
 

 

 

Thiol-Ene Chemistry and Dopa-

Functional Materials towards 

Biomedical Applications 

 

Kristina Olofsson 

 

Doctoral thesis 

KTH Royal Institute of Technology, Stockholm 2016 

 

 

 

AKADEMISK AVHANDLING 

som med tillstånd av KTH i Stockholm framlägges till offentlig 

granskning för avläggande av teknisk doktorsexamen fredagen den 19 

februari kl. 9:00 i sal F3, Lindstedtsvägen 26, KTH, Stockholm. 

Avhandlingen försvaras på engelska. Fakultetsopponent: Lektor Anders 

Daugaard, DTU Danmarks Tekniske Universitet,  Danmark. 



 

 

Copyright © 2016 Kristina Olofsson 
All rights reserved 
 
 
Paper I © 2014 The Royal Society of Chemistry 
 
 
TRITA-CHE REPORT 2016:3 
ISSN 1654-1081 
ISBN 978-91-7595-811-8   



  

  

Till min familj 
 
 
 

 

Families are the compass that guides us. They are the inspiration to 

reach great heights, and our comfort when we occasionally falter. 

- Brad Henry 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

 

ABSTRACT 

Thiol-ene chemistry is versatile and efficient and can be used as a 

powerful tool in polymer synthesis. In this thesis, the concept of thiol-ene 

chemistry has been central, where it has been explored as a tool for the 

synthesis of well-defined hydrogels and dopa-functional materials 

towards biomedical applications; such as hydrogels, primers for adhesive 

fixation of bone fractures, self-healing gels, and micelles for drug-

delivery. 

Using thiol-ene chemistry, well-defined hydrogels were realized in order 

to study how the structure influences properties such as swelling, stiffness 

and hydrolytic degradation. It was found that all these characteristics are 

related to each other, as a more loosely crosslinked hydrogel experiences 

higher swelling, lower stiffness and higher degradation rates. 

Dopa-functional materials have gained a lot of interest throughout the 

years due to the remarkable adhesive properties they possess in wet 

environments. In the pursuit of new primers towards thiol-ene functional 

crosslinked bone adhesives, compounds with dopa moieties were 

proposed. Primers derived from dopamine were found to enhance the 

adhesion towards bone, and it was concluded that addition of NaOH was 

essential to achieve good adhesion. The strongest adhesion was achieved 

when thiol and ene-functional primers were used in combination.  

Most synthetic routes to dopa-functional polymers involve several 

protection and deprotection steps and a more simplistic synthetic route is 

therefore desired. The possibility of using UV-initiated thiol-ene 

chemistry to produce dopa-functional polymers was therefore 

investigated. The resulting polymers were shown to exhibit self-healing 

properties upon complexation with Fe3+ ions.  

Finally, the developed synthetic route was used to produce dopa and allyl-

functional triblock-co-polymers. These triblock-co-polymers were then 

used to form micelles and evaluated as drug-delivery vehicles for the 

cancer-drug doxorubicin. The micelles were found to have high drug-

loading capacities and slow release profiles and showed promising results 

when evaluated against breast-cancer cells.  



  

  

SAMMANFATTNING 

Reaktioner mellan tioler och omättade kemiska föreningar utgör ett 

mångsidigt och effektivt redskap inom polymersyntes. I denna 

avhandling har begreppet tiol-en kemi varit centralt och kemin har 

använts för syntes av såväl väldefinierade hydrogeler som dopa-

funktionella material. Dessa material har sedan utvärderats mot 

biomedicinska tillämpningar såsom hydrogeler, primers för fixering av 

benfrakturer, självläkande geler och kontrollerad läkemedelsleverans. 

Tiol-en-kemi har i denna avhandling använts för att framställa 

väldefinierade hydrogeler som sedan utvärderats med avseende på hur 

strukturen påverkar egenskaper såsom svällningsgrad, styvhet och 

nedbrytningshastighet. Det visade sig att alla dessa egenskaper är 

relaterade till varandra och att lösare tvärbundna hydrogeler uppvisar 

högre svällning, lägre styvhet och högre nedbrytningshastigheter. 

Marina musslor har en exceptionell förmåga att fästa mot olika ytor och 

på grund av detta har det visats en hel del intresse för dopa-funktionella 

material genom åren. På jakt efter en primer för att öka vidhäftningen hos 

benlim proponerades därför föreningar med dopafunktionella grupper. 

Det visade sig att dopaminderivat kunde förbättra vidhäftningen mot ben 

och det visade sig även att tillsats av natriumhydroxid var viktigt för att 

uppnå god vidhäftningsförmåga. Den starkaste vidhäftning uppnåddes 

när derivat med tiol och omättade bindningar användes i kombination. 

Syntes av dopafunktionella material involverar ofta flera reaktionssteg 

och en förenklad syntesväg är därför att eftersträva. UV-initierad tiol-en-

kemi undersöktes därför som en möjlig syntesväg för att framställa 

dopafunktionella polymerer. Polymererna visade sig ha självläkande 

egenskaper vid komplexbildning med järnjoner.  

Slutligen användes denna syntesväg för att framställa 

blocksampolymerer. Dessa blocksampolymerer användes sedan för att 

bilda miceller med lovande resultat vid utvärdering för leverans av 

läkemedel mot bröstcancer.  
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1. PURPOSE OF THE STUDY 

In the field of materials science, inspiration can often be found in nature. 

A class of organisms that has attracted a lot of attention is marine 

mussels. Marine mussels have the ability to adhere strongly to various 

substrates, an ability that has been correlated to the 

3,4-dihydroxy(phenylalanine) (DOPA)-rich mussel-foot proteins in the 

mussel byssus. Extraction of the mussel-foot proteins from mussels is 

expensive and time consuming; therefore the development of synthetic 

analogues is highly desirable.    

The purpose of this study was to design and synthesize dopa-functional 

materials for biomedical applications using thiol-ene chemistry (TEC). 

TEC was to be utilized in the design and synthesis of well-defined 

hydrogel networks, as well as dopa-functional materials. Different low-

molecular weight dopa-containing compounds were initially to be 

synthesized and evaluated as primers for bone adhesives. TEC was 

thereafter to be evaluated as a tool to synthesize dopa-functional 

polymers. It was envisioned that TEC would be a powerful tool in the 

realization of these dopa-functional materials, due to the versatility and 

tolerance of the chemistry.  

Additional objectives included proposing appropriate applications for the 

synthesized materials and evaluation thereof.  
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2. INTRODUCTION 

2.1 Background 

The field of polymer science has grown quickly over the last century and 

now spans a wide range of applications in areas such as construction 

materials, electronics, agriculture, and medicine, just to mention a few. 

This introduction will give a background to the main concepts and 

chemical tools utilized in the projects presented in this thesis, as well as 

an overview of the applications for which materials developed herein 

were intended.  

2.2 Thiol-ene chemistry 

Thiol-ene chemistry (TEC) refers to a radical-mediated reaction during 

which a thiol is added across an unsaturated bond. TEC is highly efficient, 

selective, and works for most sterically unhindered thiols and enes. The 

chemistry is orthogonal to a lot of other commonly used reactions and 

can be conducted in various solvents. Furthermore, it is insensitive to 

oxygen and has in some cases been considered to be a so called “click” 

reaction. The availability of a variety of both thiols and enes make TEC a 

useful tool in material synthesis, enabling the formation of uniform 

networks and advanced molecular structures.[1, 2] 

 

Figure 1 Thiol-ene coupling mechanism. In the ideal case, there is no 
homopolymerization.  
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2.2.1 Mechanism and reactivity 

The TEC mechanism in Figure 1 follows a radical-mediated step-growth 

process that can proceed under mild reaction conditions in various 

solvents, as well as in the presence of oxygen, with a low level of side 

reactions.[2, 3] The reaction is initiated by the formation of a thiyl 

radical. The cleavage of the S-H bond can be achieved either by direct 

photolysis or thermolysis, or indirectly with the use of an initiator. The 

formed thiyl radical then adds across a double bond during propagation 

to give a carbon-centered radical. During chain transfer, this radical then 

abstracts a hydrogen atom from another thiol to form the TEC product, 

and at the same time a new thiyl radical that can continue to propagate 

with a new ene is formed. Whereas the reaction between mono-functional 

thiols and enes leads to dimerization, compounds with more than one 

functional group will give polymers, branched structures, or crosslinked 

networks.[4] 

The addition of thiols across double bonds is exothermic and the rate of 

the addition varies greatly depending on the structure of the double bond, 

with terminal enes being the most reactive. The reaction occurs at a faster 

rate for electron-rich or strained enes, such as vinyl ethers or 

norbornenes, than for electron-poor enes. The reactivity of enes decreases 

as follows: norbornene > vinyl ether > propenyl > alkene ≈ vinyl ester > 

n-vinyl amide > allyl ether ≈ allyl triazine ≈ allyl isocyanurate > acrylate > 

unsaturated ester > maleimide > acrylonitrile ≈ methacrylate > styrene > 

conjugated dienes.[4] The structure of the thiol may also affect the 

reactivity, where mercapto propionate esters are the most reactive.[5]  

The reactivity of the radicals determines the rates of propagation and 

chain transfer. With a slower rate of propagation, as for the electron 

deficient enes, the probability of homopolymerization increases. In the 

ideal case however; the rates of propagation and chain transfer are equal 

and there is no homopolymerization. [1, 4] 

Thiols can also add across triple bonds, ynes, where two thiols can be 

added across the same yne. The addition of thiols across ynes is less 

reactive than across enes, and thiol-yne reactions are therefore often 

slower than thiol-ene reactions.[4] 

  



2 . INTRODUCTION 

 
4 

2.2.2 Applications of thiol-ene chemistry 

Due to the ready availability of commercial thiols and enes, TEC has a 

large potential in polymer synthesis. While other radical processes suffer 

from limitations due to chain-length issues and early gelation, thiol-ene 

photo-polymerization kinetics stay consistent over a wider range of 

monomer conversions. As in other step-wise polymerizations, oligomeric 

species of relatively low molecular weights dominate up until high 

conversions, resulting in delayed gelation, which in turn enables the 

formation of close to ideal, uniform networks.[1] 

It has previously been shown that TEC can be used in the production of 

poly(ethylene glycol) (PEG)-based hydrogels intended for various 

applications. Linear allyl-functional PEG has been crosslinked using TEC 

to produce both traditional hydrogels and inter-penetrating networks 

(IPNs) with tunable mechanical properties and swelling behaviour.[6-8] 

TEC has furthermore been used to crosslink norbornene-functionalized 

PEG with cysteine-containing peptides to produce scaffolds used to 

culture nerve cells[9] and biodegradable gels used for responsive protein 

delivery to inflamed tissue.[10] Additionally, TEC has been utilized in the 

formation of bioactive functional hydrogels from linear dendritic hybrids 

of PEG and 2,2-bis(methylol) propionic acid (bis-MPA)-based bi-

functional dendrimers.[11]  

The versatility of monomers that can be used for TEC and the possibility 

to design and synthesize new monomers suggest a large potential for the 

expansion of TEC in materials science; for applications ranging from 

biomedical materials, coatings and films to thermosets, to only mention a 

few.  

2.3 Ring-opening polymerization 

Ring-opening polymerization (ROP) refers to the polymerization of cyclic 

monomers. ROP can be used for a variety of monomer structures, of 

which most are compounds with heteroatoms in the ring structure; 

including ethers, esters, amines, amides, imides, phosphates, phosphines, 

sulfites, siloxanes, silanes, etc.[12]  Well-known commercial polymers 

that are commonly synthesized using ROP include poly(ethylene glygol) 

(PEG)/poly(ethylene oxide) (PEO), poly(lactide) (PLA), 

poly(ε-caprolactone) (PCL), and aliphatic polycarbonates (PCs).[13] 
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These materials are, due to their low toxicity, biocompatibility, and 

biodegradability, often suggested as candidates for biomedical 

applications.[14] 

A large variety of cyclic carbonate monomers have been utilized for the 

synthesis of aliphatic PCs, enabling the production of PCs with an 

assortment of functionalities.[15, 16] The possibility of incorporating 

various pendant functionalities in the monomer structure also enables 

post-polymerization functionalization. [14, 17, 18] This versatile platform 

of carbonate monomers thus makes PCs interesting for a wide range of 

applications, especially within the biomedical field. [19] 

The driving force behind ROP is often the release of ring strain, and the 

polymerizability of monomers therefore depends on the ring size. Three 

and four-membered rings experience the highest ring strain, while five 

and six-membered rings are the least strained.[20] As a result, some five 

and six-membered rings are unable to undergo ROP. Incorporation of 

moieties such as carbonyls can be used to add strain to six-membered 

rings, thereby increasing the possibilities of ROP.[13] 

Polymerization is only thermodynamically favored when there is a 

negative change in Gibb’s free energy (ΔG < 0). According to Equation 1, 

whether or not a monomer is polymerizable will depend on the changes in 

both enthalpy (ΔH) and entropy (ΔS), as well as the polymerization 

temperature (T). 

 ∆𝐺 = ∆𝐻 − 𝑇∆𝑆 Equation 1 

Monomers with ΔH < 0 and ΔS > 0 can be polymerized at any 

temperature, but for a majority of monomers, ROP results in a decrease 

in entropy, which means that polymerization is only possibly below a 

certain temperature. Likewise, if ΔH > 0, polymerization can only take 

place above a certain temperature, provided that ΔS > 0. 

The general ROP mechanism follows a chain-wise growth as cyclic 

monomers are incorporated into a growing chain, and depending on the 

monomer structure, the mechanism can be anionic, cationic, or radical. 

Monomers able to undergo ionic ROP have polarizable bonds, and 

substituents therefore have a large impact on the polymerizability of a 
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certain monomer.[12] The propagation in ROP is furthermore reversible, 

and as a consequence, monomer conversion is often limited.[13]  

Organometallic compounds are most often used as catalysts for ROP, 

where stannous-octoate (Sn(Oct)2) is a widely utilized example. Due to 

concerns regarding metallic residues, metal-free organocatalysts have 

emerged as a viable alternative. Organocatalysts furthermore offer a 

better stability towards impurities such as water and oxygen, thereby 

facilitating their production and storage. Among the organocatalysts 

widely used for ROP are tertiary amines, phosphines, N-heterocyclic 

carbenes, various acids and bases, and thiourea catalysts. These 

organocatalysts have been shown to be highly effective and enable ROP 

with fast polymerization rates, high control over molecular weight, and 

narrow molar mass distributions.[21-28]  

2.4 DOPA-functional materials 

Marine mussels, such as the Mytilus edulis, possess the ability to adhere 

strongly to a variety of substrates in the marine environment.[29] As a 

result, scientists have long been studying the organisms in order to find 

inspiration aiding in the development of new materials. Marine mussels 

secrete strong byssal threads that are constructed of proteins called 

mussel foot proteins (mfps), and the adhesive properties of the mfps have 

been attributed to the sequences expressing the amino acid 3,4-

dihydroxyphenyl-l-alanine (DOPA).[30-33] Although DOPA is rare in 

naturally occurring proteins [32], it can be found in large quantities in 

some mfps. DOPA-rich mfps are moreover capable of forming crosslinked 

networks as a result of pH variations in the surroundings or through 

coordination with metal ions.[31, 34-38]  

It is possible to extract mfps from natural mussels but, due to low yields, 

extraction on an industrial scale is difficult. Approximately 10 000 

mussels are required to produce 1 g of the most easily extractable 

mfps.[39] Instead, bacteria such as E. coli have been used to express 

recombinant variations of mfps.[40, 41] Owing to limitations in the 

production processes, other approaches towards artificial equivalents of 

mfps are still being explored. 
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2.4.1 Synthetic analogues 

Synthetic routes to DOPA-functional materials have often involved the 

synthesis or modification of proteins and are generally time consuming 

and costly. [42-44] These routes often suffer from low yields and involve 

several protection and deprotection steps, as both the catechol and the 

amine are highly reactive compounds, Figure 2.[45, 46] Alternatively, 

materials with dihydroxyphenyl-groups (dopa-groups) have been 

explored as simplified DOPA analogues. To this end, decarboxylation 

reactions have been used to synthesize various vinyl catechols,[47, 48] 

but the polymerization of these vinyl catechols typically requires 

protection of the catechol to be efficient.[49, 50] Similarly, simplified mfp 

mimicks have been synthesized through copolymerization of vinyl 

catechols with other vinyl monomers such as styrene, but these reactions 

likewise require protection of the catechol.[51]  

 

Figure 2 Chemical structure of DOPA. The 3,4-dihydroxyphenyl ring of DOPA is referred 
to as a dopa-group. 

2.5 Biomedical applications 

The materials synthesized in this thesis have all been aimed at different 

biomedical applications. Therefore, a brief background to the applications 

in question will be given in this chapter. 

2.5.1 Hydrogels 

A hydrogel is a polymeric network that swells in, but cannot be dissolved 

in, aqueous media. Hydrogels are able to retain large quantities of water 

and are able to swell up to several times their original size. The high water 

content of hydrogels has made them attractive for use in a wide range of 
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biomedical and pharmaceutical applications. In biomedicine, hydrogels 

are used for a number of biomedical applications, including contact 

lenses, implants and tissue-reconstruction applications. Hydrogels are 

also used in other areas, such as hygienic products and agriculture, where 

hydrogels are used to retain various fluids.  

2.5.1.1 Hydrogel synthesis 

A hydrogel network can be held together during swelling by a number of 

different forces; such as covalent bonds, ionic forces, hydrogen bonds, 

hydrophobic interactions, coordination interactions, crystalline regions, 

physical entanglements, or a combination of several of the above 

mentioned interactions.[52] Several methods of producing hydrogels use 

free-radical processes, where covalent crosslinks are formed through 

radical polymerization of multi-functional vinyl monomers or oligomers. 

Apart from free-radical processes, hydrogels may be prepared by 

reactions using multifunctional crosslinking agents to crosslink linear or 

branched polymer chains end-functionalized with reactive groups, such 

as hydroxyl groups, amines, carboxylic acids. Of growing interest are also 

“click” reactions, such as Michael addition between thiols and vinyl 

compounds and copper-catalyzed azide-alkyne cycloaddition (CuAAC). 

These reactions are specific and efficient and make it easier to tailor and 

control the structure of the network, and thereby also influence the 

properties. The use of controlled reaction pathways makes it possible to 

synthesize hydrogels with a pre-defined, systematic structure.[53] 

Polymer-chain entanglements that restrict the movement of polymers in 

the hydrogel network may also act as crosslinks. Loops or crystalline 

segments in the polymer matrix similarly contribute to physical 

crosslinks.[52, 54]  

2.5.1.2 Swelling and network structure 

A hydrogel is able to absorb several times its own weight in water and the 

swelling capacity is very much dependent on the crosslinking density of 

the network, where a loosely crosslinked network often exhibits a larger 

swelling. A large swelling capacity is unfortunately often accompanied by 

a decrease in the mechanical strength of the hydrogel.[55] As the swelling 

can greatly influence the properties of the hydrogel, it is important to 

know how much a certain hydrogel system swells. Three parameters that 
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can be of use in the characterization of hydrogels are the weight swelling 

ratio, SR; weight degree of swelling, 𝑞; and the volume degree of swelling, 

Q.  

Equation 2 and 3 can be used to calculate SR and Q.   

 𝑆𝑅 =
𝑚𝑤−𝑚𝑑

𝑚𝑑
= 𝑞 − 1 Equation 2 

Where 𝑚𝑤 is the weight of the swollen hydrogel (g), 𝑚𝑑 is the weight of 

the dry hydrogel before swelling (g) and 𝑞 is the weight degree of swelling 

(𝑚𝑤 𝑚𝑑⁄ ).  

 𝑄 =
𝑉𝑔𝑒𝑙

𝑉𝑝
 Equation 3 

Where 𝑉𝑔𝑒𝑙is the volume of the swollen gel (cm3), and 𝑉𝑝 is the volume of 

the polymer in the dry state (cm3). 

The properties of the hydrogel will greatly depend on the final structure 

of the hydrogel network, wherefore control over the structure is 

important. A parameter that is often used to describe the structure of a 

hydrogel is the average molecular weight between crosslinks, �̅�𝑐. Using 

the Peppas-Merril model[56] derived from the theory developed by 

Flory[57], �̅�𝑐 can be calculated from the swelling of the hydrogel using 

Equation 4, regardless of the nature of the crosslinks. 

 
1

�̅�𝑐
=

2

�̅�𝑛
−

�̅�

𝑉1
[𝑙𝑛(1−𝜈2,𝑠)+𝜈2,𝑠+𝜒(𝜈2,𝑠)

2
]

(𝜈2,𝑟)[(
𝜈2,𝑠
𝜈2,𝑟

)
1/3

−
1

2

𝜈2,𝑠
𝜈2,𝑟

]

 Equation 4 

Where, �̅�𝑛 is the initial molecular weight of the uncrosslinked polymer 

chains (g mol-1); �̅� is the specific volume of the polymer (reciprocal of 

polymer density, 𝜌) (cm3 g-1); 𝑉1 is the molar volume of the swelling 

medium (cm3 mol-1); 𝜈2,𝑠 and 𝜈2,𝑟  are the volume fraction of polymer in 

the swollen and relaxed gel, respectively; and 𝜒 is Flory’s polymer-solvent 

interaction parameter. 𝜈2,𝑠 is furthermore equal to the inverse of Q 

(defined in Equation 3). 
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The factor (1 −
2�̅�𝑐

�̅�𝑛
) is used to correct for imperfections in the network 

arising from e.g. dangling chain ends. For a perfect, infinite network, this 

factor can be reduced to 1 and Equation 4 can then be rearranged into 

Equation 5.[58] 

 �̅�𝑐 = −
𝜌𝑉1(𝜈2,𝑟)[(

𝜈2,𝑠
𝜈2,𝑟

)
1/3

−
1

2

𝜈2,𝑠
𝜈2,𝑟

]

[𝑙𝑛(1−𝜈2,𝑠)+𝜈2,𝑠+𝜒(𝜈2,𝑠)
2
]
 Equation 5 

Knowing the �̅�𝑐 of a hydrogel, it is possible to predict the equilibrium 

swelling of that hydrogel in other solvents, provided that the Flory 

polymer-solvent interaction parameter, 𝜒, is known for that particular 

combination of polymer and solvent. 

2.5.2 Adhesive-patch fixation of bone fractures 

Although a plaster cast might be sufficient for stabilizing simple bone 

fractures, more complex fractures often require additional stabilization. 

Conventional methods of stabilizing complex bone fractures rely on 

implants comprising metal-based plates that are applied by open surgery 

and fixated with pins and screws. While these conventional approaches 

are effective, restrictions concerning accessibility, stress shielding and 

discomfort for the patient have to be taken into account. Another problem 

is that in order to provide a safe implant anchorage, the surrounding bone 

needs to be sufficiently strong and healthy. To address these issues, there 

has been an increased focus on developing minimally-invasive fracture 

stabilization techniques, where crosslinked adhesives are promising 

candidates.[59, 60] Since the application of adhesives does not require 

drilling, fracture fixation can be achieved via minimally-invasive surgery, 

which enables the treatment of fractures that have previously been 

inaccessible by open surgery using conventional implants.  

For fractures in load-bearing positions which require additional 

stabilization, the adhesive can be improved by the formation of a fiber-

reinforced adhesive patch (FRAP), where the FRAP comprises structural 

fibers embedded in a crosslinked adhesive matrix[61, 62], as can be seen 

in Figure 3. By using FRAP fixation instead of applying adhesives directly 

on a fracture, it is possible to tune the properties of the patch according to 

the loading requirements for each specific fracture. Manipulating the 
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number of fiber layers or increasing the adhesion area allow for 

adjustments of the final strength of the patch. This is beneficial, because 

every unique fracture will require different levels of stabilization 

depending on the location and the severity of the fracture. 

 

Figure 3 Schematic build-up of a fiber-reinforced adhesive patch. The strength of the 
patch may be tailored by varying the composition of the patch and the number of fiber 
layers. 

Compounds such as cyanoacrylates and alkylene bis(oligolactoyl)-

methacrylate, as well as a number of dental and fibrin-based adhesives 

that are already in use, are all promising bone adhesives that still fail to 

replace metal-based implants in fracture stabilization, since all of the 

abovementioned requirements cannot be met.[63-67]  

Dopa-functional compounds have also been assessed for production of 

adhesives.[31, 68-72] Several of these studies focus on the synthesis and 

evaluation of PEG-based dopa-functional materials.[73-76] Owing to the 

hydrophilic nature of PEG, these materials are often aimed at adhesive 

hydrogels and sealants towards soft tissues, and so far, little work has 

been aimed at using dopa-functional materials as bone adhesives. 

In order to produce a suitable matrix, TEC between thiols and 

unsaturated bonds is envisioned as a promising crosslinking strategy, 

partly because the chemistry behind the TEC reaction yields bio-friendly 

thioether linkages. The fact that UV-cured crosslinking can be obtained 

using minimally-invasive optical fibers, furthermore promotes the use of 

the TEC crosslinking strategy in surgical procedures. In our previous 

work on FRAPs we introduced a TEC matrix based on triazine building 
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blocks[77]. This triazine-based matrix, formed by 1,3,5-triallyl-1,3,5-

triazinane-2,4,6-trione (TAA) and (tris[2-(3-mercaptopropionyloxy) 

ethyl] isocyanurate (TAT), with allyl and thiol functional groups 

respectively, showed very promising results concerning both adhesion 

and cell viability, and has thus served as a starting point for our 

continued work. 

The surface properties of a material depend mainly on the outer most 

layers of atoms. Applying a primer to the surface can therefore be used as 

an efficient and cost effective way to increase the adhesion between two 

substrates. A primer promotes adhesion primarily by increasing 

wettability or by interaction with the matrix, the substrate, or preferably 

both. A primer applied between the substrate and the matrix should 

encourage the interaction between the bone and the adhesive matrix, and 

thus further improve the performance of the adhesive patch. 

2.5.3 Self-healing materials 

Self-healing materials are materials that are able to spontaneously repair 

themselves after being damaged in order to regain their functions. Such 

materials are attracting a lot of interest in the field of materials science, as 

the possibility to self-heal could add value and extend the life time of 

materials such as coatings, plastics, and composites. 

A self-healing material, able to heal cracks autonomously (without 

manual intervention), was first reported by White et al. in 2001.[78] They 

proposed a material with dispersed micro capsules filled with a healing 

agent. During crack intrusion, these capsules would break and the healing 

agent would be activated upon contact with a catalyst embedded in the 

material, leading to repair of the formed crack. This is an example of a so 

called extrinsic healing mechanism, and even though the mechanism is 

effective, the healing is irreversible, and if the damage is repeated, the 

healing agent will be depleted in that area and the self-healing property 

will be lost. In order to circumvent this problem, so called intrinsic 

healing systems have attracted a lot of attention. These systems do not 

need the incorporation of healing agents but instead depend on dynamic 

bonds (either covalent or non-covalent), that can be broken and reformed 

when the material is deformed.[79] This enables the realization of 

materials capable of autonomous and repeatable self-healing.[80]  
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Reversible covalent interactions are generally stronger than non-covalent 

interactions, but a main drawback is that often external stimulus (such as 

heat, light, redox reactions, or changes in pH) is required to trigger the 

self-healing mechanism. With non-covalent interactions however, it is 

possible to achieve self-healing autonomously, i.e. without manual 

activation. Examples of non-covalent intrinsic self-healing mechanisms 

include: hydrogen bonding[81, 82], ionic interactions[83, 84], π-π 

interactions[85, 86], hydrophobic interactions[87, 88], guest-host 

interactions[89-91], and metal-ligand coordination[92-95].  

There are several examples of self-healing materials in biological systems, 

such as healing of damaged skin or repair of DNA. One example of a self-

healing biological system that has attracted a lot of interest is the 

adhesive plaque of marine blue mussels. Owing to this, there are several 

reports on mussel-inspired self-healing materials based on dopa-

functional polymers.[92, 95-97] 

The proteins of the mussel byssus are able to undergo crosslinking 

reactions and self-assembly reactions upon contact with the surrounding 

environment, causing the plaque to solidify. One reaction that has been 

explored in the synthesis of self-healing materials is the complexation 

between catechols in the DOPA-rich proteins of the byssus with metal 

ions, such as Fe3+.[37] This complexation is highly pH dependent, and the 

coordination changes from mono complexes (one catechol per metal ion) 

at low pH, to bis complexes (two catechols per metal ion), and finally tris 

complexes (three catechols per metal ion) as the pH is raised. The 

complexation is additionally reversible and dynamic, and can therefore be 

utilized in the formation of self-healing gels. [35, 98] 

2.5.4 Micelles as drug-delivery vehicles 

In 2012, one in seven deaths worldwide was due to cancer, which was 

more than the deaths caused by AIDS, tuberculosis and malaria 

combined. In high-income countries, cancer is after cardiovascular 

diseases the second most common cause of death. For women, the most 

common form of cancer is breast cancer, which is also the cancer form 

that leads to most deaths in women. Treatment of breast cancer normally 

involves surgical removal of the tumor and surrounding tissue, followed 

by radiation therapy, chemotherapy, and/or hormone therapy.[99] In 
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conventional chemotherapy, therapeutic drugs are delivered to the body 

through the blood stream. This subjects the entire body to the toxic drug 

and can lead to severe side effects. There is still no universal cure for 

cancer, and new therapeutics and drug-delivery systems are continuously 

being explored. [100-102]  

A drug-delivery vehicle should preferably fulfil the following three 

conditions: 1) increase the efficacy of the drug, 2) provide targeting 

selectivity, and 3) provide stealth and protect the therapeutic agent in 

order to prevent degradation of the drug before it is delivered to the 

intended site.[103] To achieve this, the drug-delivery vehicles must be 

able to encapsulate sufficient amounts of drug, but at the same time be 

small enough to enable cellular uptake, as well as avoid being cleared 

from the body before delivery of the drug.[104]  

In the development of new drug-delivery systems, the self-assembly of 

amphiphilic block-co-polymers in solution can be used to form micelles 

able to encapsulate drugs. Amphiphilic block-co-polymers have 

hydrophilic and hydrophobic regions, and in aqueous solution, the two 

regions will separate in order to minimize interactions between the 

hydrophobic regions and water. The hydrophobic regions will thus be 

brought together while the hydrophilic regions will form a protective 

barrier surrounding the hydrophobic core. Depending on the polymer 

structure and chemical nature, polymer chains can assemble into 

different micellar structures. Common self-assembly structures include 

spherical micelles, vesicles, and worm-like cylindrical micelles. Most 

amphiphilic micelles are based on so called AB-block copolymers, but 

multi-block copolymers, star-shaped, and hyper-branched polymers are 

also used.[105-115]  

PEG is commonly used in micellar drug-delivery systems, as the polymer 

is hydrophilic with a high water uptake and is able to provide a stealth 

effect that prohibits immune response and prolongs the circulation time 

in the body.[109, 116-123] 

Therapeutics are usually hydrophobic with low solubility in the aqueous 

blood stream. Micellar encapsulation of the drug can thereby effectively 

facilitate the distribution of the drug and provide adequate circulation 

time for the drug to reach the cancerous tissue.[124]. 
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2.5.4.1 The EPR effect 

A central concept in the development of drug-delivery systems is the 

enhanced permeability and retention effect, the EPR effect. The EPR 

effect was first introduced by Matsumura and Maeda in 1986[125] and 

refers to the discovery that most cancer tumors have a higher vascular 

permeability compared to healthy tissue, combined with a less effective 

lymphatic drainage. The EPR effect can thus be used for passive targeting 

of solid cancer tumors, as macromolecules will be prevented from 

entering healthy tissue but accumulate in the cancer tissue.[124, 126-131] 

Molecules larger than 40 kDa can selectively leak out of cancerous 

vasculature and accumulate in the tumor tissue.[126] For globular 

proteins, this corresponds to a diameter of approximately 4.5 nm.[132] 

When micelles with slow drug-release profiles are used, the delivery of 

the drug can thus be delayed until the micelles have accumulated in the 

tumor tissue. The required dose can then be decreased compared to 

conventional treatment methods and thereby harmful side effects to 

healthy tissues can be reduced.[133]   
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3. EXPERIMENTAL PROCEDURES 

This section will contain an overview of the methods and experimental 

procedures used in this thesis. For further details, including details about 

materials and instrumentation, the reader is kindly referred to the 

appended papers (I-IV). 

3.1 Synthesis of PEG-G1 allyl 

Allyl-functional PEGs (Paper I) were synthesized by addition of bis-

allylpropionic acid (BAPA) anhydride  to OH-functional PEG of four 

different molecular weights (2 kDa, 6 kDa, 10 kDa, and 20 kDa) according 

to Scheme 1a. Full conversion of OH-groups was ensured by 13C-NMR 

analysis and purification was achieved via precipitation in diethyl ether 

for 6k, 10k, and 20k, while PEG-2k-G1-allyl was purified through 

extraction with both acid and base.  

Scheme 1 a) Synthesis of PEG-G1-allyl and b) hydrogel formation with TMP-(SH)3. 
(Adapted from Paper I with permission from The Royal Society of Chemistry.) 

3.1.1 Hydrogel formation 

As seen in Scheme 1b, hydrogels were formed by crosslinking PEG-G1-

allyl with trimethylolpropane tris(3-mercaptopropionate) (TMP(SH)3) 

under UV-light, using an allyl-to-thiol ratio of 1:1 and a solid content of 

50% in ethanol. 0.5 wt% of Irgacure 2959 (I2959) was used as initiator. 

Thin hydrogel films were formed between two glass slides separated by a 
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distance of 2 mm and the hydrogels were thoroughly washed with 

diionized (DI) water and ethanol before further characterization. 

3.2 Synthesis of dopamine derivatives 

Dopamine derivatives (Paper II) with functional groups available for TEC 

were synthesized according to Scheme 2.  

A thiol-functionalized derivative, dopa-thiol 2, was synthesized by the 

addition of γ–thiobutyrolactone to the amine of dopamine hydrochloride 

1 under reflux in acidic conditions. After extraction with tetrahydrofuran 

(THF) and brine, further purification was carried out with flash 

chromatography. 

Derivatives with methacrylamide 3, allyl 4, and alkyne 5 functionalities 

were synthesized according to the following general procedure:  

Dopamine hydrochloride 1 and triethylamine (TEA) were dissolved in 

dimethyl sulfoxide (DMSO), after which the appropriate anhydride was 

slowly added and the reaction was allowed to proceed overnight. The 

mixture was thereafter extracted with diethyl ether and NaHSO4(aq) (10 

wt%), whereafter further purification was achieved using flash 

chromatography.  

Dopa-alkyne 5 was subsequently functionalized with a triethylene oxide 

spacer using CuAAC  to give dopa-sp-allyl 6.  

3.2.1 Fiber-reinforced adhesive patches (FRAPs) for bone-fracture 
stabilization 

In order to evaluate the adhesive properties of synthesized primers, 

FRAPs were prepared on generic fractures on bovine bone samples. 

Samples of 50 x 15 x 1 mm were cut from bovine marrow pipe and the 

pieces were sanded to minimize differences between the samples. A 

fracture was simulated using a bow saw before FRAPs were applied to 

stabilize the formed fracture. 4 μL of primer solution (84.5 mM) was 

applied to the bone, after which five layers of E-glass fibers were 

embedded in a triazine (TA) matrix to build up the patch. The matrix was 

then crosslinked using high-intensity visible (HEV) light and the initiator 

camphor quinone (CQ).  
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Scheme 2 Reaction scheme for the synthesis of dopamine derivatives.  
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Primer solutions were prepared with and without addition of NaOH (1:1 

of NaOH to dopa) and triplicates for each patch formulation were 

evaluated using lap-shear tests. In order to generate a double lap-shear 

mode, patches were prepared according to Figure 4 on both sides of the 

bone. Samples were then stored in PBS for 24 h before testing. After 

testing, a digital caliper was used to measure the total adhesive area and 

the maximum bond shear strength of the FRAPs was calculated using 

Equation 6. 

 τ = F/A Equation 6 

Where τ is the shear strength [Pa], F is the load at break [N], and A is the 

total adhesive area [m2].  

Primer solutions were prepared for each individual dopamine derivative, 

and also for dopa-thiol 2 in combination with dopa-methacrylamide 3 or 

dopa-allyl 4. 

 

Figure 4 Schematic representation of FRAP preparation on a bone specimen. Five layers 
of fibers were used. 



3 . EXPERIMENTAL PROCEDURES 

 
20 

3.3 Synthesis of allyl and dopa-functional polycarbonates 

Allyl-functional polycarbonates (Paper III-IV) were synthesized through 

ring-opening polymerization (ROP) of 5-methyl-5-allyloxycarbonyl-1,3-

dioxan-2-one (MAC). MAC 8 was synthesized according to a previously 

published procedure [134] from Bis-MPA 7 in two steps, Scheme 3. The 

monomer 8 was thereafter purified through precipitation and 

recrystallization. 

 

Scheme 3 Synthesis of the allyl-functional carbonate, MAC, used to synthesize allyl-
functional polycarbonate. 

3.3.1 General polymerization procedure 

Allyl-functional polycarbonate was synthesized via ROP of MAC 8 at 

room temperature under inert conditions, Scheme 4. 1-pyrene butanol 

(Paper III) or PEG6k (Paper IV) was used as initiator and the 

polymerizations were catalyzed by the catalyst/co-catalyst system of 1,8-

diazabicycloundec-7-ene (DBU) and a thiourea co-catalyst  (TU) (please 

see Paper III for details regarding the synthesis of the co-catalyst).  

pMAC of three different polymer-chain lengths (25, 46, and 70 repeating 

monomer units) were polymerized from 1-pyrene butanol (Paper III). 

Samples were withdrawn for NMR analysis every five minutes and the 

polymerizations were terminated using acetic acid.  

ROP of MAC from PEG6k was similarly conducted and resulted in the 

formation of two different PEG-(b-oMAC)2 triblocks, with an average of 3 

and 6.5 repeating units of MAC, respectively.  
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3.3.2 Dopa-functionalization  

The synthesized polymers pMAC and PEG-(b-MAC)2 were functionalized 

with dopa-thiol 2 using UV-initiated TEC according to Scheme 4.  

 

Scheme 4 Ring-opening polymerization of MAC (8), followed by functionalization with 
dopa-thiol (2) via UV-initiated TEC. 

For pMAC (Paper III), three different thiol-to-allyl ratios were used (1:2, 

1:1, and 3:2) in order to investigate how the ratio affected the 

functionalization. pMAC and dopa-thiol was dissolved in 1,4-dioxane 

along with 1 wt% of the initiator Irgacure 184 (I184) and subjected to UV 

irradiation in three steps: 

1) Two times 30 min irradiation using a Blak-Ray UV-Lamp 

(365 nm, 100 W, 10 cm distance from UV source). An extra 3 

mg I184 was added after 30 min. 

2) 3 mg I184 was added and the samples were irradiated 6 times 

0.092 s on a Fusion UV conveyor belt (320-360 nm, 3.0 W 

cm-2, total dose: 1.656 J cm-2). 

3) 10 mg I184 was added and the samples were once again 

irradiated 10 times 0.092 s on the Fusion UV conveyor belt 

(320-360 nm, 3.0 W cm-2, total dose: 2.76 J cm-2) (Only 

samples with a thiol-to-allyl ratio of 3:2). 
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Triblocks of PEG-(b-oMAC)2 (Paper IV) were similarly functionalized 

with dopa-thiol in methanol, using a thiol:allyl ratio of 2:1 and 1 wt% of 

I184 as initiator. The samples were irradiated 15 times 0.092 s on the 

Fusion UV conveyor belt (320-360 nm, 3.0 W cm-2) with a total dose of 

4.14 J cm-2.  

As the absorbance values were high, the samples were vigorously shaken 

between every dose of radiation in order to reduce gradient effects. 

All samples were purified through precipitation. 

3.3.3 Complex-formation with Fe
3+

 

Complex formation between Fe3+ ions and dopa was demonstrated for 

one of the synthesized pMAC(allyl/dopa) polymers (Paper III). A 

methanol solution was prepared with pMAC(allyl29/dopa17) and 

FeCl3 · 6 H2O, with a dopa:Fe3+ ratio of 3:1. NaOH was then used to 

increase the solution’s pH to induce complex formation. The mechanical 

properties of the resulting gel were thereafter analyzed using oscillatory 

rheology. 

3.3.4 Micelle formation 

Micelles of PEG-based dopa-functional triblocks (PEG6k-(b-

o(MAC(allyl/DOPA))2) were prepared in both DI water and in phosphate 

buffer saline (PBS) solution (Paper IV). After dissolution of the polymer 

in a small amount of DCM in a glass vial, the solvent was allowed to 

evaporate during manual rotation to form a thin film on the inside of the 

vial. DI water or PBS was thereafter added and the micelle solution was 

subjected to ultra-sonication to improve dispersion.  

3.3.5 Drug-loading procedure  

Doxorubicin (DOX) was loaded into micelles during micelle formation. 

Polymer and DOX were dissolved in DCM, after which DCM was allowed 

to evaporate during rotation of the vial in order to form a thin film on the 

inside of the vial. PBS (filtered through a 0.2 µm filter) was thereafter 

added and the solution was stirred overnight. Free DOX was removed by 

spin filtration during which fresh PBS was refilled every 5 min.  
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3.3.6 Drug release and cell viability 

Drug-release was measured by transferring freshly prepared free DOX or 

DOX-micelle solution to dialysis cassettes. The samples were then 

dialyzed against 4 L of PBS and samples were collected after 0, 6, 12, 24, 

48, 72, and 96 h. The amount of drug released was evaluated using 

fluorescence-intensity measurements.  

Cytotoxicity of free DOX, DOX-micelles and pure micelles were evaluated 

using a conventional MTT assay, which measures the mitochondria 

function of the cells. Cell viability was measured against breast-cancer 

cells (MCF-7). For further details regarding the procedures for drug-

release and cell-viability tests, please see Paper IV.  
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4. RESULTS AND DISCUSSION 

4.1 Hydrogels – A study of structure-to-property relationships 

Four different molecular weights of PEG were successfully functionalized 

with BAPA anhydride to give PEG-G1-allyl. Allyl-functional PEG was 

thereafter used to form well-defined hydrogels using UV-initiated TEC 

with TMP(SH)3 as crosslinking agent. Hydrogel properties were 

subsequently evaluated in relation to the PEG-molecular weight. (Paper I)  

In order to be able to relate the hydrogel structure to the hydrogel 

properties, control over the structure was desired. The structure of the 

BAPA-functionalized PEGs was therefore carefully analyzed using nuclear 

magnetic resonance (NMR), size-exclusion chromatography (SEC), and 

matrix-assisted laser-desorption/ionization time-of-flight mass 

spectrometry (MALDI-TOF MS). NMR analysis was used to confirm that 

full conversion of hydroxyl groups had been achieved, which was also 

confirmed using MALDI-ToF MS, Figure 5. SEC results furthermore 

showed low dispersities, with values between 1.03 and 1.06. 

 

 

Figure 5 MALDI-ToF MS spectra for all unmodified and modified PEG samples. Spectra 
for PEG-20k-OH and PEG-20k-G1-allyl  were acquired in linear mode.  
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Hydrogel formation using TMP(SH)3 was successfully achieved using UV-

initiated TEC and yielded uniform, transparent hydrogels. High gel-

fraction (GF) values (dry weight of cured hydrogel / dry weight of 

hydrogel after washing) indicated that the curing was efficient. 

Additionally, RAMAN analysis of the cured hydrogels showed no residual 

signals for either thiol or allyl groups, indicating close to full cure of the 

system. 

In accordance with literature[135], swelling experiments showed that the 

molecular weight of the initial PEG chain had a drastic influence on the 

swelling of the hydrogels, where the loosely crosslinked network of PEG-

20k swells much more than the more densely crosslinked PEG-2k 

hydrogel, Figure 6.  

 

Figure 6 Swelling kinetics in DI water of PEG-based hydrogels formed using UV-initiated 
TEC. Swelling ratio calculated according to Equation 1. 
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The swelling ratio (SR) at equilibrium was furthermore used to calculate 

the average molecular weight between crosslinks (�̅�𝑐) according to 

Equation 5. (For further details please see Paper I)  

Obtained values of �̅�𝑐 were found to be much lower than the chain length 

of the original PEG-G1-allyls. Because �̅�𝑐 is measured between kinetically 

active crosslinks and not necessarily between covalent crosslinks, this 

deviation in �̅�𝑐 from the expected values is most likely a result of physical 

entanglements between adjacent chains in the hydrogel network, 

resulting in a more densely crosslinked material than expected.  

The differences in swelling also influenced the mechanical properties of 

the hydrogels, as can be seen in Figure 7, where PEG-2k hydrogels had a 

storage modulus that was more than 17 times higher than that of PEG-

20k hydrogels. As the water content increases with increasing chain 

length, the difference between storage and loss moduli values decreases, 

and the hydrogels thus become more viscous.    

 

Figure 7 Storage and loss moduli of PEG hydrogels acquired from oscillatory rheology. 
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The structure of the hydrogels was also found to affect the hydrolytic 

degradation, Figure 8. Although a high hydrolytic stability could be seen 

for all hydrogels in buffer solutions with pH 4 and 7, a clear dependence 

on molecular weight could be seen on the degradation behavior in buffer 

of pH 10. Hydrogels based on PEG-20k dissolved completely within 3 

days, while PEG-2k hydrogels were stable for 35 days. Analysis of the 

degradation products with MALDI-ToF MS and NMR clearly indicated 

that degradation of the hydrogel had been achieved through hydrolysis of 

the ester bonds between PEG and BAPA, Figure 8b-c.  

All results from swelling tests, rheology, and the degradation study have 

been summarized in Table 1 and plotted against �̅�𝑐  in Figure 9. The 

summary shows that the hydrogel properties are all closely linked to the 

crosslinking density of the hydrogel. With knowledge about these 

correlations, and by using controlled crosslinking strategies such as TEC, 

it should thereby be possible to tune the properties of the hydrogels for a 

given application.         

 

Figure 8 Degradation of PEG-based hydrogels in pH 10 buffer: a) degradation time as a 
function of molecular weight, b) MALDI-TOF mass spectrum before and after 
degradation, and c) proposed degradation products. (Adapted from Paper I with 
permission from The Royal Society of Chemistry.) 
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Table 1 Summary of hydrogel properties. 

Hydrogel MWa �̅�𝒄 SR G' G'' Deg. Time 

 (g mol-1) (g mol-1) (%) (kPa) (kPa) (days) 

PEG2k 2430 333 241 ± 5 35.4 ± 4.4 19.5 ± 4.7 3 

PEG6k 6430 2520 649 ± 17 20.7 ± 3.6 13.4 ± 3.0 8 

PEG10k 11600 3640 730 ± 28 13.4 ± 0.7 6.7 ± 3.3 10 

PEG20k 21800 10830 1390 ± 26 1.98 ± 0.11 0.37 ± 0.18 35 

a Molecular weight (MW) of PEG-G1-allyl acquired from MALDI-ToF MS 

 

Figure 9 Graphical summary of hydrogel properties as a function of average molecular 
weight between crosslinks (�̅�𝒄). 
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4.2 Dopamine derivatives as primers for bone adhesives 

In light of previous work on FRAPs for bone-fracture stabilization [77], 

dopamine derivatives were synthesized and evaluated as primers to 

improve the adhesion between a triazine-based matrix (TA-matrix) and 

bone. The derivatives were designed to include two structural features: 1) 

an unsaturated bond or thiol functionality that could react with the thiol-

ene coupled matrix, and 2) a dopa group able to interact with the bone. 

In order to ensure good adhesion, good wetting is essential. In an attempt 

to predict the performance of synthesized primers, the surface properties 

of primer-coated substrates were therefore compared to the surface 

properties of the TA matrix, using static contact-angle (CA) 

measurements. CA measurements showed that one of the primers were 

significantly more similar to the matrix than the other primers, both 

regarding CAs and surface free-energy, Figure 10. Dopa-methacrylamide 

was thus predicted to best improve wetting between the hydrophobic 

matrix and the hydrophilic bone. 

 

Figure 10 Contact-angles of glass substrates coated with dopamine derivatives and 
surface-free energies calculated using the Oss-Chaudhry-Good theory[136] (Paper II). 
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The performance of the synthesized primers was then evaluated using 

lap-shear tests of formed FRAPs. The shear strength reported in Figure 11 

showed that the small difference in structure between the different 

dopamine derivatives had a clear impact on the adhesive strength of the 

patches; where alkyne, allyl, methacrylamide, and thiol-functional 

primers enhanced the adhesive strength compared to FRAPs prepared 

without primer. Dopa-thiol and dopa-methacrylamide displayed the 

highest bond-strength values with values around 0.17 and 0.18 MPa, 

closely followed by dopa-allyl at 0.14 MPa. The differences in adhesive 

bond strength could possibly be explained by differences in reactivity 

towards the TA-matrix. As was explained in the Introduction, allyls 

should have a higher reactivity during TEC compared to methacrylates, 

whereas methacrylates should be more prone to homo-polymerization. 

Homo polymerization would increase the molecular weight of the primer 

and thereby enable the same primer molecule to have multiple 

interactions with the bone. This could thus be a reason why FRAPs with 

dopa-methacrylamide showed higher bond-strength values than FRAPs 

with dopa-allyl. 

  
Figure 11 Shear bond strengths of FRAPs determined by tensile tests using Equation 6. 
(The commercial dental-adhesive CLEARFIL SE BOND was used as a comparison.)  
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In Figure 11, it can additionally be seen that the addition of NaOH to the 

primer solutions was essential to achieve good adhesion, as the shear 

bond strength increased more than 5 times upon addition of NaOH. This 

increase was probably a result of improved hydrogen bonding due to 

deprotonation of the catechol of the primer. 13C NMR of primer solutions 

before and after addition of NaOH showed no signs of oxidation but 

confirmed that dehydration of the catechol had occurred. NMR analysis 

of dopa-alkyne furthermore showed that addition of NaOH caused 

hydrolytic cleavage of the ester bonds in the structure. This would explain 

why dopa-alkyne and dopa-sp-allyl displayed such poor bond-strength 

values. 

Furthermore it can be seen that, by combining thiol and unsaturated 

primers, a remarkable increase in adhesive strength could be achieved, 

Figure 11. It is therefore believed that it is beneficial to keep the thiol-to-

ene stoichiometric ratio at 1:1 in the system. With ene and thiol 

combined, both compounds in the primer solution should be able to 

interact with both the bone and the matrix, while still maintaining an 

ene-to-thiol ratio of 1:1 in the entire primer-matrix system. Excitingly, the 

combination of dopa-thiol with either dopa-methacrylamide or dopa-allyl 

did result in similar adhesive strength values to that of CLEARFIL™ SE 

BOND, a commercially available tissue adhesive used as reference.  
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4.3 Dopa-functional polycarbonates towards self-healing gels 

4.3.1 Polymerization kinetics and characterization 

During ROP of MAC from 1-pyrene butanol (Paper III), samples for NMR 

and SEC were taken every five minutes for kinetic assessment. Monomer 

conversion and final DP were determined from 1H-NMR spectra (Paper 

III). As can be seen in Figure 12, the rate of polymerization was found to 

be lower for polymers with higher DPs. This was however expected, as the 

concentration of growing species was lower due to lower initiator 

concentration. Kinetic evaluation indicated first order kinetics up to 80% 

monomer conversion, as can be seen in Figure 13a, and SEC results 

furthermore showed a good correlation between monomer conversion 

and increase in molecular weight, Figure 13b.  

 

Figure 12 Kinetic study of the ring-opening polymerization of MAC: Monomer conversion 

vs. reaction time. Monomer conversion was calculated by comparing monomer and 

polymer integrals from 
1
H NMR (monomer peaks: 4.17 and 4.20 ppm (2H, d), and 

polymer peak: 4.28 ppm (4H)). 

 

 



4 . RESULTS AND DISCUSSION 

 33 

 

Figure 13 Kinetic study of the ring-opening polymerization of MAC: a) -ln([M]/[M]0) vs. 

reaction time, and b) Number average molecular weight (Mn) as a function of monomer 

conversion during the polymerization of MAC. Calibrated using PMMA standards.  
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4.3.2 Functionalization of pMAC with dopa-thiol 

Allyl-functional polycarbonates, pMAC, were functionalized with dopa-

thiol using UV-initiated TEC. Three different thiol-to-allyl ratios were 

used and irradiation was carried out in three steps, as described in the 

Experimental section. The percentage of functionalized allyl groups was 

determined using 1H NMR and evaluated with regards to DP and thiol-to-

allyl ratio, Figure 14. NMR spectra indicated that even though the 

functionalization was successful, the functionalization degree was limited 

to between 41 and 48 percent, probably due to steric hindrance. It should 

however be noted that the absorbance of the solutions were high in the 

last two irradiation steps, meaning that only a small portion of the 

solution could be irradiated at any given time. This might also have 

contributed to the limited functionalization. As a point of reference, 

Moulay et al. synthesized catechol-functionalized poly(acrylic acid) using 

oxidative decarboxylation with a maximum degree of functionalization of 

30% (35% when run under N2).[137] It was not possible to see any 

dependence on polymer molecular weight, but a higher thiol ratio 

generally contributed to a higher degree of functionalized allyl groups.   

Figure 14 Percentage of functionalized allyl groups after irradiation determined from 
1
H-

NMR spectra.  
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Thermal analysis showed that the dopa groups had a clear impact on the 

thermal properties of the polymers. Whereas the glass-transition 

temperature (Tg) of the allyl-functional pMAC ranged from -13 °C for DP 

25 to -9 °C for DP 70, Tg of pMAC(allyl/dopa) ranged from 16-41 °C. This 

drastic increase in Tg could be a result of several factors, such as 

interactions between dopa groups on nearby molecules, through 

aromatic-ring stacking or hydrogen bonding, or a result of restriction of 

movements due to the bulky dopa side chains.  

4.3.3 Self-healing gels 

It has been shown in the literature that dopa has a high affinity towards 

Fe3+ ions, where two to three dopa groups can form a complex with one 

Fe3+ ion at elevated pH values.[36] This was here used in the pursuit of 

forming self-healing gels. A solution of pMAC(allyl/dopa) and FeCl3 was 

prepared in methanol, with an Fe3+:dopa ratio of 1:3. As the pH of the 

solution was increased, a free-standing gel was formed, Figure 15a. 

Oscillatory rheology revealed that the gel was indeed self-healing, which 

can be seen in Figure 15b. As strain was alternated between 0.1% and 

100% strain at a constant frequency of 1 Hz, it could be seen that even 

though 100% strain cause the gel to break, both storage and loss moduli 

were completely restored every time the strain was reduced back to 0.1%.  

 

Figure 15 a) A photograph of a free-standing gel after complex formation with Fe
3+

, and 

b) Rheological oscillatory-time sweep, constant frequency of 1 Hz and three consecutive 

60 s cycles of 0.1% strain followed by 100% strain.   
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4.4 Dopa-functional triblocks for drug-delivery  

ROP was used to synthesize amphiphilic triblocks, with a hydrophilic 

PEG block as the middle block and two hydrophobic oligo-carbonate 

blocks at the periphery. The final DPs of the synthesized oMAC blocks 

were 3 and 6.5 repeating units, referred to as Triblock A and Triblock B, 

respectively. UV-initiated TEC was subsequently used to functionalize 

part of the allyl groups of the triblocks with dopa-thiol to give dopa-

functional triblocks; Triblock A-d and Triblock B-d. According to NMR, 2 

of 3 allyl groups (67%) were functionalized for Triblock A-d and 3.25 of 

6.5 (50%) for Triblock B-d. SEC analysis showed that the dispersities 

were quite low for all triblocks. However; dopa-functionalized triblocks 

A-d and B-d displayed a lower molecular weight than before 

functionalization, Figure 16. This is thought to be an effect of differences 

in the solubility of the polymers, since NMR analysis showed that the 

functionalization was successful.  

 

Figure 16 Number average molecular weight and dispersity obtained by SEC for 
synthesized triblocks as a function of DP of MAC. Calculated using PEG standards 
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4.4.1 Micelle formation 

Triblocks A-d and B-d formed micelles in both DI water and PBS with 

micellar diameters (Z-average diameters) around 150-165 nm, Figure 17a. 

The micelles were very similar in size, with Triblock A-d micelles being 

marginally smaller and having a slightly narrower size distribution, as 

indicated by the low polydispersity indices (PdI). Transmission electron 

microscopy (TEM) imaging further supported that micelles had been 

successfully formed, Figure 17b.   

 

Figure 17 a) DLS results for micelles of Triblock A-d and B-d in water and PBS, and b) TEM 
image of micelles from Triblock B-d in DI water (right).  

4.4.2 Evaluation of micelles for drug-delivery applications 

Formed micelles were subsequently evaluated as drug-delivery systems 

using the breast-cancer drug doxorubicin (DOX). DOX could efficiently 

be loaded into the micelles, with 12 μg of DOX per 100 μg of polymer 

(12 wt%, 52% yield)  for Triblock A-d micelles, compared to 9.71  μg per 

100 μg polymer (9.71 wt%, 41% yield) for Triblock B-d. Compared to 

other PEG-based systems in the literature, which displayed drug-loading 

values of 1-6 wt%, this indicates a high drug-loading capacity of the 

micelles. [119, 120] 

Release profiles additionally showed slow release of DOX from the 

micelles, Figure 18, with less than 50% release after 96 h. As a 

comparison, more than 60% of free DOX had been released after only 6 h 



4 . RESULTS AND DISCUSSION 

 
38 

and after less than 48 h, all free DOX had been released. The release test 

furthermore showed that DOX was released faster from Triblock A-d than 

from Triblock B-d, implying that the drug was more loosely associated 

with Triblock A-d than it was with Triblock B-d. No signs of burst release 

of drug was detected for either of the micelles, a problem which is not 

uncommon for similar micelle systems.[116, 119]   

 

Figure 18 Drug release of DOX for micelles of Triblock A-d and B-d. 

Cell viability of pure and DOX-loaded micelles was evaluated using a 

MTT assay on breast-cancer cells (MCF-7), Figure 19a. The assay revealed 

that pure micelles showed signs of toxicity at high concentrations. The 

test showed that the viability was lower for Triblock B-d than for Triblock 

A-d, with 80% compared to 88% cell viability at 100 μg mL-1.  

Evaluation of the DOX-loaded micelles showed that they were indeed 

toxic towards breast cancer cells, Figure 19b; although they were slightly 

less effective than free DOX, which is often the case for micellar drug-

delivery systems.[116, 117, 120] At concentrations corresponding to 5 μg 

DOX per mL, Triblock A-d was shown to reduce the viability to 43% 

(compared to 31% for free DOX). This furthermore corresponds to a 

polymer concentration of 52 μg mL-1.  
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In summary, the micelles showed promising results regarding drug 

loading and release. However; the toxicity of the micelles has to be 

further investigated.  

 

Figure 19 Cell viability of a) pure micelles and b) DOX-loaded micelles, evaluated using 
MTT assay on breast-cancer cells MCF-7.  
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4.4.3 Crosslinked micelles 

In order to improve the stability of the micelles, the allyl groups left after 

TEC functionalization with dopa-thiol were used to crosslink the core of 

the micelles. To achieve this, TMP(SH)3 and the UV-initiator I184 were 

included during micelle formation. The micelles were then subjected to 

UV-irradiation to form crosslinked micelles. A few drops of micelle 

solutions were then transferred to THF and the micellar size was then 

determined using DLS. DLS of the micelles in water before and after TEC 

showed a small reduction in size upon crosslinking, Figure 20, probably 

due to shrinkage as a result of the formation of covalent bonds in the 

core.  

When measured in THF, no micelles could be detected before UV-

irradiation, as the micelles were most likely dissolved because THF is a 

good solvent for the hydrophobic segments. After UV-irradiation, 

micelles were detected also in THF, strongly implying that the core had 

been crosslinked. The micellar sizes were additionally found to be 

significantly larger in THF than in water, suggesting that they were 

swollen and less condensed in THF. 

A similar approach, with crosslinking of the micelle core, has previously 

been used in similar systems with promising results.[118] 

 

Figure 20 DLS results of micelles crosslinked using TEC. 
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5. CONCLUSIONS 

In Paper I, TEC was proven to be a robust strategy for the formation of 

well-defined crosslinked hydrogels, where longer polymer chains gave 

networks with a higher swelling degree, that were more ductile and more 

susceptible to hydrolysis than networks formed from shorter chains. The 

molecular weight of the PEG chain was also found to affect the 

degradation time of the hydrogels, where the time until complete 

dissolution in pH 10 buffer ranged from 3 days to 5 weeks, depending on 

initial molecular weight of the PEG chain. In summary, it was shown that 

TEC could be used as a powerful crosslinking tool to produce well-defined 

hydrogels with tunable properties. 

In Paper II, dopamine derivatives were evaluated as primers for adhesive 

bone-fracture stabilization. It was concluded that dopamine derivatives 

could be used to enhance the adhesion between bone and a triazine-based 

matrix. It was also concluded that the addition of NaOH was vital, as it 

effectively improved the adhesion. It was furthermore established that it 

was beneficial to combine both unsaturated and thiol-functional 

dopamine derivatives. 

In Paper III it was shown that TEC could be used to functionalize allyl-

functional polymers with a dopa-functional thiol. Up to 48% of allyl 

groups could be functionalized and the dopa-groups could then be used to 

form self-healing gels in combination with Fe3+ ions. 

In Paper IV, it was shown that triblocks of PEG and allyl/dopa-functional 

oMAC could be used in micelle formation. The micelles showed high 

loading efficiency of the breast-cancer drug doxorubicin and had a slow 

drug release. MTT-assay against the breast-cancer cell-line MCF-7 

showed signs of reduced viability for concentrations of 100 μg mL-1 of 

pure micelles, with a reduction to 80-90%. DOX-loaded micelles were 

furthermore shown to reduce the viability of breast-cancer cells to 40% 

after 72 h, compared to 30% for free DOX.  

In conclusion, TEC has been proven to be a versatile and robust strategy 

for the synthesis of dopa-functional materials. By using TEC, a new facile 

route towards dopa-functional materials has been realized.  
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6. FUTURE WORK 

As a continuation of the work on PEG-based hydrogels in Paper I it would 

be interesting to conduct cell-viability studies on both hydrogels and 

degradation products. It would also be of interest to evaluate the 

mechanical properties as a function of degradation time. 

In order to better understand the mechanisms behind the adhesion of 

bone primers in Paper II, analysis using AFM is proposed. The adhesion 

should furthermore be evaluated through other mechanical tests apart 

from lap-shear tests, such as three-point-bending experiments and peel 

tests, in order to provide insight into where the main challenges lie.  

To expand the library of dopa-functional materials synthesized in Paper 

III, it would be interesting to prepare polycarbonates with different 

amounts of dopa, to see how the dopa moieties influence the properties of 

the polycarbonate. It would also be interesting to functionalize other 

polymers with dopa in order to see how the chemical structure and 

polymer architecture influence the functionalization degree and the 

properties. It would additionally be of interest to synthesize hydrolysis-

resistant polymers that could withstand basic pH for longer time periods. 

To synthesize sturdier analogues, it is proposed that the ester bonds in 

the structure are exchanged to amide bonds that are less susceptible to 

hydrolysis. 

The toxicity of the pure micelles synthesized in Paper IV should be 

investigated further. It would furthermore be interesting to evaluate the 

TEC-crosslinked micelles with regards to cell viability and drug loading.  
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