma, 1 

Trizmahydrochloride (100.04 g, 634.8 mmol), 2,2-DMP (101.60 g, 975.5 mmol) and pTSA (5.25 g, 30.5 

mmol) were dissolved in DMF (600ml) and left to react over night at room temperature.  DMF was 

evaporated and the crude mixture was dissolved in ethyl acetate (1000 ml). TEA (100ml) was added 

to precipitate the formed chloride salt and then filtered off. The filtrate was concentrated an 

precipitated in cold diethyl ether (2000 ml). The product was filtered off and dissolved in distilled 

water (200 ml) and then finally freeze dried. The product was obtained as a white solid. Yield 90% 

(91.6 g). 1H-NMR (CDCl3, 400 MHz), δ 1.44 (d, J=12 Hz, 6H, -CH3), 3.50 (s, 2H, -CH2OH), 3.55 (d, J=12 

Hz, -CH2OC-), 3.80 (d, J=12 Hz, -CH2OC-); 13C-NMR (CDCl3, 100MHz) δ 22.1, 25.22, 50.54, 64.97, 67.21, 

98.62. 

Synthesis of 6-azidohexanoic acid, 2 

6-Bromhexanoic acid (40.13 g, 205.1 mmol) was dissolved in DMSO (200 ml), heated to 40°C and 

sodium azide (66.65 g, 1025.2 mmol) was added stepwise. The temperature was increased to 80°C 

and the reaction was left to react over night under reflux. Distilled water (80 ml) was added and the 

temperature was decreased to 40°C and 37% hydrochloric acid (90 ml) was added. The reaction was 

left to stir to the next day and was washed with diethyl ether (200 ml). The collected diethyl ether 
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phase was extracted with 10 wt% sodium hydrogen sulphate (NaHSO4) and with distilled water. The 

organic phase was dried from water with magnesium sulphate (MgSO4), filtered and concentrated. 

The product was dissolved in DCM (800 ml) and extracted with distilled water and NaHSO4 and dried 

with MgSO4. After the solvent was evaporated the product was isolated as a yellow oil. Yield 78% 

(32.2 g). 1H-NMR (CDCl3, 400 MHz) δ 1.39-1.48 (m, 2H, -CH2CH2CH2CH2CH2C=O-), 1.58-1.71 (m, 4H, -

CH2CH2CH2CH2CH2C=O-), 2.38 (t, J=7.6 Hz, 2H, -CH2CH2CH2CH2CH2C=O-), 3.28 (t, J=8 Hz, 2H, N3CH2-). 
13C-NMR (CDCl3, 100 MHz) δ 24.28, 26.28, 28.67, 33.95, 51.32, 179.90. 

 

Synthesis of 6-azidohexanoic anhydride, 3 

6-azidohexanoic acid 2 (25.70 g, 159.0 mmol) was dissolved in DCM (30 ml). The reaction flask was 

placed in an ice bath and then DCC (16.40 g, 79.5 mmol) dissolved in DCM (10 ml) was added 

stepwise. This mixture reacted over night, was filtered and concentrated and redissolved in diethyl 

ether and filtrated again. The diethyl ether was evaporated and the product was dried on vacuum 

and was isolated as a yellow oil. Yield 96% (22.6 g). 1H-NMR (CDCl3, 400 MHz) δ 1.40-1.48 (m, 4H, -

CH2CH2CH2CH2CH2C=O-), 1.58-1.73 (m, 8H, -CH2CH2CH2CH2CH2C=O-), 2.47 (t, J=8 Hz, 4H, -

CH2CH2CH2CH2CH2C=O-), 3.28 (t, J=8 Hz, 4H, N3CH2-). 13C-NMR (CDCl3, 100 MHz) δ 23.99, 26.26, 28.79, 

35.30, 51.42, 169.46. 

 
Synthesis of azide-Ac-OH, 4 

Acetonide protected trizma 1 (16.76 g, 104.0 mmol) and TEA (15.78 g, 156.0 mmol) were dissolved in 

DCM (900 ml). 6-hexanoic anhydride 3 (21.57g, 72.8 mmol) dissolved in DCM (220 ml) was added 

through a dropping funnel at 0°C. The mixture was extracted with 10 wt% sodium carbonate 

(Na2CO3), NaHSO4 and brine. The mixture was dried with MgSO4 and then filtered. The crude mixture 

was purified by flash chromatography with a gradient increase of ethyl acetate in heptane. The 

product was obtained as a white solid. Yield 77 % (16.1 g). 1H-NMR (CDCl3, 400 MHz) δ 1.44 (s, 3H, -

CH3), 1.46 (s, 3H, -CH3), 1.60-1.74 (m, 6H, -CH2CH2CH2CH2CH2-), 2.31 (t, J=8 Hz, 2H, -CH2C=ONH-), 3.29 

(t, J=6.8 Hz, 2H, N3CH2-), 3.65 (d, J=6.8 Hz, 2H, -CH2OH), 3.83 (s, 4H, -CH2O-), 5.09 (t, J=6.8 Hz, 1H, -

OH), 6.29 (s, 1H, -NH-). 13C-NMR (CDCl3, 100 MHz) δ 18.99, 25.55, 26.47, 28.70, 28.89, 37.81, 51.50, 

64.75, 64.89, 99.26, 174.71. 

 

Synthesis of acid functional acetonide protected trizma-acetylene, 5 

Azide-Ac-OH 4 (14.00 g, 48.9 mmol), DMAP (1.19 g, 9.8 mmol) and pyridine (4.64g, 58.7 mmol) was 

dissolved in DCM (70 ml). The reaction flask was placed in an ice bath and the succinic anhydride 

(5.87 g, 58.7 mmol) was added slowly and the mixture was left to react over night. DCM was 

evaporated and THF (50 ml) and distilled water (20 ml) was added to quench the remaining 

anhydride. THF was evaporated and the product was dissolved in DCM (1000ml) and extracted with 

NaHSO4 and thereafter dried with MgSO4. The product was purified with flash chromatography and 

eluted with gradually increased ethyl acetate concentration in heptane and isolated as a white solid. 

Yield 63% (12.3 g). 1H-NMR (CDCl3, 400 MHz) δ 1.41 (s, 3H, -CH3), 1.49 (s, 3H, -CH3), 1.58-1.67 (m, 6H, 

-CH2CH2CH2CH2CH2-), 2.18 (t, J=8 Hz, 2H, -CH2C=ONH-), 2.63-2.72 (m, 4H, -OC=OCH2CH2C=O-), 3.28 (t, 

J=6.8 Hz, 2H, N3CH2-), 3.76 (d, J=12 Hz, 2H, -CH2OCCH3), 4.28 (d, J=12 Hz, 2H, -CH2OCCH3), 4.51 (s, 2H, 

-CH2CCH2OCCH3-), 5.93 (s, 1H, -NH-). 13C-NMR (CDCl3, 100 MHz) δ 23.22, 24.02, 25.09, 26.18, 28.60, 

29.03, 36.81, 51.27, 53.24, 62.40, 63.63, 98.93, 172.47, 174.15, 176.27. 

 

 



 

23 
 

3.3.2 Dendrimer Synthesis 
 

Synthesis of TMP-G1-Azide3-Ac3, 6 

The AB2C monomer, 5, (8.20 g, 20.5 mmol), DPTS (1.00 g, 3.4 mmol), DMAP (0.21 g, 1.7 mmol) and 

TMP (0.76 g, 5.7 mmol) were dissolved in DCM (10 ml) and the reaction flask was placed in an ice 

bath. DCC (4.23 g, 20.5 mmol) was dissolved in DCM (1.5 ml) and added to the reaction. The reaction 

was left to react over night. MALDI-TOF was used to determine that the TMP core was fully 

substituted. The solution was filtered and the filtrate was dissolved in diethyl ether (10 ml) and 

filtered again. The product was purified with flash chromatography and eluted with increasing 

concentration of ethyl acetate in heptane. The product was obtained as a yellow oil. Yield 54% (3.9 

g). 1H-NMR (CDCl3, 400 MHz) δ 0.86 (t, J=7.4 Hz, 3H, -CH2CH3), 1.23-1.27 (m, 2H, CH3CH2-) 1.39 (s, 

12H, -CCH3), 1.46 (s, 12H, -CCH3), 1.55-1.66 (m, 18H, -CH2CH2CH2CH2CH2-), 2.16 (t, J=7.2 Hz, 6H, -

CH2C=ONH-), 2.62 (s, 12H, -OC=OCH2CH2C=O-), 3.25 (t, J=6.8 Hz, 6H, N3CH2-), 3.76 (d, J=6 Hz, 6H, -

CH2OCCH3), 4.00 (s, 6H, -OCH2CCH2CH3), 4.23 (d, J=6 Hz, 6H, CH2OCCH3), 4.46 (s, 6H, -CH2CCH2OCCH3), 

5.88 (s, 3H, -NH-). 13C-NMR (CDCl3, 100 MHz) δ 7.06, 22.60, 23.29, 23.38, 24.71, 25.94, 28.35, 28.61, 

36.51, 40.49, 50.95, 52.69, 62.04, 63.51, 63.69, 98.43, 171.77, 172.06, 173.12. MALDI-TOF: Calculated 

[Mw+Na+] = 1303.64 g/mol, found [Mw+Na+]= 1303.70 g/mol. 

 

Synthesis of TMP-G1-Azide3-OH6, 7 

TMP-G1-Azide3-Ac3, 6, (2.00 g, 1.6 mmol) was dissolved in THF (17 ml) and pTSA (2.00 g, 10.5 mmol) 

dissolved in distilled water (17 ml) was added. The reaction reacted for 48 hours and followed with 

MADLI-TOF until completion. TEA (1.06 g, 10.5 mmol) was added and the reaction mixture was then 

dissolved in THF (1000 ml) and extracted with brine:H2O in a ratio of 3:1, dried with MgSO4, 

evaporated and freeze dried. The product was purified with flash chromatography and eluted with 

gradually increasing concentration of methanol in ethyl acetate. The product was obtained as an oil. 

Yield 64 % (1.1 g). 1H-NMR (MeOD, 400 MHz) δ 0.92 (t, J=7.4 Hz, 3H, -CH3), 1.29-1.64 (m, 20H, 

CH3CH2-, -CH2CH2CH2CH2CH2-), 2.26 (t, J=8 Hz, 6H, -CH2C=ONHC-), 2.67 (s, 12H, -OC=OCH2CH2C=O-), 

3.31 (m, 2H, N3CH2-), 3.76 (d, J=2.8 Hz, 12H, -CH2OH), 4.08 (s, 6H, -OCH2CCH2CH3), 4.35 (s, 2H, -

CH2CCH2OH), 7.91 (s, 1H, -NH-). 13C-NMR (MeOD, 100 MHz) δ 7.75, 24.02, 26.47, 27.36, 29.70, 29.90, 

29.93, 37.31, 42.20, 52.35, 62.20, 62.39, 63.79, 65.10, 173.77, 173.82, 176.94. MALDI-TOF: Calculated 

[Mw+Na+] = 1184.21 g/mol, found [Mw+Na+]= 1183.44 g/mol, Calculated [Mw-H+] = 1160.21 g/mol, 

found [Mw-H+]= 1161.47 g/mol. 

 

Synthesis of TMP-G1-Azide3-Allyl6, 8 

TMP-G1-Azide3-OH6, 7, (0.90 g, 0.775 mmol), DMAP (0.11 g, 0.93 mmol) and pyridine (0.44 g, 5.6 

mmol) were dissolved in DCM (18 ml). The reaction flask was placed in an ice bath and 4-pentenoic 

anhydride (1.02 g, 5.6 mmol) was added. The reaction was left to react over night. The anhydride was 

quenched with H2O (5 ml) and left to stir over night. The reaction mixture was dissolved in DCM (300 

ml) and extracted with NaHSO4, NaCO3 and brine and dried with MgSO4, filtered and evaporated. 

Finally the product was purified with flash chromatography and eluted with a gradual increase of 

ethyl acetate in heptane and isolated as transparent oil. Yield 40% (0.5 g). 1H-NMR (CDCl3, 400 MHz) 

δ 0.87 (t, J=4, 3H, -CH3), 1.24-1.49 (m, 8H, CH3CH2-, -CH2CH2CH2CH2CH2), 1.57-1.66 (m, 12H, -

CH2CH2CH2CH2CH2C=O-), 2.16 (t, J=8 Hz, 6H, -CH2C=ONHC-), 2.34-2.46 (m, 24H, =CHCH2CH2C=O-), 2.63 

(s, 12H, -OC=OCH2CH2C=O-), 3.27 (t, J=6.8 Hz, 6H, N3CH2-), 4.03 (s, 6H, -OCH2CCH2CH3), 4.43 (s, 18H, -

CH2CH2CH2CH2C=OOCH2-, -C=OCH2CH2C=OOCH2-), 5.00-5.08 (m, 12H, CH2=), 5.75-5.86 (m, 6H, CH2CH-
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), 5.98 (s, 3H, -NH-). 13C-NMR (CDCl3, 100 MHz) δ 7.47, 23.01, 25.04, 26.33, 28.72, 28.82, 28.93, 33.40, 

36.90, 40.85, 51.32, 58.33, 62.69, 63.00, 64.14, 115.92, 136.45, 171.96, 172.05, 172.77, 173.12. 

MALDI-TOF: Calculated [Mw+Na+] = 1675.80 g/mol, found [Mw+Na+]= 1675.73 g/mol. 

 

Synthesis of TMP-G1-DOPA3-Allyl6, 9 

TMP-G1-Azide3-Allyl6, 8, (0.15 g, 0.091 mmol) was dissolved in THF (1.5 ml). Dopamine-acetylene 

(0.16 g, 0.544 mmol) was dissolved in THF (2.5 ml)  and added to the reaction flask. Sodium ascorbate 

(0.08 g, 0.408 mmol) was dissolved in distilled water (2 ml) and added. Copper sulphate (0.02 g, 

0.082 mmol) was dissolved in distilled water (0.5 ml) and added to the reaction mixture that turned 

yellow. After one hour it was verified with MADLI-TOF that the click-reaction was completed. The 

solid copper was filtered off and washed with THF. THF was evaporated and then the reaction 

mixture was freeze dried. To purify the reaction mixture from copper flash chromatography was 

performed where the product was eluted with THF. After this step the reaction mixture lost its colour 

and became transparent. The THF was evaporated before the product mixture was dissolved in 

methanol (2 ml) and precipitated in cold diethyl ether (20 ml). The diethyl ether phase was decanted 

and the product was isolated as a transparent solid. Yield 33% (75mg). 1H-NMR (MeOD, 400 MHz) δ 

0.89 (t, J=8 Hz, 3H, -CH3), 1.27-1.35 (m, 6H, -CH2CH2CH2CH2CH2-), 1.48 (q, J=8 Hz, 2H, CH3CH2-), 1.57-

1.65 (m, 6H, -CH2CH2CH2CH2CH2C=O-), 1.86-1.93 (m, 6H, -CH2CH2CH2CH2CH2C=O-), 2.19 (t, J=8 Hz, 6H, 

-CH2C=ONHC-), 2.31-2.48 (m, 36H, =CHCH2CH2C=O-, -CH2CH2NH-, -CH2C=ONHCH2-), 2.57-2.63 (m, 

18H, -OC=OCH2CH2C=O-, -NHC=OCH2CH2C=O-), 3.27-3.35 (m, 6H, -CH2NH-), 4.04 (s, 6H, -CH2CCH2CH3), 

4.36-4.42 (m, 24H, CH2CH2CH2CH2C=OOCH2-, -C=OCH2CH2C=OOCH2-, -CH2NN=N-), 4.96-5.06 (m, 12H, 

CH2=), 5.18 (s, 6H, -CH2CN=N-), 5.77-5.87 (m, 6H, CH2=CH-), 6.50-6.52 (m, 3H, -HOCCHCH-), 6.63-6.69 

(m, 6H, HOCCH-), 7.97 (s, 3H, -C=CHN-). MALDI-TOF: Calculated [Mw+Na+] = 2549.13 g/mol, found 

[Mw+Na+]= 2550.52 g/mol. 

 

Synthesis of TMP-G1-COOH3-Allyl6, 10 

TMP-G1-Azide3-Allyl6, 8, (0.15 g, 0.091 mmol) was dissolved in THF (1.5 ml). 4-pentynoic acid (0.06 g, 

0.599 mmol) was dissolved in H2O (300 µl) and added to the reaction flask. Sodium ascorbate (0.13 g, 

0.680 mmol) was dissolved in water (1.5 ml) and added to the reaction. Lastly copper sulphate (0.03 

g, 0.136 mmol) was dissolved in distilled water (0.5 ml) and added to the reaction. The reaction was 

left to react over night. With MALDI-TOF it was seen that there still was some dendrimers that were 

not fully substituted, therefore 4-pentynoic acid (0.03 g, 0.272 mmol), sodium ascorbate (0.06 g, 

0.318 mmol) and copper sulphate (0.02 g, 0.064 mmol) was added. The reaction was left to react 

over night again. The solvent was evaporated and thereafter the mixture was freeze dried. The 

product was purified from copper with flash chromatography with THF and methanol. The solvent 

was evaporated and the product was dissolved in methanol (4 ml) and precipitated in diethyl ether 

(40 ml) to remove the excess of 4-pentynoic acid. It was hard to decant all diethyl ether without 

removing precipitate as well, therefore the diethyl ether that could not be decanted was vaporised 

and the procedure was repeated five times. The product was obtained as a white solid. Yield 5% 

(9mg). 1H-NMR (MeOD, 400 MHz) δ 0.90 (t, J=8 Hz, 3H, -CH3), 1.28-1.35 (m, 6H, -CH2CH2CH2CH2CH2-), 

1.47-1.52 (m, 2H, CH3CH2-), 1.58-1.66 (m, 6H, - CH2CH2CH2CH2CH2C=O-), 1.86-1.94 (m, 6H, -

CH2CH2CH2CH2CH2C=O-), 2.18 (t, J=7.4 Hz, 6H, -CH2CH2CH2CH2CH2C=O-), 2.32-2.47 (m, 30H, 

=CHCH2CH2C=O-, -CH2COOH), 2.65 (s, 12H, -OC=OCH2CH2C=O-), 2.97 (t, J=8 Hz, 6H, -CH2C=CHN-), 4.05 

(s, 6H, -OCH2CCH2CH3-), 4.35-4.42 (m, 24H, CH2CH2CH2CH2C=OOCH2-, -C=OCH2CH2C=OOCH2-, -

CH2NN=N -), 4.97-5.07 (m, 12H, CH2=), 5.78-5.88 (m, 6H, CH2CH-), 7.77 (s, 3H, -C=CHN-). MALDI-TOF: 
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Calculated [Mw+Na+]=1969.91 g/mol, found [Mw+Na+]=1970.14 g/mol, calculated [Mw+2Na+-

H+]=1991.89 g/mol, found [Mw+2Na+-H+]=1992.14 g/mol, calculated [Mw+3Na+-2H+]=2013.87 g/mol, 

found [Mw+3Na+-2H+]=2014.13 g/mol, calculated [Mw+4Na+-3H+]=2035.85 g/mol, found [Mw+4Na+-

3H+]=2036.12 g/mol. 

 
  

3.3.2.1 Reversed Dendrimer – Functionalization 

 

Synthesis of TMP-G1-Allyl3-COOH6, 11 

The TMP-G1-allyl3-azide6-dendrimer (0.15 g, 0.082 mmol) was dissolved in THF (1.5 ml). 4-pentynoic 

acid (0.05 g, 0.542 mmol) was dissolved in H2O (500 µl) and added to the reaction flask. Sodium 

ascorbate (0.12 g, 0.616 mmol) was dissolved in water (1.5 ml) and added to the reaction. Lastly 

copper sulphate (0.03 g, 0.123 mmol) was dissolved in distilled water (0.5 ml) and added to the 

reaction. The reaction was put under stirring and left to react over night. With MALDI-TOF it was 

seen that there still was some dendrimers that were not fully substituted, therefore 4-pentynoic acid 

(0.05 g, 0.542 mmol), sodium ascorbate (0.12 g, 0.616 mmol) and copper sulphate (0.03 g, 0.123 

mmol) was added. The reaction was left to react over night again. The solvent was evaporated and 

thereafter the mixture was freeze dried. The product was dissolved in methanol (4 ml) and 

precipitated in diethyl ether (40 ml) to remove the excess of 4-pentynoic acid. The product was 

isolated as a brown solid. Yield 26% (52 mg). 1HNMR (MeOD, 400 MHz) δ 0.89 (t, J=8 Hz, 3H, -CH3), 

1.26-1.36 (m, 12H, -CH2CH2CH2CH2CH2-), 1.46-1.52 (m, 2H, CH3CH2-), 1.61-1.69 (m, 12H, - 

CH2CH2CH2CH2CH2C=O-), 1.86-1.94 (m, 12H, -CH2CH2CH2CH2CH2C=O-), 2.15-2.18 (m, 12H, -

CH2CH2CH2CH2CH2C=O-), 2.27-2.39 (m, 24H, =CHCH2CH2C=O-, -CH2COOH), 2.60-2.68 (m, 6H, -

OC=OCH2CH2C=O-), 2.97 (t, J=7.6 Hz, 12H, -CH2C=CHN-), 3.55-4.55 (m, 36H, -OCH2CCH2CH3, 

CH2=CH2CH2CH2C=OOCH2-, -C=OCH2CH2C=OOCH2-, -CH2NN=N -), 4.95-5.07 (m, 6H, CH2=), 5.77-5.87 

(m, 3H, CH2=CH-), 7.76 (s, 6H, -C=CHN-), 8.48 (s, 3H, -NH-). MALDI-TOF: Calculated [Mw+Na+]=2435.12 

g/mol, found [Mw+Na+]=2435.47 g/mol 

 

Synthesis of TMP-G1-Allyl3-DOPA6, 12 

The TMP-G1-allyl3-azide6-dendrimer (0.15 g, 0.082 mmol) was dissolved in THF (1.5 ml). Dopamine-

acetylene (0.14 g, 0.493 mmol) was dissolved in THF (2.5 ml) and added to the reaction flask. Sodium 

ascorbate (0.07 g, 0.370 mmol) was dissolved in distilled water (2 ml) and added. Copper sulphate 

(0.02 g, 0.073 mmol) was dissolved in distilled water (0.5 ml) and added to the reaction mixture that 

turned yellow. The reaction was left to react over night. MALDI-TOF showed that there were some 

dendrimers that were not fully substituted and more dopamine-acetylene (0.144 g, 0.493 mmol), 

sodium ascorbate (0.07 g, 0.370 mmol) and copper sulphate (0.02 g, 0.073 mmol) was added to the 

reaction. After eight hours all azides were substituted. THF was evaporated and the mixture was 

freeze dried. To purify the reaction mixture from copper flash chromatography was performed where 

the product was eluted with THF and methanol (80:20). After this step the reaction mixture lost its 

green colour and became brown. The THF and methanol was evaporated. The product was dissolved 

in methanol (4 ml) and precipitated in diethyl ether (40 ml) in a dry ice bath under stirring. The 

precipitate was filtered and washed with cold diethyl ether. The precipitate that could not be 

removed from the filter was washed through with methanol, which then was evaporated before the 

procedure was repeated one more time. The product was isolated as a brown solid. Yield 7% (20mg). 
1HNMR (MeOD, 400 MHz) δ 0.83 (t, J=7.2 Hz, 3H, -CH3), 1.22-1.30 (m, 12H, -CH2CH2CH2CH2CH2-), 
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1.39-1.46 (m, 2H, CH3CH2-), 1.54-1.61 (m, 12H, -CH2CH2CH2CH2CH2C=O-), 1.80-1.88 (m, 12H, -

CH2CH2CH2CH2CH2C=O-), 2.22-2.31 (m, 12H, -CH2CH2C=ONHC-, -CH2CH2NH- ), 2.42 (t, J=6.8 Hz, 12H, -

CH2CH2CH2CH2CH2C=O-), 2.53-2.59 (m, 36H, -OC=OCH2CH2C=O-, -OC=OCH2CH2C=ONH-), 3.23-3.34 (m, 

12H, -CH2NH-), 3.99 (s, 6H, -OCH2CCH2CH3), 4.30-4.37 (m, 24H, -CH2CH2CH2CH2CH2C=OCH2C-, -

NHCCH2OC=OCH2CH2C=O-), 4.89-5.02 (m, 6H, CH2=), 5.14 (s, 12H, -OCH2CN=NN-), 5.72-5.82 (m, 3H, 

CH2=CH-), 6.45-6.48 (m, 6H, HOCCHCH-), 6.59-6.64 (m, 12H, HOCCH-), 7.93 (s, 6H, -C=CHN-). MALDI-

TOF: Calculated [Mw+Na+] = 3593.56 g/mol, found [Mw+Na+]= 3593.72 g/mol. 
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3.4 Primer on Bone 
The samples were bovine cortical bone, which were sawed into pieces of approximately 1cm x 5cm x 

0.5cm. The surfaces of these pieces were then sanded to obtain an even surface for the patch and 

sawed into two parts. The primer was prepared and applied on the bone surface and left to dry or 

cure, depending on the primer used. A drop of adhesive was then applied on top of the primer layer, 

on each side of the break. After that, the fibre layers were applied and another drop of top coat of 

adhesive was to fully wet the patch. The build-up of the patch is illustrated in Figure 3.1. 

Subsequently, the patch was cured with UV-irradiation. The cured samples were placed in a 0.9wt% 

NaCl solution for 24 hours to prepare them for the shear tests in wet condition. The samples were 

tested wet in a static tensile testing machine with a cross head speed of 10 mm/min. The maximum 

load was recorded and by means of the adhesive area the shear strength was calculated. 

 
Figure 3.1. The adhesive patch build-up.[47]  

 

3.4.1 Thiol-ene Adhesive 
The adhesive consists of 1,3,5-triallyl-1,3,5-triazine-2,4,6-trione, 1, and tris[2-(3-mercaptopropoinyl-

oxy) ethyl] isocyanate, 2,  that cross-link via thiol-ene bonds to form the adhesive, 3, see Figure 3.2. 

The two components were mixed and then the viscous mixture was placed in a Teflon® form. Three 

different molar ratios of allyl-triazine and thiol-triazine were tested to investigate which was the 

most appropriate to use for the adhesive. 1:1 (allyl: thiol), 1.3:1(allyl: thiol), and 1:1.3 (allyl: thiol) 

were tested. 

 

 
Figure 3.2. Triallyl-triazine-trione and tris[(mercaptopropionyloxy)ethyl] isocyanate cross-link by a thiol-ene bond and 

forms the adhesive. 

3 

2 
1 
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Tests were also conducted with and without initiator to investigate if the properties of the adhesive 

were changed. The procedure described above was followed with the modification that a small 

amount of initiator was added before mixing of the components.  

 

The next step was to investigate the adhesion strength of different primers to wet bone. In these 

experiments the adhesive composition was constant and had a 1 to 1 ratio of thiol and allyl (1.00 g, 

3.86 mmol 1 and 2.11 g, 4.02 mmol) 2) with a small amount of initiator.  

 

3.4.2 Batch 1: Cyanoacrylates, Dental Adhesive, Carboxcylic Acid and Allyl-DOPA as 
Primers 

In the first test several different primers were tested. These were Histoacryl/Loctite, where 

Histoacryl was applied on one side and Loctite on the other. The other primers were the dental 

adhesive ScotchBond XT (for structure see Figure 2.1), 6-heptenoic acid and allyl-DOPA (Figure 3.3). 

6-heptenoic acid and allyl-DOPA were dissolved in ethanol to a concentration of 50 mg/ml. The allyl-

DOPA primer was tested alone as primer but also with complements, with a pH solution of 9.5 and 

with an iron solution of 0.5 M.  

 

The samples were glued when the bone surface was still moist. Curing was performed in a Fusion 

lamp with a UV-dose of 0.91 J/cm2. Four fibre layers were used for each patch and all samples were 

stabilised with two patches, one on each side. After the shear tests the adhesive area was measured 

with a ruler. 

                          
 

Figure 3.3. The chemical structure of 6-heptenoic acid, 1, and allyl-DOPA, 2, and L-DOPA, 3. 

 

Table 3.1. Primers tested in batch 1. 

Material Compliment Concentration [mg/ml] 

Histoacryl/Loctite No Not dissolved 

ScotchBond XT No Not dissolved 

6-heptenoic acid No 50 

Allyl-DOPA No 50 

Allyl-DOPA pH solution of 9.5 50 

Allyl-DOPA Iron solution of 0.5 M 50 

 

  

1 

2 

3 
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3.4.3 Batch 2: Iron-solution, Allyl-DOPA, Carboxylic Acid Cured under Different 
Conditions 

In the second test the primers tested were allyl-DOPA with a 9.5 pH solution, allyl-DOPA with a 0.05 

M iron solution, and 6-heptenoic acid. All components were dissolved in ethanol to a concentration 

of 50 mg/ml. Five fibre layers were used for each patch and all samples were stabilised with two 

patches, one on each side. All samples were glued when the surface was still moist and the adhesive 

area was measured with a ruler. The allyl-DOPA samples were cured with an Oriel device with a dose 

of 0.97 J/cm2. Two sets of 6-heptenoic acid primers were tested; one cured with a Fusion lamp in the 

dose of 0.91 J/cm2, and the other set for 30 minutes under 20 W/cm2 in the UV-box. 

 

One set (3 bone samples) of samples with carboxylic acid primer were cured with 20 W/cm2 instead 

of the Fusion lamp to resemble conditions in an operating room. Two samples were cured with the 

Oriel device because the Fusion lamp was not available. 

 
Table 3.2. Primers tested in batch 2. 

Material Compliment Concentration [mg/ml] 

Allyl-DOPA pH solution of 9.5 50 

Allyl-DOPA Iron solution of 0.05 M 50 

6-heptenoic acid No 50 

6-heptenoic acid Cured in UV-box 50 

 

 

3.4.4 Batch 3: Different Combinations of Carboxylic Acid, L-DOPA and Allyl-DOPA 
In this part L-DOPA, a combination of L-DOPA and allyl-DOPA, and 6-heptenoic acid were tested as 

primers using different concentrations. The differences between allyl-DOPA and L-DOPA are 

illustrated in Figure 3.3. Relevant for the adhesion is that allyl-DOPA does not have the acid group at 

the end of the structure, which is thought to increase adhesion to bone, instead there is an allyl-

group that can cross-link to the adhesive.  

 

Three different concentrations of 6-heptenoic acid in ethanol were tested; 25 mg/ml, 50 mg/ml and 

75 mg/ml. For L-DOPA in ethanol a concentration of 50 mg/ml was used. The primer with both L-

DOPA and allyl-dopa consisted of 25 mg of L-DOPA and 25 mg of allyl-dopa dissolved in 1 ml of 

ethanol.  

 

Five layers of fibres were used for each patch and all samples were stabilised with two patches, one 

on each side. Curing was performed in an Oriel UV-lamp using the dose of 0.97 J/cm2. All samples 

were glued when the bone surface had dried. After the shear tests the adhesive areas were 

measured with a slide calliper. 
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Table 3.3. Primers tested in batch 3. 

Material Compliment Concentration [mg/ml] 

L-DOPA No 50 

L-DOPA + Allyl-
DOPA 

No 50 

6-heptenoic acid No 25 

6-heptenoic acid No 50 

6-heptenoic acid No 75 

 

3.4.5 Batch 4: New Gluing Procedure and pH-solution for all Primers 
In this part the gluing procedure was changed, see Figure 3.4. The primers were the same as 

described in section 3.4.4, though treated with an additional pH-solution of pH 9 and only two 

different concentrations of 6-heptenoic acid; 25 mg/ml and 50 mg/ml. For L-DOPA in ethanol a 

concentration of 50 mg/ml was used. The combined L-DOPA/allyl-DOPA primer had a total 

concentration of 50 mg/ml (25 mg allyl-DOPA and 25 mg L-DOPA). The new procedure comprise 

applying a thin layer of adhesive on top of the primer and curing the thin layer before the next layer 

of adhesive with fibres is applied. 

 

Curing of the first layer of adhesive (the thin layer) was performed in an Oriel device using the dose 

of 0.49 J/cm2, the second layer with the dose of 0.78 J/cm2. For the 6-hepenoic acid 25 mg/ml, L-

DOPA and allyl-DOPA primers the curing was performed with the dose of 0.58 J/cm2 for the thin layer 

and 0.97 J/cm2 for the second layer.  Five layers of fibres were used and all samples were stabilised 

with two patches, one on each side. The samples were glued on dry bone surface and the adhesive 

areas were measured with a slide calliper. 

 
Table 3.4. Primers tested in batch 4. 

Material Compliment Concentration [mg/ml] 

L-DOPA pH solution of 9 50 

L-DOPA + Allyl-
DOPA 

pH solution of 9 50 

6-heptenoic acid pH solution of 9 25 

6-heptenoic acid pH solution of 9 50 

 

 

 
primer + thin layer of adhesive 
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Figure 3.4. Build-up of patch when the gluing procedure has been changed. 

3.4.6 Batch 5: Dendrimer Reference, DOPA- and Acid-Dendrimer 

In this last part all tests with the built dendrimers were performed. The unfunctionalised dendrimers 
were tested as references, hence TMP-G1-Azide3-Ac3 (6, Scheme 2), TMP-G1-Azide3-OH6 (7, Scheme 
2), TMP-G1-Azide3-Allyl6 (8, Scheme 2) and TMP-G1-Allyl3-Azide6 (11, Scheme 3). The functionalised 
dendrimers were TMP-G1-DOPA3-Allyl6 (9, Scheme 2), TMP-G1-COOH3-Allyl6 (10, Scheme 2), TMP-G1-
Allyl3-DOPA6 (13, Scheme 3) and TMP-G1-Allyl3-COOH6 (12, Scheme 3), see 
Table 3.5.  
 

Table 3.5. Dendrimers tested in batch 5. Dendrimers with different numbers of dopamine, carboxcylic acid and ene 
groups. 

Sample 
No. 

Type of Dendrimer Name Concentration 
[mg/ml] 

Remark 

- Reference TMP-G1-Azide3-Ac3 50 Reference for 1 and 3 

-  TMP-G1-Azide3-OH6 50 Reference for 1 and 3 

-  TMP-G1-Azide3-Allyl6 50 Reference for 1 and 3 

-  TMP-G1-Allyl3-Azide6 50 Reference for 2 and 4 

   

1 DOPA-dendrimer TMP-G1-DOPA3-Allyl6 50 and 25 

2  TMP-G1-Allyl3-DOPA6 50 

  

3 COOH-dendrimer TMP-G1-COOH3-Allyl6 25 

4  TMP-G1-Allyl3-COOH6 50 

 

The references and the DOPA-dendrimer primers were dissolved in ethanol to a concentration of 50 

mg/ml. The acid functionalised dendrimers were dissolved in a 1:1 mixture of ethanol and distilled 

water to a concentration of 50 mg/ml, except TMP-G1-Allyl3-COOH6 (12) that was dissolved to a 

concentration of 25 mg/ml. Furthermore, TMP-G1-DOPA3-Allyl6 (9) was investigated when stored dry 

and wet and with pH-solution of pH 9, in the concentration of 25 mg/ml. 

 

The new gluing procedure was followed. TMP-G1-Azide3-Allyl6 (8) and TMP-G1-DOPA3-Allyl6 (9) were 

cured in the dose of 0.70 J/cm2 the first time and the second time in the dose if 1.75 J/cm2. All other 

samples were cured in the dose of 0.35 J/cm2 and 1.05 J/cm2 respectively. All samples were cured in 

a Fusion-lamp. All samples for wet testing were put in 0.9 wt% NaCl solution 24 hours prior testing. 

The adhesive area was measured with a digital slide calliper. 
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3.4.7 Shear Strengths Test 
All bones were tested with a tensile testing machine, Instron 5567, with a 30 kN load cell or an 

Instron 5566 with a 10 kN load cell at a cross head speed of 10 mm/min. One hole at each side of the 

specimen was drilled. To create a tension free suspension two parallel pins were inserted in these 

holes and then connected to the load cells with cords, Figure 3.5. Two failure types were considered 

adhesive and cohesive, Figure 3.6. Adhesive failure occurs at the interface between bone and patch 

and cohesive failure signify failure of patch. 

 

 
Figure 3.5. Set-up for shear strength tests. 

 

 

Figure 3.6. Adhesive and cohesive failure. 
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4.0 Result and Discussion 

4.1 Dendrimer Synthesis 
The AB2C monomer was synthesized in five steps, see Scheme 1. First the acetonide protected 

trizma, 1, and 6-azidohexanoic anhydride, 3, were synthesized. After that these to molecules were 

coupled together and the last step was to add an acid group to the monomer. This resulted in an 

AB2C monomer, where B is the group responsible for the building of the dendrimer and C can be 

post-functionalized through CuAAC.  
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Scheme 1. The synthesis of the AB2C monomer. 

 

The dendrimer is built through esterifications of the B-group and later the C-group is post-

functionalized to create a bifunctional dendrimer, see Scheme 2. The CuAAC (post-functionalization 

of the C-group) and esterification reactions are orthogonal to each other, which leads to a successful 

synthesis of a bifunctional dendrimer.  

 

The divergent growth strategy was chosen to create the bifunctional dendrimer. The first step was to 

connect the monomers to the core, which was chosen to be trifunctional. Then a deprotection step 

followed, which enabled functionalization of the hydroxyl groups (B) with allyl groups through a 

transesterification reaction. After that the azide (C) was post-functionalized with DOPA or acid 

groups through CuAAC. Lastly the product was purified from the toxic copper through flash 

chromatography. 
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Scheme 2. Dendrimer synthesis and functionalization. 

 

The materials were characterized with nuclear magnetic resonance (NMR) and matrix-assisted laser 

desorption/ionization (MALDI) and purified with flash chromatography. 

A typical NMR spectrum for the G1-TMP-allyl6-dopa3 dendrimer can be seen in Figure 4.1. Its 

monodispersity is shown in the MALDI-TOF spectra in Figure 4.2, where the peak at 2550.521 

corresponds to the molecular weight of the product. 
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Figure 4.1. A typical 

1
H NMR spectra. This is for TMP-G1-allyl6-dopa3, 9. 

 

 
Figure 4.2. MALDI-TOF spectra of TMP-G1-allyl6-dopa3, 9. 

 

Figure 4.3. 1H-NMR from TMP-G1-azide3-OH6 (7), TMP-G1-azide3-allyl6 (8), TMP-G1-COOH3-allyl6 (10) 

and TMP-G1-DOPA3-allyl6 (9). 
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Figure 4.4. MALDI-TOF spectra of the post-funtionalization, TMP-G1-azide3-allyl6 (8), TMP-G1-DOPA3-allyl6 (9) and TMP-
G1-COOH3-allyl6 (10). 

The post-functionalization of the bifunctional dendrimer, TMP-G1-azide3-OH6 (7) with allyl-groups 

and then dopamine or acid groups can be followed in Figure 4.3, Figure 4.4 and Scheme 2.  

 

Firstly the hydroxyl groups of the bifunctional dendrimer are functionalized with allyl groups using 4-

pentenioc anhydride to obtain TMP-G1-azide3-allyl6 (8). The successful functionalization can be seen 

by the appearance of the characteristic peaks from the double bond at 5 and 6 ppm, and the 

complete substitution of the hydroxyl groups are shown in the MALDI-TOF spectra (appendix Figure 

9.19). 

 

Post-functionalizations of the azide groups were performed through click-chemistry. TMP-G1-azide3-

allyl6 (8) was functionalized with acids (10) or dopamine groups (9). For TMP-G1-COOH3-allyl6 mainly 

two new peaks can be observed, one at 3 ppm and one just below 8 ppm. These peaks corresponds 

to the formation of the triazole ring formed in the 1,3-dipolar cycloaddition of the acetylene acid (15) 

with the azide dendrimer (7). The successful click reaction with acetylene-dopa (14) is also 

represented by formation of the triazole by new peaks at 8 and 5.18 ppm and peaks between 6.5 to 7 

ppm for the aromatic ring in the dopa group. 

 

The reversed dendrimer (11) was pre-synthesized in group using another type of AB2C monomer. The 

main difference between this monomer and the previous one is the C functionality. In this case it is 

allyl functional, which results in a dendrimer presenting three allyl groups a six hydroxyl groups. This 

dendrimer (11) was chosen to obtain a library of dendritic materials presenting different numbers of 

dopamine, carboxylic acid and ene groups, see Table 3.5. 
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Scheme 3. Functionalization of the reversed dendrimers, TMP-G1-allyl3-DOPA6, 12, and TMP-G1-allyl3-COOH6, 11. 

  

12 
11 

13 

14 

15 



 

38 
 

4.2 Primer on Bone 
 

4.2.1 Batch 1: Cyanoacrylates, Dental Adhesive, Carboxcylic Acid and Allyl-DOPA as 
Primers 

 
All specimens had four fibre layers and were cured using a Fusion lamp with a dose of 0.90 J/cm2. 
 
Histoacryl/Loctite 

The specimen with cyanoacrylate reached high shear strengths in both dry and wet state. However, 

one sample failed cohesively by delamination between the thiol-ene adhesive and the cyanoacrylate 

primer. This could mean that the primer and the adhesive do not bind very well to each other. 

Another explanation could be that the fibres were badly wet by the adhesive.  

 

6-Heptenoic Acid 

6-heptenoic acid primer showed high of potential, as it reached an adhesive strength of 2.9 MPa in 

wet condition. In dry condition the break was cohesive; hence the adhesive properties of the primer 

were even stronger in dry condition. 

 

Allyl-Dopa 

The allyl-DOPA reached an adhesive strength of 0.8 MPa in wet condition, which was the lowest 

adhesive strength of all samples. Nevertheless, in dry condition mixed adhesive and cohesive failure 

occurred and it reached 3.7 MPa, which could be compared to 2.5 MPa for the cyanoacrylate primer 

in dry condition. 

 

Allyl-DOPA with pH-Solution 9.5 

A higher pH had a positive effect on the allyl-DOPA. In wet condition it reached shear strengths of 1.5 

MPa compared to 0.8 MPa without the pH-solution and in dry condition 4.8 MPa compared to 3.7 

MPa. However, only one test was done in wet and dry condition, hence it was not statistically 

supported.  

 

Allyl-DOPA with Iron Solution of 0.5 M 

No tests were done on the dry samples as they failed during drilling. The wet samples showed poor 

results, although not the lowest in this batch. To increase adhesion, lower iron concentration is 

suggested. When Monahan et al. [24, 25] investigated the effect of iron, they tested the iron with 

mussel protein, which contains more substances than only DOPA and therefore the concentration in 

our samples should be decreased. Furthermore, it was seen that allyl-DOPA performed better with a 

basic pH-solution and when the iron concentration was 0.5 M the pH was around 1, which could 

explain the low adhesive strength. 

 

ScotchBond XT (Dental Adhesive) 

In this group only one wet sample was tested. The break was adhesive and did only show an adhesive 

strength of 1.1 MPa. The dental adhesive as a primer was only tested to serve as a reference and a 

much higher strength was expected, but it seems to be weaker than the others. However, only one 

sample was tested and the result was not statistically supported. 
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Discussion 

The samples were handled in alternately wet and dry environment. The results were negatively 

affected by this changing of environment, as the bone expand and contract depending on which 

environment it is exhibited to. For future testing better control of the environment for the samples 

should be obtained to exclude this kind of error. 

 

If more samples will be tested dry, the number of fibre layers need to be increased to provoke 

adhesive failure instead of a cohesive failure. An adhesive break is desirable in this study as the 

adhesive strength is of higher interest than patch ultimate stress. 

 

The fusion UV-lamp that has been used produces a lot of heat, which is beneficial for the curing but 

probably decreases patch adhesion by temperature expansion and contraction. Therefore the 

possibility of using a UV-box for curing will be investigated. The UV-box resembles the true 

environment in an operating room more and is closer to the future true environment. 

 

Improvements for Bach 2 

 More tests should be done with 6-Heptenoic acid as a primer, as it showed promising results. 

 The iron solution should be made in with lower concentration, as a suggestion 0.05 M. 

 A constant humidity level should be obtained during gluing, curing and storage. 

 

 

 
Figure 4.5. Shear strength of each sample set tested in batch 1. It can be seen that the acid and the Loctite/Histoacryl 
reached the highest shear strengths. Only one sample was tested with pH-solution and the dental glue therefore no 

standard deviation is plotted. 
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4.2.2 Batch 2: Iron-solution, Allyl-dopa, Carboxylic Acid Cured under Different 
Conditions 

 

All samples were tested in wet condition and cured using a Fusion lamp with a dose of 0.90 J/cm2, 

except the specimens that were cured using the UV-box. They had five layers of fibre. 

 

Allyl-DOPA with Iron Solution of 0.05 M 

A decrease in the concentration of iron in the solution also decreased the strength of the primer, in 

contrast to what was expected from batch 1. Even though the concentration was decreased the pH 

was around 2, hence still very acidic conditions. One sample failed before the tensile tests; hence 

only three samples were tested, which failed adhesively. 

 

6-Heptenoic Acid Cured using the UV-box 

These samples were placed in the UV-box with 0.15 W/cm2 for 30 minutes, unfortunately without 

sufficient curing. The samples were then left in the room under normal uncontrolled ambient light 

and cured after about two days. Almost all samples had a mixture between an adhesive break and a 

cohesive break. It is suggested that one side of the patch fails first adhesively, when this occurs the 

other side has to bear all load and fails cohesively. The shear strength was 2.6 MPa, which is higher 

than the cyanoacrylte primer from batch 1. 

 

6-Heptenoic Acid Cured using the Fusion Lamp 

This group of 6-heptenoic acid specimens was cured with the fusion lamp. The samples exhibited 

shear strengths of 1.4 MPa. Compared to the samples cured using the UV-box and normal 

uncontrolled ambient light these values are relatively low, which could be due to expansion and 

contraction for the samples in the fusion lamp. All samples failed adhesively.  

 

Allyl-DOPA with pH-solution 9.5 

Allyl-DOPA was used as primer and a pH-solution of pH 9.5 was applied on one side of each bone 

sample. The samples did not exhibit as high shear strengths as in batch 1. The reason is presumably 

that one side of each sample did not have the pH-solution. One sample broke during drilling; hence 

only three samples were tested, which failed adhesively. 

 

Discussion 

During the drilling and the shear test the samples were kept wet. In batch 1 all samples dried during 

this time. However, it was hard to keep a constant humidity level while gluing the samples. They 

dried slightly while applying the primer, the fibres and the adhesive and after the curing the surface 

of the samples was completely dry. To keep a more constant humidity level for all specimens it is 

suggested that the primer is applied when the surface of the bone is dry. 

 

The iron samples showed a much lower adhesive strength than in the former tests (batch 1). 

Therefore the iron solution could be tested in a buffer, to prevent the pH from becoming low. This 

would also mean that the concentration does not have to be decreased as much as without a buffer. 
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Improvements for Batch 3 

 L-DOPA should be tested as the acid continues to show promising results and L-DOPA contains 

an acid as well as hydroxyl groups. 

 To keep the humidity level constant the samples should be glued dry and be dry during the 

entire preparation process, then put into NaCl solution to be tested wet.  

 It is also interesting to investigate how different concentrations of the 6-heptenoic acid affect 

the adhesion. 

 

 
 

Figure 4.6. Shear strength for the samples tested in batch 2. It can be seen that the samples with 6-heptenoic acid as a 
primer had the highest shear strength. 

 

4.2.3 Batch 3: Different Concentrations of Carboxcylic Acid and L-DOPA 
 
All specimens had five fibre layers, were tested wet and failed with a mixture of adhesive and 

cohesive break. The samples were cured using an Oriel device with a dose of 0.78 J/cm2. 

 

6-Heptenoic Acid, 25 mg/ml, 50 mg/ml and 75 mg/ml 

Different concentrations of 6-heptenoic acid were prepared. 75 mg/ml showed the lowest adhesive 

strength of the 6-heptenoic acid primers and 50 mg/ml exhibited the highest with shear strengths of 

1.3 MPa.  

 

L-DOPA 

A 50 mg/ml solution with L-DOPA in ethanol was used. L-DOPA did not dissolve completely in ethanol 

and the solution became milky, which probably resulted in that L-DOPA had not wet the entire bone 

surface where the patch was made. However, L-DOPA exhibited the highest shear strength of the 

samples, which indicates that it has great potential. 
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L-DOPA and Allyl-DOPA 

A mixture of L-DOPA and allyl-DOPA was tested, as the L-DOPA itself does not have any allyls in the 

structure that can bind to the adhesive (Figure 3.3). The mixture was tested with a concentration of 

50 mg/ml. The specimens exhibited the lowest adhesive strength in this batch, which may be caused 

by incompatibility between allyl- and L-DOPA or the low concentration of L-DOPA. One of the 

samples was slanting and the primer seemed to slide off, which lead to lower shear strength.  

 

Discussion 

Even though all adhesive strengths are low the concentration variations imply that a concentration of 

50 mg/ml or 25 mg/ml gives the best adhesion.  

 

Comparing the specimens using both allyl-DOPA and L-DOPA with using only L-DOPA, only L-DOPA 

seems to result in better adhesion. This is surprising as it does not have a double bond that could 

react with the adhesive and bind to it. However, L-DOPA has an acid in its structure and allyl-DOPA 

does not, meaning that if the acid creates better adhesion the lower shear strength could be 

explained by the lower concentration of L-DOPA. 

 

Shear strengths around 4 MPa [1]  for Histoacryl and ScotchBond has been reported, however in this 

study (batch 1) using the exact same shear test the samples only exhibit strengths of 1-2 MPa. To 

improve the adhesive strength it is suggested to first apply the primer and a very thin layer of 

adhesive and cure. Then apply the fibres and a second layer of adhesive. This should prevent the 

fibres from absorbing too much of the adhesive and primer and enable the primer to adhere better 

to the bone. 

 

Improvements for Batch 4 

 Patch procedure should be changed. First apply primer and thin layer of adhesive and cure, and 

then apply fibres and more adhesive. 

 Further concentration tests with 25 mg/ml and 50 mg/ml. 

 L-DOPA should be heated to be properly dissolved in the ethanol. 
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Figure 4.7. Shear strength for the samples tested in batch 3. It can be seen that all samples show low shear strengths. The 

error bar on 6-heptenoic acid 25 mg/ml is 0 therefore none can be seen. 

 

4.2.4 Batch 4: New Gluing Procedure and pH-solution for all Primers 
 

All samples had a pH-solution of 9, five fibre layers and were tested in wet condition. They were 

cured using an Oriel device; the first layer with a dose of 0.58 J/cm2 and the second layer with 0.97 

J/cm2. 

 

Allyl-DOPA 

The concentration of allyl-DOPA in ethanol was 50 mg/ml. One sample exhibited much lower shear 

strength than the others; 1.3 MPa compared to 2.3 and 2.5 MPa, which was caused by slanting of the 

sample. Nevertheless, the adhesive strength has been improved with the new procedure. All 

specimens failed adhesively.  

 

6-Heptenoic acid, 50 mg/ml and 25 mg/ml 

Two of the samples in the group with a concentration of 50 mg/ml had porous or slightly porous 

structure; hence they were excluded from some calculations. If these samples were excluded this 

primer exhibited the highest adhesive strength of all batches with 3.6 MPa. 50 mg/ml seemed to be 

the ultimate concentration as this primer showed more than 1 MPa higher adhesive strength than 

the primer with a concentration of 25 mg/ml. The specimens failed with a mixture of adhesive and 

cohesive break, except one from the 25 mg/ml group that failed cohesively.  

 

L-DOPA 

L-DOPA had a concentration of 50 mg/ml in ethanol. Even though the solution was heated L-DOPA 

did not dissolve in ethanol, which could lead to that L-DOPA does not reach its full potential. 

Nonetheless, the adhesive strength was improved with the new procedure. The samples failed with a 

mixture of adhesive and cohesive break. 
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L-DOPA and allyl-DOPA 

These samples contained 25 mg allyl DOPA + 25 mg L-DOPA /ml. As in batch 3 this mixture showed 

less adhesive strength than the primer using only L-DOPA, but the new gluing procedure resulted in 

higher shear strengths overall. The specimens failed adhesively. 

 

Discussion 

Overall the samples show higher shear strength with the new gluing procedure. All samples have 

shear strengths over 2 MPa.  

 

Figure 4.8 shows that the primer that reaches the highest shear strength is 6-heptenoic acid with a 

concentration of 50 mg/ml. This also coincides with the results from batch 3. Hence this material and 

concentration should be used in the future for further testing and improvement. There are two bars 

for 6-heptenoic acid with 50 mg/ml, A including only non porous bone and B including all specimens, 

even porous samples. It can be seen that even if the porous bones are included (bar B) the 6-

heptenoic acid with 50 mg/ml still shows the highest shear strength.  

 

Improvements for Batch 5 

 Proceed with the new testing procedure as it seems to give higher shear strengths. 

 6 layers of fibres because one break was still cohesive. 

 Test the synthesized dendrimers with acids and DOPA as functional groups. 

 

 

Figure 4.8. Shear strength for the samples in batch 4. It can be seen that 6-heptenoic acid reaches the highest shear 
strength with a concentration of 50 mg/ml. 
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4.2.5 Batch 5: Dendrimer Reference and Acids and DOPA as Functional Groups 
 

The first thin layer of all samples was cured using a Fusion lamp with a dose of 0.36 J/cm2 and the 

second layer with a dose of 1.09 J/cm2, except one sample. They were tested in wet condition and 

had six fibre layers. 

 

TMP-G1-azide3-allyl6, 50 mg/ml 

These specimens should serve as a reference, as they are not fully functionalized. Two of these 

samples failed cohesively. The first layer of adhesive was cured with a dose of 0.72 J/cm2 and the 

second layer with a dose of 1.45 J/cm2, because the UV-lamp had been changed from the V-bulb to 

the H-bulb. The samples had dried slightly between the drilling and shear test. 

 

TMP-G1-DOPA3-allyl6, 50 mg/ml 

This primer was a dendrimer functionalized with six allyl-groups and three DOPA-groups with a 

concentration of 50 mg/ml. All these samples failed adhesively and exhibited higher shear strength 

than the unfunctionalized reference. The specimens were slightly dryer than samples in previous 

batches. 

 

TMP-G1-DOPA3-allyl6, 25 mg/ml, dry 

Dendrimer functionalized with six allyl-groups and three DOPA-groups with a concentration of 25 

mg/ml. This test was conducted to see how the adhesion strength is influenced by the dryness of the 

sample. In Figure 4.11 It can be seen that the adhesion strength is higher in dry condition. This test 

was important, as TMP-G1-azide3-allyl6 and TMP-G1-DOPA3-allyl6 (50 mg/ml) were tested slightly 

dryer than the other specimens. Hence, they might exhibit higher adhesive strength because of 

dryness not of actual primer adhesion. One sample failed with a mixture of adhesive and cohesive 

break and for the others the bone failed; hence only one sample is plotted in Figure 4.11. 

 

TMP-G1-DOPA3-allyl6, 25 mg/ml, wet 

Dendrimer functionalized with six allyl-groups and three DOPA-groups with a concentration of 25 

mg/ml. These samples were tested as a reference to the dry TMP-G1-DOPA3-allyl6 (25 mg/ml). It can 

clearly be seen that these samples exhibit lower adhesive strength than the dry samples. All samples 

failed adhesively. 

 

TMP-G1-DOPA3-allyl6, 25 mg/ml, pH-solution of pH 9 

Dendrimer functionalized with six allyl-groups and three DOPA-groups with a concentration of 25 

mg/ml and a pH-solution of 9. No significant increase in shear strength can be seen compared to the 

samples without any pH-solution. This does not coincide with the tests on the low molecular weight 

substances (Figure 4.11). The explanation could be that the dendrimer have been degraded when 

exposed to a high pH, as dendrimers are sensitive to changes in pH. All samples failed adhesively. 

 

TMP-G1-allyl3-DOPA6, 50 mg/ml 

This dendrimer with three allyl-groups and six DOPA-groups did not dissolve completely in ethanol. 

The solution was not entirely transparent, but was used in its non-transparent condition, which could 

have influenced the result negatively. It can be seen that (Figure 4.11) this dendrimer with more 
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DOPA groups than TMP-G1-DOPA3-allyl6 surprisingly show lower adhesive strength. One sample was 

only tested as the rest failed while drilling. This sample failed adhesively. 

 

TMP-G1-allyl3-azide6, 50 mg/ml 

This dendrimer only has allyls as functional groups and was tested as a reference for the tests with 

six DOPA and six acid groups. In Figure 4.13 it can be seen that these specimens actually exhibit much 

higher shear strengths than the functionalized samples, which is much unexpected. This implies that 

the azides have some kind of adhesive mechanism to the wet bone. The samples failed adhesively. 

 

TMP-G1-COOH3-allyl6, 25 mg/ml and TMP-G1-allyl3-COOH6, 50 mg/ml 

The dendrimer was dissolved in a mixture of ethanol and distilled water. These samples had lower 

shear strength than the reference (TMP-G1-allyl3-azide6), see Figure 4.12. The samples with three 

COOH-functional groups showed higher shear strengths than the dendrimers with six COOH-groups.  

The samples failed adhesively. 

 

TMP-G1-allyl3-acetonide6, 50 mg/ml 

This protected dendrimer was tested to investigate whether the azides contribute to the adhesion or 

if the high value of G1-TMP-allyl6-azide3 and G1-TMP-allyl3-azide6 was due to the allyl-groups. From 

Figure 4.13 it can be seen that the azides in fact seem to have adhesive properties towards bone. As 

there is no significant difference between the samples with the same amount of azides but different 

amount of allyl-groups, the allyl-groups cannot be responsible for the adhesion to bone. 

 

Discussion 

It was surprising that the specimens without any DOPA/acid-groups seemed to exhibit higher 

adhesive strength than those with DOPA/acid-groups. It was believed that the DOPA/acid-groups 

would be responsible for the bond to the bone and without them almost no adhesive strength would 

be seen, but this was not the case. One explanation could be that the azides bind to the bone in 

some way. Another explanation could be the fact that the unfunctionalized samples were dryer than 

those with DOPA-groups, as it is easier to obtain high adhesive strength to dry bone than wet. 

However, the samples with six azides exhibited higher adhesive strength than the functionalized 

even when they were wet. 

 

No Raman spectroscopy was done on the samples to confirm that the primer had reacted with the 

adhesive. It might be harder for the dendrimers to bind to the adhesive, as they are larger molecules, 

and they may interact with each other instead of the adhesive. 

 

The azides contains one positive charge and one negative (Figure 4.9) that could be possible binders 

to the bone. The bone contains calcium ions that have a 2+ charge, which might bind to the negative 

charge of the azide. The hydroxyapatite in the bone (Figure 4.9) has negatively charged phosphate-

groups that potentially could bind to the positive charge of the azide and contribute to the reference 

dendrimers high tensile strengths.  
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Figure 4.9. The positive and negative charge on the azide, 1. R represents a carbon chain. The chemical structure of 
hydroxyapatite with the positive calcium ions, negative phosphate ions and negative hydroxyl ions, 2. 

 

Another factor that could be valuable to consider is the solubility of the primer in the adhesive. The 

adhesive and primer are not mixed, but for the primer to bind to the adhesive it must infiltrate the 

first layer of adhesive slightly. The dendrimers with acid or DOPA groups are quite polar and are 

probably the hardest to integrate with the adhesive. The dendrimers with acetonide and allyl groups 

are unpolar and will therefore integrate with the adhesive more. For good adhesion it is important 

that the primer binds both to the bone and adhesive, not only the bone. 

 

Azides that are exposed to UV-light release molecular nitrogen and forms imines and nitrene groups. 

This is illustrated in Figure 4.10.  The imine can subsequently cross-link with other formed imines. 

This can lead to cross-links within the dendrimer, which increase its mechanical properties.[40, 48] 

This could explain the unexpected high shear strengths for the unfunctionalized dendrimers with 

azides. Furthermore, the imines and nitrene groups could react with amino acids of the organic 

matrix in the bone. The amino acids contain many acid and amino groups, which are susceptible for 

further chemical reactions. The bonding of the imine to the organic matrix could be one reason that 

the azides perform well in the shear tests.  

 
Figure 4.10. The chemical reaction that takes place when azides are exposed to UV-light. 

Further reactions from this step on could result in a cyano-group, which could explain why the azides 

perform well. If this occurs it would exclude azides as a possible functional group, as they probably 

will be very toxic. 

 
 

1 

2 
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Figure 4.11. The shear test result for the dendrimers functionalized with DOPA-groups as well as the low molecular allyl-
DOPA. The low molecular allyl-DOPA exhibits the highest shear strength. 

 
 
 

Figure 4.12. The shear strength result from the dendrimers functionalized with acid groups, as well as the low molecular 
weight 6-heptenoic acid. 6-heptenoic acid exhibits the highest adhesive strength. 

 
Figure 4.13. Shear test results for the different references with azides and allyls or azides and acetonides as functional 

groups. 
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5.0 Conclusion 
From the initial testing it can be concluded that the adhesive strength of allyl-DOPA was increased 

when the primer was treated with a basic pH-solution and that the ultimate concentration for 6-

heptenoic acid was 50 mg/ml. Furthermore, the new gluing procedure, with a thin first layer and a 

thicker top layer, resulted in increased adhesive strength. 

The tests with the dendrimers showed that azides have adhesive properties towards bone, as the 

adhesive strength increased with increasing amount of azides in the molecule. Moreover, it can be 

concluded that the adhesive strength for the dendrimers functionalized with DOPA and acid-groups 

decrease with increasing amount of functional groups. 
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6.0 Future Work 
 
Adhesive 

It has been suggested that the first layer of adhesive that is applied should contain substances that 

makes it softer, more elastic and more hydrophilic, to obtain higher shear strengths. These 

properties could prevent cracks in the first layer that could influence the break formation and 

increase the strength remarkably. More hydrophilic properties could increase the interaction with 

the bone, hence improve adhesion. One suggestion is that the first layer of adhesive should contain 

poly-ethylene glycol (PEG) because of its biocompatibility and that it would contribute with more 

hydrophilic properties to the adhesive. This could not be tested and investigated in this work but it 

will be necessarily for the final product.  

 

Another approach to make the first layer softer would be to change the ratio of allyl and thiol in the 

adhesive. In this work a 1:1 ratio was used. As the thiol is a more flexible molecule than the allyl it 

makes the adhesive softer, which is desired for the first layer. An increased amount of thiol would in 

addition increase the chances for the allyl groups in the dendrimer to cross-link to the adhesive. In 

this work it is assumed that the curing is not complete, hence there are thiol groups left for the allyls 

of the dendrimer to cross-link to. 

 

Dendrimer 

In this work generation one dendrimers functionalized with DOPA-, acid- and azide groups were 

tested as primers. For the azide dendrimers it would be interesting to investigate higher generations 

to see if more functional groups increase adhesion and if so how much. For the DOPA and acid 

dendrimers it would be of great value to understand why the adhesion strength decrease with 

increasing amount of functional groups. 

 

The dendrimers tested with azide groups showed high results, but the understanding of why they 

reached high shear strength is still very limited. This should be investigated further, suggestively by 

performing IR-analyses of the adhesive before it is glued on the bone and after, when it has failed. 

This would make it possible to examine if the composition has changed and which groups in the 

primer that binds to the adhesive. 

 

During the initial tests regarding low molecular weight substances concentration studies were done 

of 6-heptenoic acid and an ultimate concentration was found. However, the dendrimers may have a 

different ultimate concentration. Hence, concentration studies on the dendrimers should be done. 

The initial tests also included tests with a pH-solution, which resulted in an increased adhesion. The 

dendrimers were not tested with a pH-solution, because it was believed that the dendrimers could 

be degraded. Nevertheless, it would be interesting to investigate if this is actually the case or if they 

also are positively affected by the pH-solution. 

 

In this work a pheripheral dendrimer was tested, nevertheless it would be interesting to investigate if 

a “bow-tie” bifunctional dendrimer would perform better. A “bow-tie” bifunctional dendrimer might 

ease the orientation of the different groups. When the allyl and DOPA/COOH groups are on different 

sides of the dendrimer they might interfere less with each other and increase adhesion. 
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Dendrimers functionalized with L-DOPA would also be of high significance to evaluate, as L-DOPA has 

both acid and DOPA-groups in the structure (Figure 3.3). If a reaction is found where an acetylene 

bond can be introduced on the NH2-group in L-DOPA the functionalization of the dendrimers could 

hopefully proceed as the other functionalization reactions with click-chemistry. However, the 

purification can be difficult when the dendrimers become very polar. A first step in this direction 

could be to mix the DOPA and acid functionlized dendrimer. 

 

Shear Test 

The preparation for the shear tests include drilling of two holes in the bone. During drilling the patch 

is subjected to load, which may lead to failure prior testing that is not connected to low adhesive 

strength. The side of the bone that the drill first goes through is exposed to load that press the patch 

to the bone and the other side is subjected to load that tears the patch away from the bone.  

 

Of the three samples of TMP-G1-acetonide3-azide3 one broke during drilling and the others could be 

tested. The two samples that were tested did show quite high adhesive strength, which imply that 

the drilling procedure should be changed. It is suggested that the drilling is done in two steps. First a 

hole is drilled through one side but not entirely through the bone. The second step is to drill entirely 

through the bone, but from the other side. This would prevent that the patch is subjected to load 

that tears it away from the bone. Another alternative would be to drill the samples before they are 

glued.  

 

Primer 

In one article it was found that treatment of a metallic surgical implant with sodium fluoride 

increased adhesion to bone.[49] It would be interesting to investigate if this is valid also for the 

dendrimer primers. Preferably by applying the sodium fluoride solution as the pH-solution is applied 

in the current procedure. 
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9.0 Appendix 

9.1 Monomer Synthesis 
Synthesis of acetonide protected trizma, 1 

 
Figure 9.1. 1H NMR for molecule 1. 
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Figure 9.2. 13C NMR of molecule 1. 
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Synthesis of  6-azidohexanoic acid, 2 

 
Figure 9.3. 1H NMR of molecule 2. 

 

 
Figure 9.4. 13C NMR of molecule 2. 
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Synthesis of 6-azidohexanoix anhydride, 3 

 
Figure 9.5. 1H NMR of molecule 3. 

 

 
Figure 9.6. 13C NMR of molecule 3. 
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Synthesis of azide-acetonide-OH, 4 

 
Figure 9.7. 1H NMR of molecule 4. 

 

 
Figure 9.8. 13C NMR of molecule 4. 
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Synthesis of acid functionalized acetonide protected trizma-acetylene, 5 

 
Figure 9.9. 1H NMR of molecule 5. 

 

 
Figure 9.10. 13C NMR of molecule 5. 
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9.2 Dendrimer Synthesis 
Step 1 - Synthesis of TMP-G1-azide3-acetonide3, 6 

 

Figure 9.11. 1H NMR of dendrimer 6. 

 

Figure 9.12. 13C NMR of dendrimer 6. 
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Figure 9.13. MALDI-TOF MS of dendrimer 6. 
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Step 2 - Synthesis of TMP-G1-azide3-OH6, 7 

 

Figure 9.14. 1H NMR of dendrimer 7. 

 

Figure 9.15. 13C NMR of dendrimer 7. 
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Figure 9.16. MALDI-TOF MS of dendrimer 7. 
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Step 3 - Synthesis of TMP-G1-azide3-allyl6, 8 

 
Figure 9.17. 1H NMR of dendrimer 8. 

 

 
Figure 9.18. 13C NMR of dendrimer 8. 
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Figure 9.19. MALDI-TOF MS of dendrimer 8. 

 

Step 1 to 3 - TMP-G1-Azide3-Ac3, TMP-G1-Azide3-OH6, TMP-G1-Azide3-Allyl6 

 

Figure 9.20. MALDI-TOF of dendrimer 6, 7 and 8. 
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Step 4 – Synthesis of TMP-G1-dopa3-allyl6 

 

Figure 9.21. 1H NMR of dendrimer 9. 

 

Figure 9.22. MALDI-TOF MS of dendrimer 9. 
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Step 4 – Synthesis of TMP-G1-COOH3-Allyl6 

 

Figure 9.23. 1H NMR of dendrimer 10. 

 

Figure 9.24. MALDI-TOF MS of dendrimer 10. 
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Step 3 to 4 - TMP-G1-Azide3-Allyl6, TMP-G1-dopa3-Allyl6, TMP-G1-COOH3-Allyl6 

 

Figure 9.25. MALDI-TOF of dendrimer 8, 9 and 10. 

Step 5 – Reversed dendrimer, TMP-G1-allyl3-dopa6 

 
Figure 9.26. 

1
H NMR of dendrimer 12. 
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Figure 9.27. MALDI-TOF of dendrimer 12. 

Step 5 – Reversd dendrimer, TMP-G1-allyl3-COOH6 

 
Figure 9.28. 1H NMR of dendrimer 11. 
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Figure 9.29. MALDI-TOF of dendrimer 11. 

 

Reversed dendrimer – TMP-G1-allyl3-azide6, TMP-G1-allyl3-dopa6, TMP-G1-allyl3-COOH6 

 

Figure 9.30. MADLI-TOF of dendrimer 11, 12, 13. 
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9.3 Primer on Bone 

9.3.1 Batch 1: Cyanoacrylates, Dental Adhesive, Carboxcylic Acid and Allyl-Dopa as 
Primers 

 

 

Figure 9.31. Shear strength of each sample set tested in batch 1. It can be seen that the acid and the Loctite/Histoacryl 
reached the highest shear strengths. Only one sample was tested with pH-solution and the dental glue therefore no 

standard deviation is plotted. 
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Table 9.1 Results from batch 1.  

Sample State Area of 
Adhesive 
Break (A1+A2) 
[mm2] 

Area of 
Adhesive 
Break 
(Amin*2) 
[mm2] 

Maximum 
Load [N] 

Shear 
Strength 
(A1+A2) 
[MPa] 

Shear 
Strength 
(Amin*2) 
[MPa] 

Break 

Histacryl/ 
Loctite 

Wet 204.5 189.0 412 2.0 2.2 Adhesive 

 Wet 162.5 135.0 247 1.5 1.8 Adhesive 

 Dry 243.0 187.0 463 1.9 2.5 Adhesive 

Allyl-dopa 
Fe-solution 

Wet 171.0 162.0 217 1.3 1.3 Adhesive 

 Wet 152.0 144.0 124 0.8 0.9 Adhesive 

Acid Wet 167.0 136.0 248 1.5 1.8 Adhesive 

 Wet  120.0 479  4.0 Adhesive/ 
Cohesive 

 Dry   453   Cohesive 

Allyl-dopa Wet 166.5 153.0 174 1.0 1.1 Adhesive 

 Wet 179.8 161.5 70 0.4 0.4 Adhesive 

 Dry  96.0 423  4.4 Adhesive/ 
Cohesive 

 Dry  142.5 423  3.0 Adhesive/ 
Cohesive 

Allyl-dopa 
pH-solution 

Wet 179.5 152.0 233 1.3 1.5 Adhesive 

 Dry 119.0 112.0 533 4.5 4.8 Adhesive 

Dental 
Adhesive 

Wet 144.0 128.0 143 1.0 1.1 Adhesive 
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9.3.2 Batch 2: Iron-solution, Allyl-dopa, Carboxylic Acid Cured under Different 
Conditions 

 

 
Figure 9.32. Shear strength for the samples tested in batch 2. It can be seen that the samples with 6-heptenoic acid as a 

primer had the highest shear strength. 

Table 9.2. The results from batch 2. 

Sample Area of 
Adhesive 

Break (A1+A2) 
[mm2] 

Area of 
Adhesive 

Break (Amin*2) 
[mm2] 

Maximum 
Load [N] 

Shear 
Strength 
(A1+A2) 
[MPa] 

Shear 
Strength 
(Amin*2) 
[MPa] 

Break 

6-heptenoic  
acid 

208.0 200.0 264 1.3 1.3 Adhesive 

 200.0 160.0 294 1.5 1.8 Adhesive 

 230.0 220.0 316 1.4 1.4 Adhesive 

 230.3 218.5 263 1.1 1.2 Adhesive 

Allyl-dopa, pH-
solution 

156.0 152.0 60 0.4 0.4 Adhesive 

 87.0 70.0 21 0.2 0.3 Adhesive 

 124.0 78.0 39 0.3 0.5 Adhesive 

6-heptenoic  
Acid, UV-box 

85.5 171.0 386  2.3 Adhesive/ 
Cohesive 

 142.0 132.0 269 1.9 2.0 Adhesive 

  120.0 437  3.6 Adhesive/ 
Cohesive 

   326   Cohesive 

Allyl-dopa, 
Fe-solution 

154.5 144.0 87 0.6 0.6 Adhesive 

 132.0 84.0 82 0.6 1.0 Adhesive 

 148.0 144.0 67 0.5 0.5 Adhesive 
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9.3.3 Batch 3: Different Concentrations of Carboxcylic Acid and L-DOPA 
 

 

Figure 9.33. Shear strength for the samples tested in batch 3. It can be seen that all samples show low shear strengths. 
The error bar on 6-heptenoic acid 25 mg/ml is 0 therefore none can be seen. 

 

Table 9.3. Shear Strength of the samples. The break column is not included as all samples broke adhesively. 

Sample No. Area of 
Adhesive Break 
(A1+A2) [mm2] 

Area of 
Adhesive 

Break (Amin*2) 
[mm2] 

Maximum 
Load [N] 

Shear 
Strength 
(A1+A2) 
[MPa] 

Shear 
Strength 
(Amin*2) 
[MPa] 

SB014 S2 3 238.3 210.0 223 0.9 1.1 

 2 195.6 165.8 190 1.0 1.1 

 1 248.3 234.0 262 1.1 1.1 

SB014 S5 1 166.5 144.0 236 1.4 1.6 

 3 184.3 148.5 166 0.9 1.1 

 2 240.0 210.0 222 0.9 1.1 

SB014 LD 1 177.3 145.0 202 1.1 1.4 

 3 165.8 115.5 151 0.9 1.3 

SB014 S7 3 264.6 263.3 199 0.8 0.8 

 1 163.5 123.5 128 0.8 1.0 

 2 190.0 180.5 222 1.2 1.2 

SB014 LAD 3 230.3 218.5 136 0.6 0.6 

 2 220.8 181.5 178 0.8 1.0 

 1 177.9 165.8 32 0.2 0.2 
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9.3.4 Batch 4: New Gluing Procedure and pH-solution for all Primers 
 

 

Figure 9.34. Shear strength for the samples in batch 4. It can be seen that the 6-heptenoic acid reaches the highest shear 
strength with a concentration of 50 mg/ml. 
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Table 9.4. Measured values for the different samples in batch 4. 
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Sample No. Area of 
Adhesive 

Break 
(A1+A2) 
[mm2] 

Area of 
Adhesive 

Break 
(Amin*2) 
[mm2] 

Maximum 
Load [N] 

Shear 
Strength 
(A1+A2) 
[MPa] 

Shear 
Strength 
(Amin*2) 
[MPa] 

Break 

ApH 2 183.2 160.0 405 2.2 2.5 Adhesive 

 3 162.4 131.3 308 1.9 2.3 Adhesive 

 1 202.5 200.0 263 1.3 1.3 Adhesive 

LDpH 1 157.5 157.5 508 3.2 3.2 Adhesive/ 
Cohesive 

 3 161.5 128.0 227 1.4 1.8 Adhesive 

 2 187.0 187.0 430 2.3 2.3 Adhesive/ 
Cohesive 

LADpH 1 176.9 170.0 290 1.6 1.7 Adhesive 

 2 146.5 140.0 327 2.2 2.3 Adhesive 

 3 199.5 199.5 446 2.2 2.2 Adhesive/ 
Cohesive 

S25pH 3 148.5 148.5 256 1.7 1.7 Adhesive/ 
Cohesive 

 1 114.8 114.8 355 3.1 3.1 Adhesive/ 
Cohesive 

 2   445   Cohesive 

S50pH 2 207.0 207.0 637 3.1 3.1 Adhesive/ 
Cohesive 

 1 150.0 120.0 483 3.2 4.0 Adhesive 

 3 137.8 133.0 304 2.2 2.3 Adhesive 

 4 208.0 196.0 350 1.7 1.8 Adhesive 



 

  

9.3.5 Batch 5: Dendrimer Reference and Dopa and COOH as Functional Groups 

 

 
 
 

Figure 9.35. Shear strengths for DOPA-dendrimer primer. 

 

Figure 9.36. Shear strengths for COOH-dendrimer primer. 
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Figure 9.37. Shear strengths for the reference samples with azides as functional groups. 

 

Figure 9.38. Tensile strength for some samples that broke cohesively. 

 

Table 9.5. Tensile strength from batch 5. 

Sample Area of Cohesive 
Break (A1+A2) [mm2] 

Area of Cohesive 
Break (Amin*2) 

[mm2] 

Maximum Load 
[N] 

Tensile Strength 
[MPa] 

TMP-G1-azide3-
allyl6, 50 mg/ml 

9.16 5.99 1085 118.4 
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Table 9.6. Shear strength for DOPA-dendrimers in batch 5. 

 

 

Table 9.7. Shear strengths for COOH-dendrimers in batch 5. 

Sample Area of 
Adhesive 

Break 
(A1+A2) 
[mm2] 

Area of 
Adhesive 

Break 
(Amin*2) 
[mm2] 

Maximum 
Load [N] 

Shear 
Strength 
(A1+A2) 
[MPa] 

Shear 
Strength 
(Amin*2) 
[MPa] 

Break 

TMP-G1-COOH3-
allyl6, 25mg/ml 

214.7 209.1 350 1.6 1.7 Adhesive 

 180.4 174.5 500 2.8 2.9 Adhesive 

 166.7 161.5 135 0.8 0.8 Adhesive 

TMP-G1-allyl3-
COOH6, 50mg/ml 

193.6 130.2 136 0.7 1.0 Adhesive 

 191.0 187.2 95 0.5 0.5 Adhesive 
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Sample Area of 
Adhesive 

Break 
(A1+A2) 
[mm2] 

Area of 
Adhesive 

Break 
(Amin*2) 
[mm2] 

Maximum 
Load [N] 

Shear 
Strength 
(A1+A2) 
[MPa] 

Shear 
Strength 
(Amin*2) 
[MPa] 

Break 

TMP-G1-DOPA3-
allyl6, sligthly dry, 
50 mg/ml 

138.6 156.8 559 3.3 3.6 Adhesive 

 133.8 112.9 380 2.8 3.4 Adhesive 

 111.3 99.2 268 2.4 2.7 Adhesive 

TMP-G1-DOPA3-
allyl6, 25 mg/ml 

161.6 148.4 197 1.2 1.3 Adhesive 

 113.9 110.5 136 1.2 1.2 Adhesive 

 143.2 140.0 365 2.5 2.6 Adhesive 

TMP-G1-DOPA3-
allyl6 + pH 9, 25 
mg/ml 

184.2 164.5 209 1.1 1.3 Adhesive 

 109.3 99.8 246 2.3 2.5 Adhesive 

 109.1 95.1 195 1.8 2.1 Adhesive 

 161.3 144.4 246 1.5 1.7 Adhesive 

TMP-G1-DOPA3-
allyl6, dry, 25 mg/ml 

 144.3 780  5.4 Adhesive/ 
Cohesive 



 

  

Table 9.8. Shear strengths for the references in batch 5. 

Sample Area of 
Adhesive 

Break 
(A1+A2) 
[mm2] 

Area of 
Adhesive 

Break 
(Amin*2) 
[mm2] 

Maximum 
Load [N] 

Shear 
Strength 
(A1+A2) 
[MPa] 

Shear 
Strength 
(Amin*2) 
[MPa] 

Break 

TMP-G1-azide3-
acetonide3, 50 
mg/ml 

173.6 146.4 489 2.8 3.3 Adhesive 

 256.9 238.7 539 2.1 2.3 Adhesive 

TMP-G1-azide3-
allyl6, 50 mg/ml 

---- 220.4 920 ---- 4.2 Adhesive/ 
Cohesive 

 210.5 199.8 458 2.2 2.3 Adhesive 

 ---- 334.6 920 ---- 2.7 Adhesive/ 
Cohesive 

TMP-G1-allyl3-
azide6, 50mg/ml 

194.9 1723.0 654 3.4 3.8 Adhesive 

 164.3 147.3 670 4.1 4.5 Adhesive 
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