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Abstract 

Functional polymeric scaffolds have been employed in biological applications 
as several utilities, from nano-sized drug delivery systems to concrete 
implants. The progression in biological fields essentially relies on finding an 
appropriate material to fulfil the critical requirements for various types of 
applications with great potential for tuning functionality and mechanical 
properties. Therefore, the generation of new materials in extensive libraries is 
desirable for researchers. In this thesis, two main varieties of functional 
scaffolds have been constructed; these include i) periodic structure isoporous 
membranes and ii) three dimension (3D) crosslinked networks with 
programmable functionalities and mechanical properties. In the first case, a 
library of linear dendritic (LD) block copolymers was synthesised from 
biocompatible 2,2-bis(methylol)propionic acid (bis-MPA) dendrons and 2-
hydroxyethyl methacrylate (HEMA) derivatives. These materials were 
successfully employed for the fabrication of isoporous membranes via the 
facile Breath Figure (BF) method. The dendritic periphery end groups control 
the manipulation of film morphology, as well as introduction of desired 
functionalities, either pre- or post- film formation. The introduction of azide 
functional group along the polymer backbone allows crosslinking reaction, 
which enhances the stability of the isoporous films. The stability towards 
temperature was improved from around its glass transition temperature (Tg) 
to 400 °C after crosslinking; simultaneously the porosity is maintained after 
immersion in the whole range of pH (1-14). These materials show great 
potential use as high performance isoporous membranes in futuristic 
applications such as micro-reactors, sensors and cell patterning platforms. In 
the second case, the facile fabrication of functional networks employs off-
stoichiometric crosslinking, which resulted in residual reactive functional 
groups after film formation and networks with different crosslinking density. 
This straightforward off-stoichiometric concept is applied with commercially 
available materials and well-controlled dendritic-linear-dendritic (DLD) 
hybrid polymers, generating functional networks with different properties 
from high stiffness film to soft hydrogels. The network post-modification can 
be performed topologically and throughout the scaffold. Several crosslinking 
chemistries were employed for construction of hydrogels from DLD hybrid 
polymers. The Copper(I) Catalysed Azide-Alkyne Cycloaddition (CuAAC) 
click reaction results in hydrogels with higher compressive modulus 
compared to other hydrogels constructed from thiol-ene, thiol-yne and 
amine-N-hydroxysuccinimide (NHS) esters coupling methods with similar 
building blocks. These functional crosslinked networks are suitable for 
numerous applications including fabrication of microfluidic devices, cell 
culture platforms and bone adhesives.   



 

 
 

Sammanfattning 

Funktionella polymera material finner allt mer användning inom biologiska 
applikationer och har används i allt från nanobärare för drogleverans till 
inplantat. Fortsatta framsteg inom fältet kräver mer avancerade material där 
de mekaniska egenskaperna och funktionaliteten kan skräddarsys för varje 
individuell applikation. Därför är omfattande bibliotek utav material med 
varierande mekaniska egenskaper och unik funktionalitet åtråvärt. I den här 
avhandlingen skräddarsys två unika materialplattformar; i) periodiskt 
mikro/nanostrukturerade isoporösa membran och ii) tredimensionella (3D) 
tvärbundna nätverk med programerbar funktionalitet och mekaniska 
egenskaper. I första fallet utnyttjas linjär-dendritiska blocksampolymerer 
uppbyggda av dendritisk 2,2-bis(methylol)propion syra (bis-MPA) och linjära 
2-hydroxyethyl metakrylat (HEMA) derivat. Materialen utnyttjades för att 
med hjälp av ”Breath Figure” (BF) metoden skapa ett bibliotek av isoporösa 
filmer. Med hjälp av det dendritiska blocket kunde filmens morfologi 
kontrolleras och funktionalitet kunde introduceras både före och efter 
filmformationen. Med en azid-funktionalitet längs den linjära polymerkedjan 
möjliggörs tvärbindning vilket ökade den termiska stabiliten hos filmerna 
från omkring glastransitionstemperaturen (Tg) till 400 °C och filmerna visade 
sig även stabila inom det fullständiga pH-intervallet (1-14) med bibehållen 
porositet. Materialen har tack vare sin stabilitet och ytterst ordnade 
ytstruktur ett stort antal användningsområden, såsom mikroreaktorer, 
sensorer och ordnade templatplattformar för celltillväxt. I fallet med 3D 
nätverk används stereometrisk obalans för att uppnå yt- och 
bulkfunktionalitet efter tvärbindning med olika tvärbindningsgrad. De 
industriellt applicerbara stereometriskt obalanserade nätverken använder 
kommersiellt tillgängliga startmaterial men har även applicerats på mer 
kontrollerade och anpassningsbara dendritisk-linjär-dendritiska (DLD) 
hybridmaterial. Därmed erhålls ett spann från väldigt styva filmer till mjuka 
hydrogeler nätverk med kvarvarande funktionalitet tillgänglig för 
modifikationer, både topologisk och/eller i bulken.  Ett flertal 
tvärbindningskemier har används för att bygga nätverk av DLD-hybriderna. 
Nätverk bildade via koppar(I)-katalyserad azide alkyn cykloaddition (CuAAC) 
resulterade i styvare nätvärk med högre kompressionsmodul jämfört med 
nätverk bildade från thiol-ene, thiol-yne och esterbaserade nätverk med 
liknande byggstenar. De tvärbundna nätverken finner potentiella 
applikationer inom mikrofluidikanordningar, ordnade templatplattformar för 
celltillväxt samt benlim. 
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Purpose of the study 

One of the growing trends in the field of polymer chemistry is strongly 
coupled to biological applications. The design of modular tools for such 
applications relies on several facile yet effective chemistry concepts that 
construct sophisticated materials with desired functionalities and 
tuneable properties. To generate the wide range of possible applications, 
an extensive library of materials is desired in order to afford the freedom 
of selection. Another aspect to consider in biological applications is the 
interface between material and biological species; the microenvironment 
at the material interface is very complicated and usually influences cell 
behaviour. Therefore, the study in material surface functionality and 
topology will give very important information in such a field.  

The general purpose of this study was to find facile approaches to 
create novel libraries of functional polymeric thin films with potential use 
in biological applications. Several types of functional scaffolds were 
constructed in conjunction with the investigation of surface manipulation 
in terms of functionality and topology. In PAPER I, functional and 
amorphous linear dendritic (LD) hybrids were utilised for the 
construction of porous scaffolds from the facile Breath Figure (BF) 
method. Consequently, PAPER II focused on the stability of porous films 
by introduction of crosslinking. Moreover, the extension of the LD 
hybrids library with several functionalities and the alteration of porous 
morphology were simultaneously examined. The cytotoxicity profile of 
porous films was as well investigated through elution and direct cell 
growth tests. In PAPER III, low-cost commercially available materials 
were explored and constructed into 3D networks foreseeing the potential 
use as a readily available functional platform with tuneable mechanical 
properties. Finally, the aim of the study in PAPER IV was to create the 
potentially biocompatible library from dendritic-linear-dendritic (DLD) 
hybrid polymers and utilise it as functional 3D hydrogel networks. 
Different crosslinking chemistries were employed to create networks with 
similar properties generating the crosslinking tool box for different 
applications.
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1. Introduction 

1.1 Polymer 

Polymer literally means many-parts. The term originated from Greek 
words; ‘poly’ meaning many and ‘mer’ meaning part[1]. It is a class of 
materials composed with small molecules connected together forming 
what is called a macromolecule. With this definition, one might not 
realise that almost everything in the world consists of polymers if 
excluding small molecules, metals and inorganic compounds[2]. The 
modest examples of natural polymers are cellulose from trees, DNA in 
human body, gelatine in gummy bear candies and protein in chicken 
breast we have for dinner. Humans have always lived in the polymer age 
from the beginning as it is the basis of life. 

The first synthetic polymer[3], Bakelite, was invented in early 1900s 
and since then polymer science has been in focus and rapidly developing. 
To date, advanced structures and functional polymers have been 
invented. Polymer architecture can be designed by careful control and 
selection of small molecule connections. The polymeric architecture often 
gives high impact on the final properties of material. Figure 1 displays 
several architectures of polymers. 

 
Figure 1: Illustration of polymer architectures. 

1.2 Dendritic materials 

Dendritic materials are one type of branched polymeric architecture 
with branched structure. The original ‘dendron’ word from Greek means 

Monomers

Branched polymersLinear polymers

Dendritic polymer

Brush polymer

Homopolymer

Block copolymer

Random copolymer

Alternating copolymer

polymerizationpolymerization



INTRODUCTION 

4 
 

tree which reflects the dendritic pattern that can be observed in nature 
such as tree branches, snow crystals and neuron cells in the human 
body[4-6]. With such highly branched structures of dendritic materials, 
several outstanding properties are different from traditional linear 
polymers. These diversities are, for example, a large number of end 
functional groups, and unique physical properties due to less chain 
entanglement[6, 7]. Dendritic materials can be categorised by their 
material dispersity[8] as illustrated in Figure 2. The monodisperse family 
is for example, dendrimers and dendrons, which have structural 
perfection with exact molecular weight[9]. The polydisperse group of 
dendritic materials consists of statistical polymers such as hyperbranched 
polymers, dendrigrafts and dendronised polymers[4]. Due to their 
interesting properties, dendritic materials have been employed in several 
advanced research applications such as drug delivery systems[10], antiviral 
agents[11], electronics[12] and sensors[13]. 

 
Figure 2: Family of dendritic materials  

1.2.1 Synthesis 

The 3D framework of dendrimers, similar as a tree, centres around a 
core which is perfectly branched out by the attachment of several copies 
of  monomers in layers, each layer is called a generation. The cascaded 
ABn monomer is typically dual-functional in which A and B are different 
and n is equal or more than 2. Architecturally, the dendrimers and 
dendron can be divided in different regions including i) core ii) interior 
segment and iii) peripheral end groups as shown in Figure 3. Dendrons 
are the identical fragments obtained when the core is removed.  

The pioneer of dendrimer studies began in the late 1970s by Vögtle et 
al.[14] with the synthesis of branched polypropylene-amine. Later in early 
1980s, Tomalia et al.[15] and Newkome et al.[16] reported the first synthesis 
of poly(amidoamine) (PAMAM) and polyamide dendrimers. Since then 
dendrimer technology has been widely studied and developed towards 
advanced applications.  
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There are traditionally two main approaches to the synthesis of 
dendrimers which are i) divergent and ii) convergent growth, illustrated 
in Figure 3. The divergent method starts from the core from which the 
generations are grown outwards giving an exponential-like pattern. On 
the other hand, for convergent growth, the dendrons are synthesised first 
and attached to the core. Generally, after the growth step, an activation 
step is required to activate the dormant B groups that allows further 
growth step with a new set of AB2 monomers.  

 
Figure 3: Schematic representation of a) divergent and b) convergent growth of dendrimer 
generation four and its architectural components, (g) and (a) represent growth and 
activation steps, respectively 

 As represented in Figure 3, the construction of a dendrimer is obtained 
in stepwise fashion[17]. Moreover, the chemistry and purification steps to 
achieve flawless structures are traditionally very challenging. These issues 
make dendrimer synthesis very tedious and time consuming. Therefore 
several effective coupling methods such as ‘click chemistry’ are applied to 
facilitate the construction of dendrimers[9, 18, 19]. To date, dendrimer 
synthesis has been developed to achieve higher yield with more 
sustainable approaches[8, 18, 20-22]. Several dendritic families are 
commercially available, such as: amidoamine-based PAMAMs 
(DendritechⓇ[23]), polyester-based bis-MPA dendrimers (Polymer Factory 
AB[24]) and poly(propylene imine) PPI dendrimers (Symo-Chem BV[25]).  

1.2.2 Linear dendritic hybrid materials  

Linear dendritic (LD) block copolymer is the hybridisation between a 
dendritic segment and linear polymer. The combination of both 
architectures leads to very interesting behaviours in terms of physical 
properties and intramolecular interactions[26]. The introduction of 
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dendritic segments brings about high functionality and also reduces chain 
entanglement in linear polymers. Moreover, in the synthesis aspect, the 
purification protocol is much simpler, as precipitation can be performed, 
compared to traditional dendrimer synthesis[19].  

Several architectures can be combined such as DLD, LD, LDL8 and 
several other combinations, where D and L represent dendritic segment 
and linear chain, respectively. In this work, we will focus on DLD and LD 
materials as the illustrated in Figure 4.  

 
Figure 4: Linear-dendritic hybrids structures 

1.3 Polymeric network 

Polymeric networks are macromolecules in which the constitutional 
polymer units are connected to each other[27]. Such bonds between 
segments are called crosslinks which can be covalent or physical 
attachments. Crosslinked networks generally possess better mechanical 
properties and stability compared to either linear or branched polymers 
which are thermoplastic[2]. The high crosslinking density in the network 
will transform thermoplastic into thermoset, meaning that the process of 
the network cannot be undone by reheating and the shape remains 
unchanged[28]. The crosslinked network is insoluble as the chains are tied 
together and the physical properties can be controlled by the design of 
crosslinking density. Figure 5 illustrates the difference between 
thermoplastic and crosslinking network deformation upon heating.  
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Figure 5: Illustration of thermoplastic and thermoset after heating (Yorkie-Bar, 
Chocolate02, Studless tire 1.Digital image.Wikimedia Commons.Web.9 April 2015) 

1.4 Chemistry Toolbox 

In order to synthesise novel materials for each appended PAPER, 
several different chemistries have been utilised. 

1.4.1 Esterification reactions 

 Esterification is mainly the reaction between alcohol and acid 
generating an ester bond and water molecule. Conventionally, 
esterification usually undergoes harsh reaction conditions such as high 
temperature and acidic conditions. Several issues such as uncontrolled 
degradation and transesterification make traditional esterification less 
efficient. In order to form well controlled molecules, especially for ester-
based dendrimer synthesis, milder and more effective chemistries are 
essentials. Reagents such as dicyclohexylcarbodiimide (DCC) and 1,1´-
carbonyldiimidazole (CDI) are some of the alternative for milder and 
efficient esterification.  

DCC coupling 
  DCC coupling reagent is known to yield an ester from acid and alcohol. 
The mechanism of DCC coupling is shown in Scheme 1 where the ester 
can be obtained from different pathways. The in situ acid activation 
usually requires elevated temperature (ii) and can yield unwanted 
product as N-acrylurea (i). However, the reaction can be conducted at 
ambient temperature[29] with suppression of inactive N-acrylurea product 
in the presence of 4-(dimethylamino)pyridinium 4-toluenesulfonate 
(DPTS) salt (iii). Another alternative pathway is to form anhydride 
derivative by additional acid and further react with alcohol (iv).  
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Scheme 1: Mechanism of esterification via DCC coupling 

 Esterification through anhydride coupling is utilised for synthesis of 
high generation dendrimers[30] because of several advantages such as 
higher acitivity of the monomer as well as increased reaction fidelity.  

CDI coupling 
Even though anhydride coupling is very efficient and facile 

esterification reaction, several issues such as excessive loss of reagents 
and the use of the toxic reagent DMAP are considered limitations. 
Another esterification method is to utilise CDI coupling reagent. CDI is 
widely used in the synthesis of polymers and functionalisation due to its 
availability, low price and safety to handle[20, 31]. The mechanism is shown 
in Scheme 2 where CDI is reacted with acid generating the activated 
imidazolide intermediate molecule. The by-products are CO2 and 
imidazole which can be purified simply.  An in situ reaction with alcohol 
can be performed directly yielding ester and another free imidazole. 
Cesium fluoride was shown to be a vital catalyst to push the esterification 
towards completion. The fluoride-promoted esterification (FPE) via CDI 
is recently applied to construction of dendrimers with significant 
improvement in sustainability such as less than 24 hour reaction time 
and the use of eco-friendly solvent[20]. This method is considered more 
effective and environmentally friendly due to the facile purification step, 
high yield, non-toxic reagents and mild reaction conditions 
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Scheme 2: Mechanism of esterification via CDI coupling  

1.4.2 Copper(I)-catalysed azide-alkyne cycloaddition (CuAAC) 
click reaction 

The 1,3-dipolar cycloaddition between primary acetylenes and azides, 
called the Huisgen reaction, was introduced in the late 1950s[32]. The 
classic Huisgen reaction has several issues, such as low reaction rate, high 
reaction temperature and mixture of regioisomer products (1,4 and 1,5 
1,2,3-triazoles). An improvement of the reaction was introduced later by 
Nobel laureate K. B. Sharpless in 2002 utilising copper(I) as a catalyst[33] 
leading to the name Copper(I)-catalysed azide-alkyne cycloaddition 
(CuAAC). The supplement of copper catalyst improves the reaction 
performance with increased rates, excellent yields and exclusively 
forming only 1,4 disubstituted product. The stepwise mechanism of 
CuAAC is shown in Scheme 3[34] which can be performed under mild 
conditions in various solvents and in presence of several other 
functionalities. With such excellent efficiency, the CuAAC is the first and 
foremost used click-chemistry’ defined as powerful, highly reliable and 
selective reactions[35]. 

 
Scheme 3: Suggested mechanism of CuAAC reactions[34]  
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1.4.3 Thiol-ene coupling chemistry 

The reaction between thiols and reactive carbon-carbon double bonds, 
or simply ‘ene’, has long been known from the early 1900s. General thiol-
ene coupling can be categorised into i) free radical and ii) anionic Michael 
addition reactions. Free radical reaction proceeds via radicals and is 
usually termed thiol-ene, whilst the latter Michael addition proceeds via 
an anionic pathway[36]. The radical thiol-ene reaction carries on in the 
step growth chain process shown in scheme 4. The radical initiation can 
be generated by thermolysis or photolysis creating electrophilic thiyl 
radical which later adds to the unsaturated compound forming a new C-S 
linkage. For the anionic thiol-Michael addition, the reaction mechanism 
is similar with the anion instead of radical.  

Thiol-ene coupling chemistry is a very powerful method which has a 
distinct advantage over traditional free radical polymerisations due to the 
ability to overcome the oxygen inhibition[37].  Oxygen-scavenging in thiol-
ene reactions results in the peroxy radical which reactively abstracts 
hydrogen from thiol compounds and generates another thiyl radical. In 
contrast to classical free radical polymerisation of (meth)acrylates, for 
example, the alkyl peroxy radical from addition of oxygen is insufficiently 
reactive to react with the new ene monomer resulting in reaction 
termination. For thermoset formation, the step growth polymerisation 
nature leads to a delay in gelation resulting in uniform network, lower 
shrinkage stress with low amount of unreacted compound[38]. 

 
Scheme 4: Free radical initiated thiol-ene coupling chemistry 

Even though oxygen scavenging does not inhibit the thiol-ene coupling, 
it may affect the final product as shown in scheme 4. In applications such 
as dendrimer synthesis[39] or delicate reaction, oxygen should be removed 
to obtain well controlled products. Another issue to consider in thiol-ene 
coupling is the homopolymerisation of ene monomer. Nonetheless, this 
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can be overcome by selection of the monomer which favours thiol 
addition over self-polymerisation. Monomers which are more prone to 
thiol-ene coupling generally possess a lower degree of 
homopolymerisation[36].  Due to its high robustness and fidelity, UV-
initiated thiol-ene is in some cases defined as one of the ‘click’ reactions 
and has proven to be very powerful in synthesis of dendrimer[39] with 
orthogonality and high efficiency.  

1.4.4 Thiol-yne coupling chemistry 

The radical-mediated addition of a monothiol and phenyl acetylene 
was observed way back in 1930s[40]. However, recently with the 
introduction of click concepts such as CuAAC and thiol-ene coupling 
chemistries, the thiol-yne reaction was revived and investigated as a 
complementary alternative for those reactions. The step-growth thiol-yne 
coupling has a similar mechanism as thiol-ene as shown in Scheme 5[41, 

42]. The first addition of thiyl radical generated thermally or 
photochemically to an alkyne forms the carbon-centre radical vinylthiol 
ether (i). Secondly, chain transfer between vinylthiol ether intermediate 
with additional thiol compound (ii) results in vinylthiol ether as a mono-
hydrothiolation product which can undergo similar thiol-ene reaction. 
The vinylthiol ether is very reactive toward thiyl radical and consequently 
undergoes a second chain transfer, (iii) and (iv) yielding double 
hydrothiolation, dithiol ether product.  

 
Scheme 5: Suggested mechanism for thiol-yne coupling chemistry[41, 42].  

Interestingly for thiol-yne photopolymerisation, with the balance 
stoichiometric ratio (2 thiol per alkyne), the rate of initial alkyne reaction 
was found to be three times slower than the consequent thiol-vinyl 
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sulphide reaction[41]. Moreover, with the stoichiometric excess of alkyne, 
the formation of vinyl thiol is more pronounced and the products as a 
mixture of alkyne homopolymerisation and vinyl sulphide were observed, 
whereas no thiol vinyl accumulation can be observed in case of thiol 
excess. Thiol-yne reaction is a very interesting method for formation of 
thermosets with similar advantages as thiol-ene. Moreover, with the 
alkyne group acting as a difunctional monomer, the obtained crosslinked 
network will be equipped with higher crosslinking density. Also, the 
functional networks can be obtained by tuning the stoichiometric ratio 
between alkyne and thiol. 

1.4.5 Amine-reactive N-hydroxysuccinimide esters 

One of the most common crosslinking methods in bio-conjugation is 
the reaction between primary amine and N-hydroxysuccinimide (NHS) 
ester. The reaction was introduced for more than 30 years[43] and has 
been widely used in biological crosslinking protocol utilising lysine 
residue in biomolecules[44] and reactive amine compounds. The NHS 
ester reacts with the nucleophilic amine, forming a stable amide bond, 
with a release of NHS as a leaving group shown in Scheme 6. Generally, 
the reaction is very efficient in water and around physiological pH, 
however, the competing hydrolysis of NHS ester increases with the rise in 
pH. Side reactions of NHS ester with other amino acid hydroxyl 
functional serines, tyrosines and threonines can be found in crosslinking 
of polypeptide molecules. It is advised to maintain a high concentration 
during the reaction, or perform in non-aqueous solution to avoid the 
hydrolysis issue[45]. 

 
Scheme 6:  Amine-NHS ester reaction and amino acid groups that are reactive toward 
NHS ester in polypeptide 
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1.4.6 Atom Transfer Radical Polymerisation  

Atom Transfer Radical Polymerisation (ATRP) is a polymerisation 
technique offering low dispersity and control over molecular weights of 
polymers, which was discovered independently in 1995 by Kato et al.[46], 
Matyjaszewski et al.[47] and Percec and Barboiu[48]. Since then ATRP has 
been extensively studied and developed due to its versatile reaction 
nature. The robustness of ATRP includes compatibility to several 
monomers and tolerance to various functional groups such as epoxides, 
hydroxyl, amines and cyanides. Moreover, the polymerisation can be 
performed in bulk or different solvents including water[49].  

Unlike traditional free radical polymerisation, termination reactions 
are suppressed in ATRP by a dynamic equilibrium between the dormant 
and active species. The ATRP system is composed of monomer, initiator 
bearing halogen atom and a transition metal ligand complex catalyst 
(Mtn/L). The suggested mechanism is shown in Scheme 7 where the 
activation involves abstraction of halogen atom from an initiating species 
(Pn-X) by a metal complex catalyst forming active radical species (Pn) 
and an oxidised deactivated (Mtn+1/L) species. The active radicals 
continue to propagate through the addition of monomers. Terminations 
may occur, generally, by radical coupling or disproportionation. To obtain 
control over ATRP, fast initiation is required in order to induce the 
simultaneously propagation of all chains. The increase in concentration of 
deactivated Mtn+1/L drives the dynamic equilibrium toward the dormant 
side which leads to suppression of termination. Another issue that needs 
be considered is the removal of oxygen during the polymerisation. 
Oxygen scavenging and oxidisation of catalyst can lead to uncontrolled 
terminations.  

 
Scheme 7: Suggested dynamic equilibrium in ATRP 

Dormant side Active side
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1.4.7 Photo-induced azide and aromatic ring coupling 

The photochemical reaction between azido-functionalised and 
aromatic derivative random copolymers has been recently employed in 
several studies related to crosslinking of thin films without the additional 
crosslinkers[50, 51, 52]. The suggested mechanism is shown in Scheme 8 
where the initiation step begins from the transformation of azide group 
into reactive radical nitrene after UV exposure gives nitrogen as the sole 
by-product. The transient nitrene radical can further react with aromatic 
compound and azide group resulting in azidine and diazo bonds, 
respectively. 

 
Scheme 8: Proposed mechanism of the photochemical reaction between azide and 
aromatic ring[51, 53]  

1.5 Breath Figure method 

The conventional method for fabrication of patterned structures relies 
on advanced photolithography techniques. Even though this approach 
provides precise geometry and is very commonly used, the protocol is 
very complicated and requires sophisticated equipment leading to the 
high cost in material production[54]. An alternative strategy is to capitalise 
on the Breath Figure (BF) method which is shown to be more cost 
efficient and straightforward. BF method is a templating technique to 
create highly ordered structured porous polymeric membranes[55]. The 
significant breakthrough was discovered by François et al.[56] in 1994 by 
drop casting polystyrene solution in volatile solvent under humid 
atmosphere. The self-assembled hexagonal array on a sub-micron scale 
was obtained.  

The proposed mechanism for BF method is shown in Figure 6. In the 
first step, generally, hydrophobic polymer is dissolved in water-
immiscible organic volatile solvent. The mixture is drop casted on the 
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solid substrate under humid atmosphere (i). The substrate temperature is 
decreased upon the solvent evaporation leading to the condensation of 
water droplets on surface of the casted film (ii). The nucleation of water 
droplets are self-organised and form ordered arrays. The polymer 
simultaneously precipitates at the interface between water and organic 
solvent and supports the droplet to form porous structures upon 
evaporation (iii)[57, 58]. The process involves complex thermodynamic and 
kinetic mechanisms; however, the full solid process is still not well 
understood. Several factors such as casting conditions (eg. relative 
humidity, polymer concentration, temperature, solvent, and substrate) 
and choice of polymers (architecture, functionality) can dramatically alter 
the porous formation. Several cases, small molecules were used as 
surfactants in two components system to favour the interfacial tension 
between polymer solution and water[59] for film formation. By tailoring 
those factors, the pore size can be tuned from approximately 200 nm-20 
μm[58]. 

 
Figure 6: Formation of porous film by BF method 

1.6 Potential applications 

Herein, we introduce the possible applications combining all aspects 
described in previous sections. 

1.6.1 Functional isoporous films (PAPER I and II) 

 Surfaces with patterned structures possess interesting properties such 
as a vast increase in surface area. In biological applications, such 
structures are very attractive for several aspects such as cell behaviour 
study platform and biosensors.  As described in the section 1.5, BF 
method generates porous surfaces from water condensation on the drop 
casted polymer solution under humid surrounding. The porous structure 
can be controlled by adjusting the casting conditions or by an innovative 
design of polymers. Isoporous films generated from the BF method have 
been widely employed in various advanced applications such as cell 
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culture[60-63]/ platforms for cell behaviour studies[64, 65], protein 
patterning[66, 67] and templates for patterning[68]/soft lithography[69, 70].  

The library of polymers suitable for the BF method has been 
extensively expanded during the last decade from simple linear 
polystyrene to more advanced polymer architecture such as 
copolymers[66], star shape polymers[69, 71] and linear dendritic (LD) 
hybrids materials[71, 72]. An elegant example where the isoporous 
morphology is simply controlled by inventive material design was 
demonstrated by Hawker and coworkers[71]. Dendronised polystyrene 
stars based on bis-MPA dendron were synthesised and utilised in the BF 
method to form isoporous films where the change in dendritic 
functionality dramatically altered the porous structures. Another 
interesting polymer was designed by Malkoch et al.[72-74]; bis-MPA based 
dendrons were adjoined between hydrophilic polyethylene glycol (PEG) 
and hydrophobic semi-crystalline polycaprolactone (PCL) forming 
amphiphilic LD hybrid materials. Their work revealed the importance of 
branched dendritic components to generate ordered porous films from 
typically difficult hydrophobic semi-crystalline PCL polymers without the 
use of any surfactants[72].  

With potential uses in numerous applications, the demands on 
isoporous film properties are highly challenging and additional 
functionalities are indeed required for more sophisticated applications. 
Moreover, in order to favour the possible use of isoporous films in several 
environments, their stability has to be addressed. This issue has been 
investigated by several groups creating crosslinkable honeycomb films by 
different techniques such as thermal curing[75], UV curing[61, 68, 76] and 
simple anhydride/amine conjugation[77].  

In this thesis, we introduce two advanced polymer libraries for 
construction of isoporous films via the BF method. PAPER I investigated 
potential functional LD hybrid materials with the ability to 
postfunctionalise before or after film formation. Consequently, in PAPER 
II, the porous film stability was improved by introduction of UV 
crosslinking. Moreover, the library had been extended with more 
dendritic periphery end functionalities which simultaneously lead to 
control in porous morphologies. 
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1.6.2 Functional crosslinked networks via Off-stoichiometric 
Thiol-Ene chemistry (PAPER III) 

Understanding cell behaviour and their activities is a fundamental 
issue in the field of biological studies. The smart design of platforms for 
such examination is desirable and beneficial to a number of research 
fields. To generate such platforms, the procedure should be very simple, 
reproducible and also the materials should be inexpensive and 
commercially available. The mechanical properties are also vital in some 
cases, as an example, for cell adhesion studies a softer surface is 
preferable, while a stiffer platform is favourable for microfluidic device 
fabrication[78]. Additionally, the ability to manipulate the platforms final 
properties to match the requirements is advantageous.  

Crosslinked 3D networks with available reactive sites for tuning of final 
properties appear as an interesting strategy for a biological study 
platform. The freedom to selectively post-functionalise the networks or 
surfaces unlocks the limitations in several applications. For instance, 
networks for immunoassay, bio-recognition and molecular imprinted 
sensors[79] require covalent attachment of biological sensing molecules. 
Furthermore, for some cases such as devices with small capillary 
channels, the networks Young’s modulus should be low enough for 
microfabrication but high enough to be stable for operations under low 
pressure.  

Conventional microarrays for biological observations and sensing 
applications are constructed from polydimethylsiloxane (PDMS) (Sylgard 
184)[80]. Generally, the Young’s modulus for PDMS networks ranges 
between 0.5 MPa to 5 MPa[81] which is considered to be quite a narrow 
window. PDMS is widely used due to its easy protocol to generate 
crosslinked networks, however, it presents some limitations, such as: a 
long thermal curing process, hydrophobic nature[80, 83], chemical 
inertness[84] and geometric deformation under low pressure[85], that are 
still considered obstacles for several applications.  

In PAPER III, we present a facile methodology to create 3D crosslinked 
networks with tuneable mechanical properties and programmable 
functionalities. In contrast to traditional crosslinking strategy where the 
balanced stoichiometric ratio was aimed to obtain neutral networks with 
maximised mechanical properties, our novel method capitalises on the 
Off-Stoichiometric Thiol-Ene (OSTE) chemistry where the generated 
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crosslinked scaffolds is presented with reactive functional groups 
available for further modification. This approach utilises accessible 
commercially available materials with simple curing protocols. 

1.6.3 Dendritic hydrogels (PAPER IV) 

Hydrogels are another interesting platform for biological applications. 
With the unique properties such as high water content and tuneable 
mechanical properties upon the water uptake or type of materials, 
hydrogels have been extensively used in numbers of biological 
applications such as drug delivery systems[86, 87], matrix for cell 
cultures[88] and anti-fouling coatings[89].  

PEG based materials have long been utilised to construct 3D hydrogels 
due to non-toxic nature, biocompatibility[87] and commercial availability 
of PEG. However, in applications related to biological species such as 
cells, highly controlled and well-defined materials are preferred to 
eliminate some factors that would affect the observation[17]. The 
traditional way to crosslink PEG-based hydrogels is upon uncontrolled 
reactions such as radical acrylate polymerisation which leads to less 
homogenous networks.  

In PAPER IV, we propose the methodology to construct well-controlled 
functional 3D hydrogel networks. To overcome uncontrolled in network 
formation, both structural modification of PEG and also the chemistries 
employed for film formation has been developed. In the first case, the 
linear PEG has been copolymerised with bis-MPA dendrons yielding 
dendritic-linear-dendritic (DLD) architectures. Dendritic materials are 
very desirable for reducing experimental and therapeutic variability[17]. 
Bis-MPA dendrons are good candidates in biological applications due to 
their benign, non-toxic[90] nature and high functionality with 
monodisperse character[19]. Compared to the linear PEG, the presence of 
dendritic wedges in DLD PEG has introduced high degree of functionality 
to the system which can lead to greater crosslinking density when 
forming network. In the second case, several crosslinking approaches 
including effective CuAAC[30, 91], thiol-ene[92-94], thiol-yne and amine-
reactive NHS ester were employed for construction of dendritic 
hydrogels. 

Facile methodology as off-stoichiometric ratio crosslinking, as in 
PAPER III, is again utilised to generate reactive networks with available 
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functional groups for network postmodification. Lastly to initiate more 
possible applications, the DLD materials were crosslinked with bio-based 
cellulose nanocrystals (CNC) and protein-based bovine serum albumin 
(BSA) as alternative crosslinkers, yielding new types of hybrid materials 
from abundant natural resources. 
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2. Experimental 

2.1 Materials 

Bis-MPA was kindly donated from Perstorp AB. 1,3,5-Triallyl-1,3,5-
triazine-2,4,6 (1H,3H,5H)-trione (TTT) , acrylic acid, acrylamide, 
3,3,4,4,5,5,6,6,7,7,8,8,9,9,10,10,11,11,12,12,12-heneicosafluorododecyl 
acrylate, pentaerythritol tetrakis(3-mercaptopropionate) (PTM), 2-
allyloxyethanol, 4-(dimethylamino)pyridine (DMAP), disperse red 13, 2-
hydroxyethyl 2-bromoisobutyrate (HO-EBiB), 2,2’-bipyridyl (99 %), 
Cu(I)Cl (99 %), Cu(II)Cl2 (97 %), tetraethylene glycol (TEG), 
2,2,3,3,4,4,5,5,6,6,7,7,8,8,9,9,10,10,11,11,11-heneicosafluoro-1-undecanol, 
rhodamine-B, biotin (95%), sodium bisulfate (NaHSO4), sodium 
carbonate (Na2CO3), pent-4-enoic anhydride, pent-4-ynoic acid, 
polyethylene glycol (M=3, 6 and 8 kDa), polyethylene glycol monomethyl 
ether (M= 2kDa), 2-hydroxyethyl methacrylate (HEMA), anisole and 
perflourooctanoic acid were purchased from Sigma Aldrich. Tris[2-(3-
mercaptopropionyloxy)ethyl]isocyanurate (TMI) was obtained from 
Wako. 2,2-Dimethoxy-2-phenylacetophenone (DMPA) was procured 
from Ciba. Silicone materials including vinyldimethylsiloxy terminated 
polydimethylsiloxane (VT-PDMS, AB109358) and poly(Mercaptopropyl) 
methylsiloxane (99-100% Mercaptopropyl) methylsiloxane) (MP100-MS, 
AB113729) were purchased from ABCR. N,N'-Dicyclohexylcarbodiimide  
(DCC) and magnesium sulfate (MgSO4) was purchased from Acros. 
Succinic anhydride, dichloromethane (DCM), tetrahydrofuran (THF), 
ethyl acetate (EtOAc), heptane and methanol were obtained from Merck 
and pyridine was purchased from VWR. All purchased chemicals were 
used as received. All reagents for cell culturing were purchased from 
Thermo Scientific HyCloneTM. 

Several precursor materials were synthesised following previous 
studies including thiol functional bis-MPA dendron generation 2 (SH-G2-
OH)[74], benzylidene protected bis-MPA anhydride [95], 6-azidohexanoic 
anhydride[21], azide functionalised mannose[96], di-functional thiol PEG 6 
kDa[94]   and lithium phenyl-2,4,6-trimethylbenzoylphosphinate (LAP)[97, 

98].  
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2.2 Instrumentations and methods 

NMR spectra were acquired by Bruker Avance instrument. The operating 
frequencies are 400 MHz for 1H-NMR and 100MHz for 13C-NMR.  The 
solvents used in the studies are CDCl3 and DMSO-d6.  

FTIR experiments were operated with a Perkin-Elmer Spectrum 2000 
FT-IR equipped with a single reflection attenuated total reflection (ATR) 
accessory from Specac Ltd. (Kent, England). Each spectrum was recorded 
with 32 scans in the range of 600-4000 cm-1. 

FT-Raman spectroscopy was performed using a Perkin-Elmer Spectrum 
2000 NIR FT-Raman instrument. Each spectrum was recorded on 32 
scans with 1.5 W laser power.  

Static contact angle measurements were performed with 5 or 10 μL 
droplets of MiliQ water under 50% relative humidity and at 23 °C. The 
instrument is a KSV Instruments CAM 2000 equipped with a Basler 
A602f camera and CAM software are used for data analysis. The samples 
are stored in the condition room (50% relative humidity and 23 °C) for 24 
hours prior the test. 

Tensile tests were performed on an Instron5944 in tensile mode. The 
samples were tested under conditioned atmosphere of 50% relative 
humidity and 23 °C. The samples are formed in a dumbbell shape using 
Teflon mould. The samples except hydrogels were stored in the condition 
room (50% relative humidity and 23 °C) 24 hours prior to the test. The 
Young’s moduli were obtained from the slope of stress and strain curves.  

Compression tests were performed on an Instron5944 in compression 
mode where samples were tested under conditioned atmosphere of 50% 
relative humidity and 23 °C. The samples were formed in a cylindrical 
shape with radius to height ratio around 1. The compressive moduli were 
obtained from the slope of stress and strain curves below strain 0.2. 

DMA were done utilising a TA instruments DMA, model Q800 in tensile 
mode temperature ramp program. The samples were cut into rectangular 
shape. The oscillation frequency was held at 1 Hz at constant amplitude at 
10 μm over the range of 0-120 °C for rigid networks and 10Hz, 15 μm, -
70-30 °C for soft networks with 5 °C ramping per minute. 
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FE-SEM micrographs were taked on a Hitashi S-4300 FE-SEM. An Agar 
High resolution Sputter Coater (model 208RH) was utilised to coated 
samples with 7 nm thickness gold layer.  

UV-sources were obtained from i) Fusion UV Curing System and ii) 
table-top UV lamp. The fusion system Model F300 is equipped with 
Fusion electrodeless bulbs standard type BF9 which provides the UV 
intensity of 184 mW/cm2 measured in the wavelength interval 320-390 
nm. The table top 100W Hg UV lamp (Blak Ray B 100AP) with a filter 
provided an intensity of 9 mW.m-2 at a wavelength of 365 nm. 

DMF-SEC measurements were performed on a TOSOH EcoSEC HLC-
8320GPC system. An EcoSEC RI detector, three columns (PSS PFG 5µm; 
Microguard, 100Å, and 300Å) (MW resolving range: 300-100 000 Da) 
from PSS GmbH, using DMF as mobile phase (0.2 mL min-1 with 0.01 M 
LiBr) are equipped in the system and was conducted at 50 °C. A 
calibration curved was created utilising narrow linear poly(methyl 
methacrylate) and poly(ethyleneglycol) standards.  An internal standard 
was used for correction of flow rate fluctuation using toluene. The data 
were processed with the software PSS WinGPC Unity version 7.2. 

DSC measurements were performed on a Mettler Toledo DSC. The 
temperature profile was heating from 25 °C to 120 °C, constant 
temperature for 2 min, cooling down to -60 °C, constant temperature for 
2 min and heating again to 120 °C with 10 °C/min rate under nitrogen 
flow. The glass transition temperature, melting temperature and enthalpy 
of melting were obtained from the second heating cycle.  

Optical microscopy images were obtained from a Leica DM IRM 
optical microscope. For cell density and morphology study, the 
microscopy images were obtained using Nikon Eclipse TE2000.  

Fluorescent microplate absorbance reader was performed on a 
Teacan Infinite M200 Pro with excitation at 560 nm and emission at 590 
nm. 

Confocal fluorescence microscopy was performed on a Zeiss LSM5 
Pascal microscope equipped with a 63X/1.4 NA oil immersion objective. 
The samples were mounted and coverslipped by applying 50 µl of 
aqueous non-fluorescing mounting medium (Shandon Immu-Mount). 
The fluorescence signal from rhodamine-B was excited at 543 nm and 
emission was detected with a long pass 570 nm filter. Field of view was 
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set to 18 μm, Z-stacks were recorded with a spacing of 0.4 μm between 
optical sections. 

XPS measurements were obtained from physical electronics quantum 
2000 scanning ESCA microprobe equipped with a monochromatic Al Kα 
X-ray source. The pass energies were 93.90 eV for survey spectra, 23.5 eV 
for C1s, 29.35 eV for N1s and 46.95 eV for Cl2p.    

MALDI was performed on a Bruker Ultraflex MALDI with SCOUT-MPT 
ion source (Bruker Daltonics) with N2 (337 nm). The calibration was done 
using SpericalTM calibrants obtained from Polymer Factory AB. The 
matrix used was trans-2-[3-(4-tert-Butylphenyl)-2-methyl-2-
propenylidene]malononitrile (DCTB). The spectra were analysed utilising 
FlexAnalysis software. 

Pore size estimation was performed with Image J sotfware using the 
SEM micrograph and the scale bar as a reference for lenght to pixel ratio.  

2.3 General terms and definitions  

Several material definitions in this thesis are termed differently from 
the appended PAPER in order to allow a comparison among all studies. 
Generally, the polymers will be named according to their structures while 
the crosslink networks will be named according to their crosslinking 
chemistries followed by the stoichiometric ratio.  

PAPER I and II,  
- Linear polymer from HEMA-Bz will be termed L-PHEMA-Bz-zk-

A.  
- LD hybrids from linear HEMA-Bz polymer will be called LD-

PHEMA-Bz-zk-Gn-A. 
- LD hybrids from random copolymer between HEMA-Bz and 

HEMA-N3 will be termed LD-PHEMA-Bz-N3-zk-Gn-A,  
where z refers to average molecular weight of linear polymer in kDa, n 
represent the generation of bis-MPA dendron and A refers to polymer 
end group functionality.  

PAPER III,  
- Rigid networks, soft networks and hydrogel networks will be 

called TER(x:y), TES(x:y) and TEH(x:y),  respectively,  
where (x:y) represents the stoichiometric ratio of thiol to ene. 
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PAPER IV, 
- Linear PEG will be named L-PEG-zk-A,  
- DLD polymers based on PEG and bis-MPA dendron will be 

named DLD-PEG- zk-Gn-A  
where z is referred to molecular weight of the PEG in kDa, n is 
referred to the dendritic generation, A represents polymer end 
group functionality. 

- The hydrogels are named after crosslinking chemistries. TE(x:y) 
refers to networks from thiol-ene, TY(x:y) for thiol-yne, CC(x:y) 
for CuAAC and AN(x:y) for amine-NHS coupling,  
where (x:y) represents the stoichiometric ratio of thiol to allyl, 
thiol to alkyne, thiol to azide and amine to NHS ester, 
respectively.  

Note that for PAPER I and II, ‘hybrid’ represents the copolymerisation 
between dendritic materials and linear polymer. In PAPER IV, ‘hybrid’ 
represents the thermoset network constructed from DLD polymers and 
bio-based CNC or BSA.    

2.4 Material Synthesis 

A general overview of the procedures used for material synthesis in the 
thesis will be described in this section. Comprehensive experimental and 
analytical information can be found in the appended publications and 
their supporting information. 

2.4.1 Linear-dendritic hybrid materials 

The LD hybrids were synthesised with two different approaches shown 
in Scheme 9. The first methodology in PAPER I relied on connecting the 
allyl functionalised HEMA-Bz homopolymer to the thiol core 
functionalised bis-MPA dendron. On the other hand, the second 
approach in PAPER II was to copolymerise HEMA-Bz and HEMA-N3 
from the dendritic macroinitiator obtained from thiol-ene coupling 
between thiol core functionalised bis-MPA dendron and hydroxyethyl 2’-
bromoisobutyrate (HO-EBiB) functionalized with allyl group.  

a) Homopolymerisation of HEMA-Bz via ATRP  
General polymerisation of L-PHEMA-Bz-5k (3) started from 

commercially available HO-EBiB (2) initiator. 2,2’-Bipyridyl (Bipi), 
Cu(I)Cl and Cu(II)Cl2  were used in the polymerisation. The molar feed 
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ratio of [HEMA-Bz]:[HO-eBiB]:[bipy]:[Cu(I)Cl]:[Cu(II)Cl2] was set to 
2*DPtarget:1:2:1:0.1. The polymerisation was performed in anisole at 50°C. 
The reaction was monitored by 1H-NMR and terminated when the 
conversion reached 50%. 

b) Copolymerisation of HEMA-Bz and HEMA-N3 via ATRP 
Monomers HEMA-Bz (1) and HEMA-N3 (9) were polymerised under 

similar standard ATRP conditions. Dendritic macroinitiator (8) was first 
obtained from thiol-ene click reaction between allyl modified OH-EBiB 
(7) and thiol functionalised bis-MPA dendron G2 (5). The molar feed 
ratio of [HEMA-Bz]:[HEMA-N3]:[macroinitiator]:[bipy]:[Cu(I)Cl]: 
[Cu(II)Cl2] was set to 1.6*DPtarget:0.4*DPtarget:1:2:1:0.1 (HEMA-
Bz(1):HEMA-N3(9)=8:2). The polymerisation was performed in anisole 
at 50°C. The reaction was monitored by 1H-NMR and terminated when 
terminated when the conversion reached 65%.      

 
Scheme 9: Synthesis route of LD hybrid materials a) LD-PHEMA-Bz-zk-Gn-OH (3) and b) 
LD-PHEMA-Bz-N3-G2-OH (10) 

The synthesis of L-PHEMA-Bz-5k-OH (3) is given as a general example 
for ATRP. HEMA-Bz (1) (12.0 g, 36.0 mmol), HO-EBiB (2) (250.0 mg, 1.2 
mmol) and bipy (371.0 mg, 2.4 mmol) were dissolved in anisole (12.0 ml) 
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in a round bottom flask. The flask was sealed and a cycle of degassed with 
vacuum and argon flushing was performed 5 minutes for each step. 
Cu(I)Cl (118.0 mg, 1.2 mmol) and Cu(II)Cl2 (16.0 mg, 0.1 mmol) were 
added to the flask by carefully opening the septum. The flask was sealed 
again and 3 cycles of 5 minutes degassing and argon flushing were done. 
Finally the flask was immersed in an oil bath at 50 °C. The reaction was 
monitored by 1H-NMR and terminated when a monomer conversion of 
50 % was achieved. The reaction was diluted with THF and passed 
through a neutral aluminum oxide column to remove the residual copper. 
The solvent was evaporated and the polymer was precipitated twice from 
THF to cold MeOH. A similar procedure was performed to obtain LD-
PHEMA-Bz-N3-28k-G2-OH (10). 

2.4.2 DLD block copolymers 

The DLD block copolymer between linear PEG and bis-MPA dendrons 
were synthesised according to Scheme 10. The synthesis of DLD materials 
were performed through a divergent growth approach having PEG as a 
core starting from growth step and followed by deprotection step.  

 
Scheme 10: Synthetic route of DLD-PEG-8k-G3-OH (15) 

Growth step via anhydride coupling 
 The general procedure for the growth step is described by synthesis of 
DLD-PEG-8k-G1-Ac (13). Firstly, PEG-8k-OH (11) (100.0 g, 12.5 mmol), 
DMAP (0.6 g, 5.0 mmol) and pyridine (5.6 ml, 75.0 mmol) were dissolved 
in DCM (250.0 ml) in a round bottom flask. The solution was placed on 
an ice bath and acetonide protected bis-MPA anhydride (12) (12.4 g, 37.5 
mmol) was slowly added to the system. The solution was left to react at 
room temperature overnight. The reaction was monitored with 13C-NMR 
and MALDI for completion. The mixture was evaporated until the 
solution become viscous. Finally, the product was precipitated from DCM 
to ether twice and was collected as white powder. 
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Activation step via ketal deprotection 
The general procedure for activation step is described by the synthesis 

of DLD-PEG-8k-G1-OH (14). In a round bottom flask, DLD-8k-G1-Ac 
(13) (96.0 g, 11.5 mmol) and acidic DOWEX (100.0 g) were mixed 
together in MeOH (200.0 ml). The reaction was stirred at room 
temperature for 1 hour and the DOWEX was filtered off. The reaction was 
evaporated to eliminate the generated acetone and redissolved again in 
MeOH (200.0 ml) together with DOWEX (50.0 g). The reaction was 
monitored with 1H-NMR and MALDI for the completion. After 1 hour, 
DOWEX was filtered and the product was precipitated in ether, redissolve 
in 100.0 ml of water and freeze dried. The product was collected as white 
powder. 

2.4.3 Functionalisation of polymers  

The functionalisation of polymers in this thesis was performed through 
different approaches as shown in Scheme 11. 

 
Scheme 11: Different approaches for the functionalisation of polymers; a) anhydride 
mediated, b) DCC mediated and c) CDI mediated esterifications.   

a) General functionalisation via anhydride mediated esterification 
L-PEG-2k-allyl (18) is given as a general example for anhydride 

coupling. L-PEG-2k-OH (16) (20 g, 0.01 mol), DMAP (244 mg, 2 mmol) 
and pyridine (11 ml, 15 mmol) were dissolved in DCM in a round bottom 
flask. The flask was immersed in ice bath during the slow addition of 
allyloxy anhydride (17) (7.72 g, 0.02 mol). The reaction proceeded 
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overnight and monitored through 13C-NMR to see the excess of free 
anhydride. The reaction was evaporated to more viscous solution and 
precipitated in diethyl ether.  

b) General functionalisation via DCC mediated esterification 
 LD-PHEMA-Bx-N3-28k-G2-Biotin (20) is given as a general example 
for DCC mediated esterification. LD-PHEMA-Bx-N3-28k-G2-OH (10) 
(500 mg, 0.017 mmol), DCC (14 mg, 0.068 mmol), DPTS (2 mg, 6.8 
μmol) and DMF (1.5 ml) were introduced in a vial. Biotin-d (19) (33 mg, 
0.14 mmol) was dissolved in DMF (1 ml) and slowly added to the vial. The 
reaction was stirred at room temperature overnight. The reaction was 
redissolved in EtOAc and wash with water 5 times. The organic part was 
dried using anhydrous MgSO4 and evaporated. The product was 
redissolved in DCM and precipitated to ether to remove residual DMF.  

c) General functionalisation via CDI mediated esterification 
 DLD-PEG-8k-G3-NHS (24) is given as a general example for CDI 
coupling. DLD-PEG-8k-G3-COOH (21) (6 g, 0.53 mmol) was dissolved in 
DCM and flushed with Ar for 10 minutes. CDI (22) (2.1 g, 13 mmol) was 
slowly added to the reaction vessel with the outlet for CO2 by product. The 
reaction proceeded for 2 hours and monitored via 1H-NMR and MALDI 
to confirm the fully substitution. In the same vial, NHS (23) (1.5 g, 0.013 
mol) was added and left react for 2 hours. The completion of the reaction 
was confirmed by 1H-NMR. The reaction was washed with water and 
precipitated from DCM to ether. 

2.5 Network formations 

Throughout the thesis, several coupling methods have been utilised to 
obtain covalently crosslinked networks. Each method will be described as 
subsection below. 

2.5.1 UV induced crosslinking 

a) Crosslinking of isoporous films via azide and aromatic ring 
This crosslinking reaction was performed in the PAPER II using broad 

spectra UV fusion system. Both flat and isoporous films were cast from 
LD-PHEMA-Bz-N3-28k-G2-A. The films were directly placed on the 
conveyer belt and passed under the UV source 5 times at a line speed of 
6.52 m.min-1 providing the total exposure time of 0.5 second and a total 
dosage of 387 mJ.cm-2.   
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b) Thiol-ene coupling 
In PAPER III, the UV initiated thiol-ene coupling was performed under 

the broad spectra (200-600 nm) from UV fusion system. In general, the 
polymers/monomers and the crosslinker were mixed together in a vial 
covered with aluminium foil to avoid exposure to light. The starting 
materials were mixed in bulk (rigid and soft networks) and in EtOH for 
hydrogel network (50 wt% solid content). The vial was heated to obtain 
the homogenous mixture. The photoinitiator (DMPA) (0.58 wt% of the 
starting compound) was added except for soft networks and blended in 
the vial with vortex device. Finally, the mixture was poured into 1mm 
thick Teflon mould and passed under the fusion UV source conveyer belt 
for 5 times at a line speed of 6.52 m.min-1 providing total exposure time of 
0.5 second and the total dosage of 372 mJ.cm-2.   

In PAPER IV, hydrogels were crosslinked by table top UV source 
operating at 365 nm. Generally, functional DLD hybrids and the 
crosslinker were dissolved in EtOH and water. The final concentration 
was 50% dry weight in mixture of water:EtOH (1:1).  The mixture was 
well-stirred using a vortex device and the aqueous solution of the 
photoinitiator (LAP) (0.01 wt % of solid content) was added and well-
mixed as a final step. The mixture was pour over the 1 mm thickness 
Teflon mould and placed under the 365 nm-UV lamp with the dosage of 
5.4 W.m-2 (10 minutes, I= 9mW.m-2).    

b) Thiol-yne coupling 
The UV-initiated thiol-yne coupling was performed in PAPER IV by 

table top UV source operating at 365 nm. The procedure was similar to 
the crosslinking through thiol-ene coupling; however, the stoichiometric 
ratio of thiol-yne system requires twice amount of alkyne as it reacts as 
di-functional molecule.  

2.5.2 Crosslinking via CuAAC 

In PAPER IV, DLD-PEG-8k-G3-Alk, L-PEG-6k-N3 and NaAsc (0.13 eq 
molar to alkyne) were dissolved together in EtOH: water (1:1). The 
mixture was well-stirred using a vortex device and the aqueous solution 
of Cu(II)SO4 (0.065 eq molar to alkyne) was added and well mixed as a 
final step. The final concentration was 50% solid content. The mixture 
was immediately transferred to a Teflon mould and left overnight for the 
film formation.  
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2.5.3 Crosslinking via amine-NHS 

In PAPER IV, DLD-8k-G3-NHS and the L-PEG-6k-NH3+ were 
dissolved together in deionised water. The mixture was well-stirred over 
the vortex device and the aqueous solution of Na2CO3 (1 eq molar to 
amine) was added as a last step. The final concentration was 50% dry 
weight in water and pH of the mixture was in the range of 7.5-8.2.  

2.6 Isoporous film formation 

The isoporous films were fabricated utilising the BF method. Table 1 
shows the different conditions in forming the isoporous films in each 
study. 

Table 1: Conditions for isoporous film formation 

Polymers 
Sol-
vent 

Concen-
tration 
(g.l-1) 

%RH,  
T (°C)a) Remarks 

P
A

P
E

R
 I

 LD-PHEMA-Bz-
zk-Gn-A 

CHCl3 
20 

90%, RT Standard casting condition 

23%, RT Flat film 
LD-PHEMA-Bz-
22k-G2-TEG-Alk 

2.5 90%, 0 Open pore structures 

P
A

P
E

R
 I

I 

LD-PHEMA-Bz-
N3-28k-G2-A 

Benz-
ene 

10 

90%, RT Standard casting condition 

23%, RT Flat film 

LD-PHEMA-Bz-
N3-28k-G2-TEG-
Alk 

90%, RT 
5-cent Euro coin and 
overhead transparency 
film as substrates 

LD-PHEMA-Bz-
N3-28k-G2-PF 

90%, RT 
Microscope slide as 
substrate 

a)Room temperature is around 23-25 °C 

2.7 Swelling and gel fraction 

For swelling and leaching tests, the hydrogel networks were 
immersed in deionised water, except CC gels which were swollen in 0.1 M 
aqueous solution of EDTA to remove the residual copper. The rigid and 
soft networks in first study were immersed in acetone and CHCl3, 
respectively. The completion of leaching test was confirmed by leaching 
in deuterium and CDCl3 and analysed by 1H-NMR or thin layer 
chromatography plate to verify the absence of extractable compounds. 
After that, rigid and soft networks were dried in an oven at 50 °C while 
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the hydrogel networks were freeze dried. Each network was tested in 
three identical replicas. 

The definitions of % swelling and gel fraction are as follows;  

      (1) 

        (2) 

where, mswollen, mleached and minitial and are the weights of the sample in 
swollen state, dry state (after leaching) and initial dry state (before 
leaching), respectively.  

2.8 Postfunctionalisation 

2.8.1 Surface postfunctionalisation 

The surface postfunctionalisation of isoporous films in PAPER I and II 
were performed via CuAAC. The tetra-ethylene glycol alkyne (TEG-Alk) 
and alkyne functional isoporous films were immersed in the aqueous 
postfunctionalisation solution consisting of reactive azide molecules (2o 
molar eq. of Alk), NaAsc (4 molar eq. of Alk) and Cu(II)SO4 (2 molar eq. 
of Alk). The reaction proceeded for 30 minutes on a 200 rpm shaking 
table. Lastly, the samples were washed several times with deionised 
water.  

The surface postfunctionalisation of rigid networks in the third study 
employed the UV induced thiol-ene chemistry. The solution of 
postfunctionalisation molecule with photo initiator (DMPA) in CHCl3 was 
poured over the rigid networks. The sample was directly passed under the 
UV-fusion belt with the obtained dosage of 372 mJ/cm2. The samples 
were washed with several cycles of CHCl3 and acetone to remove 
unreacted postfunctionalisation molecules. 

2.8.2 Network postfunctionalisation 

Hydrogels and soft network postfunctionalisations were performed 
using a similar procedure. The modification was incorporated throughout 
the network by swelling the sample in the postfunctionalisation solution 
containing postfunctionalisation molecules (2 molar eq. of network’s 
unreacted reactive groups) and let the network swell in the solution for 2 
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hours. For UV-initiated post-modification, photo initiator (DMAP, 2wt% 
of postfunctionalisation molecule) was added for and the network was 
exposed to 372 mJ.cm-2 UV from fusion system. For CuAAC post-
modification, NaAsc (4 molar eq. of Alk) and Cu(II)SO4 (2 molar eq. of 
Alk) were added to the network and the reaction  proceeded for 2 hour. 
The modified networks were leached in CHCl3 (thiol-ene) or water and 
MeOH (CuAAC) to remove unreacted compounds.  

2.9 Cytotoxicity test 

In PAPER I and II, the isoporous films were tested for in-vitro 
cytotoxicity on human dermal fibroblast (hDF) and human osteoblast-
like cells (MG63). The procedures were performed according to 
ISO10993-5 protocol[99]. Cytotoxicity profile was evaluated with two 
methods including i) elution test and ii) direct cell growth.  

In general, the condition in an incubator for cell culture was set to 37 
°C and 5% CO2 under humidified atmosphere. Each cell line was cultured 
in complete growth medium (CGM) consisting of Dulbecco's modified 
eagle medium DME/F12, 10% fetal bovine serum (FBS), penicillin (100 
U/ml) and streptomycin (100 µg/ml). Trypsin-EDTA was utilised for cell 
harvesting and estimation of cell density with hemocytometer.  

For elution tests, the isoporous films casted on the coverslips were 
extracted in 0.2 ml CGM in a 48-well tissue culture plate and stored in an 
incubator for 24 hours. The CGM extracts were then used to culture hDF 
and MG63 in a density of 105 cell/ml in 96 well culture plate for 24 hours. 
The CGM extract of the isoporous films was used as negative control and 
cell culture with addition of 0.1% Triton X-100 in CGM was used as 
positive control. Samples were run in triplicate. AlamarBlue Assay® (Life 
Technology) was performed to evaluate the metabolic activity of hDF and 
MG63 after 24-hour culture. The fluorescent intensity, indicating the cell 
viability, was measured with a plate reader (Tecan Infinite® M200 Pro) 
with excitation at 560nm and emission at 590nm. 

For direct cell adhesion tests, the hDF were seeded directly on the films 
and cultured for 24 hours in an incubator. Later, the isoporous films were 
fixed in 2.5% (v/v) glutaraldehyde in PBS and dehydrated in a series of 
ethanol solutions (30%, 50%, 70%, 85%, 90%, 95% and twice in 100%) 
and the cell density and morphology was observed with an inverted 
optical microscopy. 
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3. Results and discussion 

The results will be separated and discussed into different parts 
according to the appended publications.   

3.1 Functional isoporous membranes 

Two novel libraries of functional linear dendritic hybrids for 
construction of isoporous films via the BF method were created in these 
studies. The first pioneer set of materials was synthesised and sought out 
with potential use in functional scaffolds with functionalisation ability 
pre- or post-film formation. Consequently, the second series of hybrid 
materials were extended with the crosslinking ability when forming 
functional isoporous films and the control over porous morphology. 

3.1.1 Alkyne functional linear dendritic hybrid and porous film 
formation (PAPER I) 

 LD block copolymers based on bis-MPA dendron and linear polymer 
based on 2-hydroxyethyl methacrylate (HEMA) derivatives were chosen as 
model systems. The linear segment in hybrid materials was designed as 
the porous generator from its bulkiness and hydrophobicity. HEMA 
monomer was modified with benzylidene-protected bis-MPA via 
traditional anhydride chemistry resulting in a new type of functional 
monomer (HEMA-Bz). The linear polymer was polymerised through 
effective ATRP using standard conditions described in section 2.4.2 a). 
The targeted degree of polymerisation (DPtarget) was aimed to 15 and 65 
with 50% monomer conversion giving molecular weights of 5 and 22 kDa, 
respectively (L-PHEMA-Bz-5k-OH and L-PHEMA-Bz-22k-OH). The 
polymer dispersities (Đm) for L-PHEMA-Bz-5k-OH and L-PHEMA-Bz-
22k-OH were found to be 1.2 and 1.1, respectively. For the 5k polymer, the 
obtained Mn,SEC at 4.5 kDa and Mn,NMR at 5.7 kDa are in agreement and 
close to the targeted value. L-PHEMA-Bz-22k-OH has Mn,SEC at 12.9 kDa 
and Mn,NMR at 10 kDa which are lower compared to the targeted value due 
to the fact that the monomer conversion only reached 36%. 

The linear HEMA-Bz polymers were hybridised with thiol core 
functional bis-MPA dendron generation 1 and 2 via effective UV-initiated 
thiol-ene coupling chemistry. Prior to the hybridisation, the initial 
hydroxyl group at the linear chain-ends were modified with 4-pentenoic 
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anhydride yielding reactive allyl end group (Scheme 9a and Scheme S1 in 
supporting information for PAPER I). For a linear analogue, 
mercaptoethanol was coupled referred to as a G0 hybrid. The thiol-ene 
coupling was accomplished within 30 minutes at 365 nm UV exposure. 
Note that the hybrid materials might have a complex conformation when 
eluting in DMF, therefore the obtained Đm from DMF SEC showed an 
increase after hybridisation. 

To introduce the reactive sites for facile postfunctionalisation, 
bifunctional alkyne-tetraethylene glycol (TEG-Alk) anhydride was reacted 
to the dendritic hydroxyl end groups yielding LD-PHEMA-Bz-zk-Gn-
TEG-Alk. All reaction steps (allylation, TEC and alkyne functionalisation) 
were confirmed via 1H-NMR in Figure 7. 

 
Figure 7: 1H-NMR spectra confirming the success in allylation, TEC and alkyne 
modification steps.  

  The polymer characterisations are reported in Table 2. The 
hybridisation with the dendron wedge lowers the glass transition 
temperature (Tg) due to the decrease in polymer chain entanglements and 
therefore increasing chain mobility, which has been experienced in 
several previous studies[19, 92].  As can be seen after attachment of G2-
TEG-Alk to both 5k and 22k systems, Tgs decrease from 65 and 67 °C for 
linear polymers to 14 and 39 °C after hybridisation.  

Pleased with the library of functional LD hybrids, isoporous films were 
fabricated through the BF method. Table S1 in PAPER I supporting 
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information displays SEM micrographs of porous surfaces obtained from 
each material except from Alk-TEG modified 5k polymers. With ca. 15 
monomer units, the effect from hydrophilic nature of Alk-TEG might 
disturb the stabilisation of droplets during film formation therefore the 
porous film form Alk-TEG modified 5k systems were not successfully 
generated. Moreover, the low Tg of material down to 14-32 °C might 
associate to the soft and mobile solid film at room temperature making 
the polymer unstable for formation of isoporous film. 

Table 2: Characterisation of functional linear dendritic hybrids 
 

Materials 
Illustra

-tion 
Mn,t 

(kDa)a) 
Mn,sec 

(kDa)b) 
Đmb) Tgc) 

(°C) 

5k
 s

ys
te

m
 

L-PHEMA-Bz-5k-OH  5.2 4.5 1.2 65 

LD-PHEMA-Bz-5k-G0-OH  5.3 4.9 1.1 47 

LD-PHEMA-Bz-5k-G1-OH  5.5 6.1 1.2 48 

LD-PHEMA-Bz-5k-G2-OH  5.7 6.7 1.1 52 

LD-PHEMA-Bz-5k-G0-TEG-Alk  5.7 5.8 1.1 32 

LD-PHEMA-Bz-5k-G1-TEG-Alk  6.1 6.8 1.1 27 

LD-PHEMA-Bz-5k-G2-TEG-Alk  6.1 7.8 1.0 14 

22
k 

sy
st

em
 

L-PHEMA-Bz-22k-OH  22 12.9 1.1 67 

LD-PHEMA-Bz-22k-G0-OH  22.2 16.1 1.6 62 

LD-PHEMA-Bz-22k-G1-OH  22.3 14.4 1.4 58 

LD-PHEMA-Bz-22k-G2-OH  22.5 16.9 1.6 54 
LD-PHEMA-Bz-22k-G0-TEG-
Alk 

 22.5 16.1 1.5 39 

LD-PHEMA-Bz-22k-G1-TEG-
Alk 

 22.9 14.8 1.5 47 

LD-PHEMA-Bz-22k-G2-TEG-
Alk 

 22.8 14.6 1.5 39 

LD-PHEMA-Bz-22k-G2-Rh  22.6 15 1.2 62 
a) Theoretical molecular weight, b) obtained from DMF SEC using PMMA calibration and c) 
determined from DSC 

Among the functional fabricated porous films, membranes from 22k 
system, LD-PHEMA-Bz-22k-G2-TEG-Alk was selected for further 
evaluation and characterisation due to the high number of functionalities 
per chain. Figure 8b) and c) display the top view of porous film generated 
from LD-PHEMA-Bz-22k-G2-TEG-Alk casting with a concentration of 20 
g.l-1 under 90% RH and room temperature. In Figure 8a) with cross 
section, the closed pore structures were observed with average pore size 
of 0.43 ± 0.47 μm2. Interestingly, after the removal of top layer by 
adhesive tape, the underlying layer of the porous film reveals  
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Figure 8: SEM micrographs of porous film from LD-PHEMA-Bz-22k-G2-TEG-Alk a) 
closed pore film cross section, b) a large area of top view with inserted structure, c) closed 
pore structure, d) film after removing the top layer, e) film after postfunctionalisation with 
azide functionalised PEG via CuAAC and f) open pore structure, the scale bar represents 5 
μm. 

homogeneous layer as shown in Figure 8d). Additionally, the porous 
morphology was altered by a simple change in the casting condition to 
more dilute solution at 2.5 g.l-1 under 90% RH and 0 °C. The obtained 
porous morphology in Figure 8f) alters to open pore structure with an 
average pore size of 2.6 ± 0.64 μm2. 

The stability toward pH and temperature of porous membranes from 
LD-PHEMA-Bz-22k-G2-TEG-Alk was investigated. The porous films 
were soaked in buffer solution of citric acid and sodium phosphate with 
pH ranging from 4-8 for 30 minutes. The films displayed high stability 
with no pore deformation. In terms of temperature, the film tolerated 
temperature above its Tg (39 °C) but started to deform at 50 °C. 
Microscope images for pH and temperature stability tests can be found in 
supporting information for appended PAPER I. 

With the hydrophilic alkyne reactive surface, the porous film from LD-
PHEMA-Bz-22k-G2-TEG-Alk was modified via mild and effective CuAAC 
in water. The film was soaked in aqueous solution of azide functional 
rhodamine B together with Cu(II)SO4 and NaAsc for 30 minutes. After 
several washing steps, the surface postfunctionalised film was compared 
with porous film from LD-PHEMA-Bz-22k-G2-Rh where rhodamine was 
‘clicked’ to the polymer chain prior to the film formation. The fluorescent 
signal from rhodamine was observed by confocal fluorescent microscopy 
where the fluorescent signal is visualised as white in the micrograph. 
Figure 9a) compares the signal from different fluorescent surfaces: a) 
rhodamine postfunctionalised porous film and b) rhodamine 
functionalised prior porous film formation (LD-PHEMA-Bz-22k-G2-Rh). 
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The signal can be detected only on the top layer for surface functionalised 
film while in b) the signal was found throughout the membrane.  

To further demonstrate the control in surface manipulation, both 
porous and flat films from LD-PHEMA-Bz-22k-G2-TEG-Alk  were surface 
modified with azide functionalised hydrophilic (PEG-N3)  and 
hydrophobic (C10F21-N3)  molecules via CuAAC. Figure 9c) reports the CA 
measurement of the films which in all cases the CA of porous films are 
higher than their flat counterpart due to the effect of structure 
roughness[100]. After functionalisation with the hydrophilic molecule, the 
CA of flat and porous films were decreased from 80° and 105° to 57° and 
93°, respectively. On the other hand, the CA of flat and porous film 
increased to 100° and 124°, respectively after surface manipulation with 
fluorinated molecule, Figure 9. Note that the pore morphology after 
postfunctionalisation was maintained as illustrated in Figure 8e).  

 
Figure 9: Fluorescent micrograph of rhodamine functionalised porous films a) by surface 
postfunctionalisation, b) by functionalisation of polymer prior film formation and c) CA 
measurements of flat and porous surface after modification with hydrophilic and 
hydrophobic molecules. 

3.1.2 Fabrication of high performance crosslinked isoporous 
films (PAPER II) 

In order to employ the isoporous films modularly in several 
applications which occasionally require harsh environments, the film 
stability of alkyne functional porous films needed to be tackled. In this 
section, we have developed the model system for construction of 
isoporous films with ability to crosslink, expanded the library of material 
functionality and control in porous morphologies. A new monomer, azide 
functionalised HEMA (HEMA-N3) was randomly copolymerised with 
HEMA-Bz which allows the UV-induced crosslinking between azide and 
aromatic ring[50, 101]. The copolymer was synthesised according to scheme 
9b), with the ATRP initiated from the dendritic macroinitiator. The 
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polymerisation was performed using standard ATRP conditions as 
reported in section 2.4.1. The OH-EBiB was first modified with pentenoic 
anhydride and subsequently coupled with thiol core functionalised bis-
MPA dendron G2 yielding dendritic macroinitiator. The polymerisation 
proceeded until 65% monomer conversion giving the corresponding 
molecular weight of 28 kDa. The random copolymer LD-PHEMA-Bz-N3-
28k-G2-OH was obtained with 8:2 HEMA-Bz to HEMA-N3 ratio similar 
to the feed ratio and a Đm of 1.5. 

Five different functional LD including i) TEG-Alk, ii) alkyne (Alk) , iii) 
perfluoro alkyl (PF), iv) biotin and v) allyl were synthesis from LD-
PHEMA-Bz-N3-28k-G2-OH via simple esterification. The 
functionalisation was confirmed by 1H-NMR spectra shown in Figure S2-
4 supporting information for appended PAPER II. The polymer 
characterisation is reported in Table 3. In general, calculated Mn,t based 
on monomer conversion and Mn,SEC are in agreement. In the case of the 
fluorinated polymer, a lower Mn,SEC was observed probably due to its 
hydrophobic nature. The dense structure might occur and the 
hydrophobicity might lead to unusual interaction with the SEC column. 
The Tg of the polymers are also reported. Functionalisation with Alk, PF, 
biotin and allyl to LD-PHEMA-Bz-N3-28k-G2-OH results in a slight 
increase in Tg from 35 °C to 37-40 °C. On the other hand, after 
functionalisation with hydrophilic longer chains of TEG-Alk, the Tg 

decreased to 31 °C.  

Table 3: Characterisation of functional crosslinkable LD hybrids 

Materials 
Illustra-

tion 
Mn,t 

(Da)a) 
Mn,sec 
(Da)b) 

Đmb) Tg 
(°C)c) 

Average 
pore 
size 

(μm2) 
LD-PHEMA-Bz-N3-28k-G2-
OH 

 28.0 26.8 1.5 35 
2.03  

± 1.72 
LD-PHEMA-Bz-N3-28k-G2-
TEG-Alk 

 29.3 28.6 1.5 31 
1.64  

± 0.87 
LD-PHEMA-Bz-N3-28k-G2-
Alk 

 28.3 28.3 1.6 37 
3.74  

± 0.64 
LD-PHEMA-Bz-N3-28k-G2-
PF 

 29.0 26.4 1.5 40 
10.26 
±0.75 

LD-PHEMA-Bz-N3-28k-G2-
Biotin 

 28.5 27.3 1.4 40 
1.12 

±0.26 
LD-PHEMA-Bz-N3-28k-G2-
Allyl 

 28.3 28.8 1.6 36 
2.69 

±0.89 
a)Theoretical  molecular weight based on 65% conversion, b)acquired from DMF SEC using 
PMMA calibration and c)obtained from DSC 
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This development of multifunctional polymer with crosslinking azide 
groups and diverse functionalities reveals a versatile methodology for 
isoporous film formation. Uncommon substrates for isoporous film 
casting as a 5-cent Euro coin made from copper covered with steel and 
cellulose acetate based overhead transparency film were utilised for film 
formation. Figure 10 displays the isoporous films from LD-PHEMA-Bz-
N3-28k-G2-TEG-Alk cast on a non-glass substrate. 

 
Figure 10: LD-PHEMA-Bz-N3-28k-G2-TEG-Alk casted on a) 5-cent Euro coin and b) 
overhead transparency film, scale bars represent 5 μm. 

 To observe the effect of dendritic end group functionality, the polymers 
were cast on coverslip glass with identical conditions. The porous 
morphologies were remarkably different among the hybrid polymers with 
various end group functionalities. Figure 11 shows the top view and cross 
section of each isoporous film with the summary of pore size histogram in 
Figure 11g). In general, the obtained isoporous membranes revealed a 
monolayer of pores, except for the case of more hydrophobic PF groups in 
LD-PHEMA-Bz-N3-28k-G2-PF. The polymer solution did not wet the 
surface very well and instead tended to form a bead of liquid on the 
surface which led to slower solvent evaporation and formation of 
multilayers of pores. Note that the bearing 10.26 ± 0.75 μm2 pore size 
corresponds to the open pore structure with cylindrical shape of the 
upper layer. This open structure is due to the hydrophobicity of the 
polymer which makes it unfavourable to surround the water droplet as 
already established in other studies[71]. In the case of LD-PHEMA-Bz-N3-
28k-G2-OH, the hydrophilic hydroxyl groups might induce uncontrolled 
condensation of water droplets resulting in different pore sizes with an 
average of 2.03 ± 1.69 μm2 with high deviation in size. For alkyne and 
allyl functional groups which have similar structure (pent-4-ynoate vs 
pent-4-enoate), the obtained spherical porous structure were similar with 
an average pore size of 3.74 ± 0.64 μm2 and 2.69 ± 0.89 μm2, 
respectively. When comparing two different alkyne functional films (LD-
PHEMA-Bz-N3-28k-G2-TEG-Alk vs LD-PHEMA-Bz-N3-28k-G2-Alk), the 
hydrophilic extension from TEG induced the formation of small pores 
and results in mixed pore size similar to hydrophilic PHEMA-Bz-N3-28k-
G2-OH with an average of 1.64 ± 0.87 μm2. Lastly, LD-PHEMA-Bz-N3-
28k-G2-Biotin bearing polar biotin functional group showed 
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homogeneous pore size at an average of 1.12 ± 0.26 μm2. Interestingly, a 
highly ordered pinned structure was revealed when the top layer of 
isoporous film was removed. Figure 12 displays spherical pores of LD-
PHEMA-Bz-N3-28k-G2-Alk compared to the similar films with pinned 
structure when the top layer was removed. This outcome shows that a 
great control over the morphology of the honeycomb films was achieved 
by tailoring the dendritic end group functionalities, with pore size ranging 
from 1.12-10.26 μm2.  

 
Figure 11: SEM micrographs of isoporous films with inserted cross section with scale bar 
represents 5 μm from a) LD-PHEMA-Bz-N3-28k-G2-OH , b) LD-PHEMA-Bz-N3-28k-G2-
TEG-Alk, c) LD-PHEMA-Bz-N3-28k-G2-Alk, d) LD-PHEMA-Bz-N3-28k-G2-PF, e) LD-
PHEMA-Bz-N3-28k-G2-Biotin and f) LD-PHEMA-Bz-N3-28k-G2-Allyl and g) pore size 
distribution with inserted average value for each material. 
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Figure 12: Comparison between a) spherical pore structure and b) pinned structure of LD-
PHEMA-Bz-N3-G2-Alk, scale bar represents 50 μm. 

 The crosslinking of isoporous films was executed by UV-induced 
reaction with a mercury lamp (200-400 nm). The crosslinking was 
confirmed by FTIR spectroscopy in Figure 13. The azide stretch was 
observed in HEMA-N3 monomer and non-crosslinked LD-PHEMA-Bz-
N3-28k-G2-OH at 2097 cm-1. The disappearance of azide peak in the 
polymer was observed after the UV exposure and instead displayed a new 
peak at 1680 cm-1 corresponding to generated aziridine groups.  

 
Figure 13: FT IR spectra of LD-PHEMA-Bz-N3-28k-G2-OH before and after UV 
crosslinking together with HEMA-Bz and HEMA-N3 monomers. 

In Figure 14, the great advantage of the UV crosslinked isoporous film 
is displayed where the ordered structure is maintained after the film was 
placed on a temperature controlled heating plate ramped up to 200 °C 
and kept at maximal heat for 10 minutes, c). The pore structures of the 
non-crosslinked system collapsed completely after exposure to 
temperature slightly over its Tg, a). A further increase in temperature was 
performed up to 400 °C for 5 minutes. Remarkably, the film preserved its 
porous structure throughout the heating cycle even though chemical 
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decomposition was observed, d). Isoporous films with different 
functionalities are shown to tolerate high temperature shown in Figure S7 
in supporting information of appended PAPER II. In addition, pH 
stability was demonstrated by immersion of crosslinked fluorinated 
isoporous films in aqueous solutions of pH 1-14 for 1 hour. The films were 
outstandingly stable with no pore deformation through the whole pH 
range. After 40 hours immersion in strong basic conditions, pH 13 and 14, 
although the films were delaminated from the glass substrate, the 
delaminated porous film still maintained the porous structure (See Table 
S2 in supporting information). 

 
Figure 14: SEM micrographs of isoporous film from LD-PHEMA-Bz-N3-28k-G2-Biotin 
and schematic polymer structure before and after exposed to elevated temperature of a) 
non-crosslink polymer and b) crosslinked polymer, scale bar represents 5 μm. 

To demonstrate the facile surface modification on functional isoporous 
films, azide functionalised dispersed red 13 was introduced to TEG-Alk 
isoporous surface via the mild CuAAC reaction. Figure 15 illustrates the 
dye functionalised isoporous film with constant red colour after several 
washings. X-ray photoelectron spectroscopy (XPS) was employed to 
obtain more information about crosslinking and postfunctionalisation. 
The relative atomic concentration of carbon (C1s), nitrogen (N1s) and 
chloride (Cl2p) of isoporous film from LD-PHEMA-Bz-N3-28k-G2-TEG-
Alk is reported in Figure 15b). The N1s concentration decreased from 
1.4% to 1.3% after UV crosslinking due to the reaction between azide and 
aromatic ring with nitrogen as a leaving group. After 
postfunctionalisation with dispersed red, the N1s content increased to 
1.6% from the triazole ring from CuAAC reaction and the dye content. 
Moreover, the Cl2s corresponding to the chloride in dispersed red 
structure was found at 0.1% after postfunctionalisation.  



RESULTS AND DISCUSSION 

43 
 

 
Figure 15: a) surface postfunctionalisation of LD-PHEMA-Bz-N3-28k-G2- TEG-Alk with 
azide functional dispersed red 13 and b) atomic concentration obtained by XPS on isoporous 
films  

To establish the potential use of stable isoporous films to generate 
patterned structures from other surfaces, crosslinked porous film from 
LD-PHEMA-Bx-N3-28k-G2-PF were utilised as a master for replica 
moulding. Polydimethylsiloxane (PDMS, Sylgard 184) was cast on the 
porous surfaces and cured at 70 °C for 15 hours. The pattern from 
isoporous film was successfully transferred to the PDMS replica as shown 
in Figure 16b). The size of replica with inverse structure (18.16±2.53 μm2) 
corresponded to the size of the mould (18.5±3.32 μm2). Note that the size 
of isoporous film is different from Table 3 due to the use of a thicker 
microscope slide instead of cover slip glass (10.26 vs. 18.16 μm2). 
Additionally, the highly stable crosslinked honeycomb film after 
moulding holds the structure with no deformation as illustrated in Figure 
16c) when compared to non-crosslinked film, Figure 16e) which collapses 
at relatively high curing temperature of PDMS at 70 °C. 

 
Figure 16: SEM micrographs of a) isoporous film from LD-PHEMA-Bz-N3-28k-G2-PF, b) 
negative replica using crosslinked isoporous master, c) the crosslinked master after 
moulding, d) negative replica using non-crosslinked master and d) non-crosslinked master 
after moulding, scale bar represents 10 μm. 
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3.1.3 Effects from surface structure to wettability  

To understand more about the surface properties of the honeycomb 
membranes, CA measurements were performed on the library of flat and 
porous films in both PAPER I and II to investigate the correlation 
between functionalities and structure of honeycomb surface. As reported 
in Figure 19, the wettability strongly depends on the surface structure of 
the film. In general, porous surfaces gave rise to high contact angle due to 
the surface roughness[100]. Especially, in the case of pinned structure of 
LD-PHEMA-Bz-N3-28k-G2-PF and LD-PHEMA-Bz-N3-28k-G2-Alk with 
top layer removed, the apparent surface area is smaller than the normal 
closed pore structure and results in lower wettability of the surface due to 
the formation of air pockets under the droplet. The general relationship 
between wettability and surface structure is summarised in Figure 17, 
where three different types of surface structure were categorised from the 
CA measurements including flat, closed pored structured and pinned 
structured surfaces. 

 
Figure 17: Contact angle measurements of membranes from linear dendritic hybrid 
materials characterised by surface structure. 

3.1.4 Cytotoxicity studies of isoporous films 

Cell behaviour towards the microenvironment are known to be very 
complicated.[102] Several factors such as type of cell as well as surface 
topology,[65, 103] modulus[104]  and chemistries[62, 105] can dramatically affect 
the cell behaviour and adhesion to substrates. Considering the potential 
use of porous films as platforms for biological studies, it is of great 
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interest to evaluate the film cytotoxicity, pattern of cell growth and cell 
behaviour toward the films.  

The cytotoxicity profile of porous films has been investigated exploiting 
hDF and MG63 cell lines. Two different cytotoxicity assays were 
employed including i) elution test and ii) direct cell growth. In the elution 
test, the growth medium was eluted from porous films and was utilised to 
culture hDF and MG63. For direct cell growth, hDF were seeded directly 
on both flat and porous membranes from PAPER I, LD-PHEMA-Bz-22k-
G2-TEG-Alk and crosslinked films from PAPER II,  LD-PHEMA-Bz-N3-
28k-G2-Biotin, LD-PHEMA-Bz-N3-28k-G2-Allyl, LD-PHEMA-Bz-N3-
28k-G2-Alk and mannose surface functionalised LD-PHEMA-Bz-N3-28k-
G2-Alk. 

The cell viability after the elution test on the porous film is shown in 
Figure 18. All porous films were proven to be non-toxic and showed no 
influence on the mitochondrial activity of both cell lines. Negative and 
positive controls refer to growth medium extracted from coverslip glass 
without film and growth medium with additional Triton X100 which is 
used to lyse cells.   

 
Figure 18: Cell viability of hDF and MG63 after elution test on porous films from different 
linear dendritic hybrid polymers.  

For direct cell adhesion test, the great effect of surface structure to 
adhesion of hDF was observed. Flat surfaces showed common cell 
adhesion pattern similar to the polystyrene control plate. Interestingly, 
porous surfaces were found to have no cell adhesion except for the case of 
LD-PHEMA-Bz-N3-28kG2-Alk after postfunctionalisation with azide 
functional mannose, Figure 19. This result indicates that the surface 
morphology has a strong impact on cell growth and a porous surface in 
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this system is unfavourable for hDF adhesion. These findings conflict 
with previous studies which indicated that porous films enhance the cell 
adhesion. However,  such porous systems in earlier studies possessed 
higher hydrophilicity[61],[63],[106] and also employed different types of cells.  

 
Figure 19: Direct growth of hDF cells on flat and porous surfaces of a) LD-PHEMA-Bz-

G2-TEG-Alk, b) LD-PHEMA-Bz-N3-G2-Biotin, c) LD-PHEMA-Bz-N3-G2-Allyl, d) LD-
PHEMA-Bz-N3-G2-Alk and d) mannose functionalised surfaces, scale bar represent 50 μm. 
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With the CA information, a possible explanation why the isoporous 
films counteract cell adhesion could be that the flat films have an average 
CA of 85° which is defined as hydrophilic, whilst the porous substrates 
have an average CA of 103° is considered to be hydrophobic and not 
favoured to hDF adhesion. Finally, mannose functionalised porous 
surface reveals higher cell adhesion than the original porous LD-PHEMA-
Bz-N3-28kG2-Alk, this could also indicate that the appropriate 
functionality such as mannose affects the cell adhesion on surfaces with 
similar morphologies. 

3.2 Functional polymeric platforms (Paper III) 

3.2.1 Fabrication of the networks via OSTE chemistry 

Three different platforms were constructed via effective UV-initiated 
OSTE coupling each possessing unique properties illustrated in Figure 
20. The first platform was called rigid network, fabricated using 
triallyltriazinetrione (TTT) and tris[2-(3-
mercaptopropionyloxy)ethyl]isocyanurate (TMI) as monomers. Six 
different stoichiometric ratios were selected to create the high stiffness 
materials (TER(x:y)). To broaden the window of mechanical properties, 
softer platforms were generated from hydrophobic functional PDMS 
prepolymers (TES(x:y)). These soft networks were fabricated with four 
different stoichiometric ratios between vinyldimethylsiloxane terminated 
polydimethylsiloxane (vinyl PDMS) and poly(mercaptopropyl)  

 
Figure 20: Schematic representation of three different functional networks. 
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methylsiloxane (thiol PDMS). In parallel, hydrophilic soft hydrogel 
networks were created from allyl functionalised PEG with a tetrakis-
mercaptoproprionate (PTM) with four different ratios (TEH(x:y)). 

3.2.2 Properties of the networks 

FT-RAMAN spectrometry was performed to inspect the rigid network 
formations. The spectra in Figure 21 reveal C=C stretching at 1646 cm-1 
for networks with excess of allyl (TER(1:1.5) and TER(1:1.9)) while the 
networks with reactive thiol (TER(2.5:1), TER(1.9:1) and TER(1.5:1)) 
display the S-H stretching at 2572 cm-1. Notably, TER(1:1) with balanced 
ratio displayed full consumption of both reactive groups. The evaluation 
of soft and hydrogel network via FT-RAMAN was uninformative due to 
the low end functional group concentrations in comparison to the 
prepolymer chains. 

To confirm the presence of unreacted thiol after film formation, visual 
colorimetric reagent (allyl functional disperse red 13) was used to post 
modify the OSTE networks. The higher number of reactive thiols in the 
network would allow higher degree of disperse red attachment and 
therefore yielded stronger colour after postfunctionalisation as shown in 
Figure 22.  

 
Figure 21: FT-RAMAN spectra from the series of rigid networks and their monomers.  
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Figure 22: OSTE networks after postfunctionalisation with colorimetric reagent with 
increasing thiol surplus 

The mechanical properties of OSTE networks could be controlled by 
changing the feed ratio between thiol and ene as shown in Table 4. 
TER(1:1) with balanced ratio possessed the highest crosslinking density 
with a molecular weight between crosslink ( ) of 800 Da and a gel 
fraction close to 100%. Gel fraction is defined as the mass fraction of the 
network material resulting from crosslinked process[107], in a way 
representing the yield of crosslinking reaction. 

The introduction of imbalanced ratio resulted in looser networks with 
longer . A direct comparison between TER(1:1.5) and TER(1.5:1) 
having the same molar excess of thiol and allyl showed that both 
networks hold the same gel fraction at 98%. On the other hand, 
TER(1:1.5) with excess of allyl groups possess higher modulus 615 MPa 
with much lower  at 9oo Da while TER(1.5:1) presents with only 89 
MPa and  at 1700 Da. The higher modulus for TER(1:1.5) with surplus 
of allyl could be due to the homopolymerisation of allyl monomers. 
Interestingly, when increasing the thiol excess to 2.5 eq. (TER(2.5:1)), the 
obtained network becomes more loosely crosslinked (68 % gel fraction, 

=31 000 Da) and soft with almost a thousand fold decrease in modulus 
to 106 kPa compared to the balanced network.  

In case of the soft network, TES(3:1) showed the lowest  of 12 000 
Da with highest gel fraction of 89% and a modulus of 266 kPa while 
TES(2:1) shown the highest  of 36 000 Da with lowest gel fraction of 
80 % and a modulus of 98 kPa among the soft gels.  
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For hydrogel networks, Young’s moduli and s are particularly 
similar among the hydrogels. Lower gel fraction was observed for allyl 
reactive TEH(1:1.5) because the allyl prepolymer having only two 
functional groups would likely have a lower chance to couple to the 
network.  

Table 4: Mechanical properties of functional networks with a series of different 
stoichiometric ratio 

 
OSTE 

(Thiol:ene) 
Young’s 

Modulus (Pa) 
  

(kDa) 
Tga) 
(°C) 

% 
Swelling 

Gel 
fraction 

(%) 

R
ig

id
 

TER(1:1.9) 540± 48 MPa 1.2 67 27 ± 0.7 95 ± 0.4 

TER(1:1.5) 615 ± 66 MPa 0.9 72 25 ± 0.5 98 ± 0.3 

TER(1:1) 782± 19 MPa 0.8 74 9 ± 0.6 99 ± 0.3 

TER(1.5:1) 89 ± 4 MPa 1.7 48 29 ± 1.0 98 ± 1.3 

TER(1.9:1) 659 ± 26 kPa 4 30 26 ± 2.0 87 ± 0.0 

TER(2.5:1) 106 ± 29 kPa 31 24 11 ± 0.5 68 ± 0.8 

H
yd

ro
-

ge
l 

TEH(1:1) 68 ± 5 kPa 1.6 N/A 475 ± 25 92 ± 2.3 

TEH(2:1) 39 ± 4 kPa 1.7 N/A 502 ± 20 89 ± 0.9 

TEH(1:1.5) 18 ± 4 kPa 1.7 N/A 975 ± 45 66± 0.9 

So
ft

 

TES(2:1) 98 ± 11 kPa 36 N/A 1 100 ± 20 80 ± 0.5 

TES(3:1) 266 ± 63 kPa 12 N/A 750 ± 6 93 ± 0.3 

TES(6:1) 185 ± 27 kPa 17 N/A 900 ± 15 92 ± 0.3 

TES(9:1) 143 ± 38 kPa 26 N/A 1 100 ± 29 89 ± 0.5 

a)Obtianed from DMA 

3.2.3 Modifications of functional networks 

Pleased with the modular approach to create functional networks with 
tuneable mechanical properties, the reactive OSTE networks were utilised 
in postfunctionalisation and soft moulding strategies.  

The postmodification of rigid networks was performed topologically on 
the surface. The networks with surplus of thiol were modified with several 
acrylate/allyl molecules to conceptually deliver the manipulation of 
network wettability. 

The TER(1.9:1) was functionalized with acrylic acid and monoallyloxy 
PEG to obtain more hydrophilic surfaces, while a hydrophobic substrate 
was delivered by heneicosafluorodocecyl acrylate modification. Figure 23 
displays the change in CA of TER(1.9:1) where the initial film showed CA 
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at 60°. The decrease in CA was found after surface modification of 
monoallyloxy PEG and acrylic acid to 52° and 43°, respectively. The 
hydrophobicity was exhibited after the attachment of 
heneicosafluorodocecyl acrylate which dramatically increased the CA 
from 60° to 140°.  

 
Figure 23: CA measurements of TER(1.9:1) a) reference film before post-modifications 
with b) monoallyloxy PEG, c) acrylic acid and d) heneicosafluorododecyl acrylate. 

Soft and hydrogel networks postfunctionalisation were executed 
throughout the networks homogenously. Acrylic acid and acrylamide 
were successfully attached to TES(6:1) and TEH(2:1). FTIR spectra in 
Figure 24 shows the presence of N-H stretching at 1608 cm-1 and C=O at 
1666 cm-1 after acrylamide functionalisation. Similarly for acrylic acid 
attachment, C=O stretching at 1711 cm-1 appears in soft networks as well 
as an increased peak for hydrogel network compared to the initial 
network.  

Figure 24: FT-IR spectra of a) TES(6:1) and b) THE(2:1) before and after 
postfunctionalisation with acrylic acid and acrylamide.  

To manipulate the network surface properties even further, rigid and 
soft networks were patterned utilising a silicon master with ridge/groove 
structure in submicron scale (10μm) via soft moulding technique. The 
effect of surface topology increases the CA of TES(6:1) from flat surface at 
120° to patterned surface at 149°. In the same way for rigid network 
TER(1.9:1), the structured surface results in higher CA from flat surface at 
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60° to the rough surface at 120°. Remarkably, combination of surface 
patterning on TER(1.9:1) together with hydrophobic modification of 
heneicosafluorododecyl acrylate provided the superhydrophobic surface 
with a CA at 173° using water droplet of 10 μl. In fact, when performed CA 
measurement with standard 5 μl droplet, the water did not stick to the 
sample due to the strong repellent nature of the structured surface. As 
shown in Figure 25f), the 8-second snapshots of water droplet rejected 
from the superhydrophobic TER(1.9:1) structured surface. 

 
Figure 25: Contact angle measurements and SEM micrographs showing the effects of 
surface roughness a) flat and b) patterned surface of TES(6:1), c) flat and d) patterned 
surface of TER(1.9:1), e) hydrophobic modification of TER(1.9:1) and f) snapshots of 5 μl 
water repellence on the superhydrophobic surface, scale bar represents 100 μm. 

3.3 Functional dendritic hydrogels (Paper IV) 

3.3.1 DLD block copolymers and linear PEG characterisation 

The synthesis of DLD block copolymer between linear 8 kDa PEG and 
bis-MPA dendron was performed through a divergent approach, Scheme 
10, similar to the reported work by Fréchet et al.[95] and Hult et al.[30] The 
protocol of dendritic growth initiated from a di-functional PEG core and 
continued outwards by cycles of growth step followed by activation step. 
The 8k Da PEG was chosen due to the hydrophilicity suitable for 
construction of hydrogel while the generation 3 dendrimer provide 
suitable functionalities to film formation and postfunctionalisation.  
MALDI spectra in Figure 26 illustrate the shift in molecular weight along 
the dendritic growth for DLD-PEG-8k-G3-OH. 
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Figure 26: MALDI spectra of growth and activation steps for DLD-PEG-8k-G3-OH. 

Several functional groups were peripherally introduced to dendritic 
DLD-PEG-8k-G3-OH yielding DLD with i) allyl, ii) alk and iii) NHS 
functionalities. The functionalisation was confirmed by 1H-NMR spectra 
with the assigned peaks and the shift in MALDI spectra, see Figure 26 
and 27.  

In order to construct the hydrogel networks utilising a mild solvent 
such as water or ethanol, the complementary linear PEG 6 kDa were 
modified to match functional groups in DLD materials for thiol-ene, 
thiol-yne, CuAAC and amine-NHS coupling chemistries. The new 
functional linear PEG 6 kDa are presented as i) L-PEG-6k-SH, ii) L-PEG-
6k-N3 and iii) L-PEG-6k-NH3+. The functionalisation was confirmed via 
1H-NMR and molecular weight shift in MALDI spectra found in 
supporting information for appended PAPER IV. 

The materials characterisation is reported in Table 5 for both DLD 
block copolymer and linear functional PEG. Focusing on DLD materials, 
Mn,NMR from end group estimation and Mn,MAL are in agreement while 
theoretical molecular weight (Mn,t) appears to be 1 kDa lower. The 
starting molecular weight when calculating Mn,t was directly taken from 
supplier source which appeared to be 9 kDa instead of 8 kDa PEG. With 
the increase in generation for DLD material, the Mn,sec showed to be more 
diverse from Mn,nmr and Mn,MAL. This phenomenon is often observed in 
dendronised materials[19, 92] due to the polymer architecture and 
conformation which is different to the linear polymer calibration used in 
SEC. 
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Figure 27: MALDI (left) and 1H-NMR (right) spectra of a) DLD-PEG-8k-G3-OH, b) DLD-
PEG-8k-G3-Alk, c) DLD-PEG-8k-G3-Allyl and d) DLD-PEG-8k-G3-NHS. 

For the linear set, all Mn,t, Mn,NMR and Mn,MAL are shown to be in the 
same range. Only for the L-PEG-6k-NH3+, slightly lower Mn,SEC was 
observed probably due to the ionic group interacting with the SEC 
column. Thermal analysis of the materials obtained from DSC showed 
that the introduction of dendritic wedges and additional functional 
groups decreases the melting temperature (Tm) and enthalpy (∆Hm) which 
has been observed previously in similar dendritic structure[73, 92]. 
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Table 5: Polymers characterisation  

Polymer Mn,t 

(Da) 
Mn,NMR 

(Da) 
Mn,MAL 

(Da) 
Mn,SEC 

(Da) 
Đma) Đmb) Tmc)  

(°C) 
∆Hmc)  

(J.g-1) 
D

en
d

ri
ti

c-
li

n
ea

r-
d

en
d

ri
ti

c 

L-PEG-8k-OH 8 031 8 800 9 010 7 800 1.003 1.04 64.0 143.7 
DLD-PEG-8k-G1-
Ac 

8 343 9 000 9 296 8 700 1.003 1.02 56.3 124.9 

DLD-PEG -8k-G1-
OH 

8 263 8 900 9 226 8 300 1.002 1.05 57.0 111.0 

DLD-PEG -8k-
G2-Ac 

8 887 10 200 9 848 8 900 1.002 1.03 56.4 102.2 

DLD-PEG -8k-
G2-OH 

8 727 10 300 9 698 9 000 1.001 1.03 56.0 99.5 

DLD-PEG -8k-
G3-Ac 

9 976 10 900 10 864 9 200 1.002 1.03 54.9 84.9 

DLD-PEG -8k-
G3-OH 

9 655 10 900 10 579 9 100 1.002 1.03 54.9 88.9 

DLD-PEG -8k-
G3-NHS 

12 808 14 100 13 481 8 800 1.002 1.06 52.5 55.6 

DLD-PEG -8k-
G3-Allyl 

12 601 13 700 13 426 
10 

600 
1.001 1.03 52.3 70.5 

DLD-PEG -8k-
G3-Alk 

11 923 12 600 11 844 
10 

100 
1.002 1.03 53.1 77.3 

L
in

ea
r 

L-PEG -6k-OH 6 006 5 900 6 056 5 400 1.003 1.03 62.9 138.1 

L-PEG -6k-SH 6 182 6100 6 520 5 000 1.003 1.07 57.2 147.1 

L-PEG -6k-N3 6 284 6 200 6 355 5 800 1.002 1.03 54.9 145.7 

L-PEG -6k-NH3+ 6 352 6 200 6 243 4 600 1.003 1.06 52.2 110.9 
a)Obtained from MALDI, b)acquired from DMF SEC using linear PEG calibrants and 
c)determined by DSC  

3.3.2 Fabrication of hydrogel networks 

The construction of dendritic hydrogels was performed with different 
coupling chemistries including i) UV-induced thiol-ene (TE), ii) UV-
induced thiol-yne (TY), iii) CuAAC (CC) and iv) amine-NHS (AN) 
reactions. Table 6 reports the hydrogels with their network 
characterisation. Note that for thiol-yne network, the ratio was calculated 
based on alkyne groups as di-functional monomers. For dendritic 
hydrogels from each coupling chemistry, three different stoichiometric 
ratios were selected to produce balanced hydrogel, reactive functional 
groups from DLD polymer and reactive functional group from linear 
counter parts. 
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Table 6: Network characterisation of hydrogels constructed with different crosslinking 
chemistry 

 Name 
(Linear: 

DLD) 

Linear 
polymer 

DLD 
copolymer 

Gel 
fraction 

(%) 
%Swelling 

Compressive
Modulusa) 

(kPa) 

T
h

io
l-

en
e 

TE    (1:1) 
L-PEG-
6k-SH 

DLD-
PEG-8k-
G3-Allyl 

91 ± 1   760 ± 10 1.10 ± 0.13 

TE    (1:1.5) 96 ± 0   650 ± 0 1.58 ± 0.05 

TE(1.5:1) 75 ± 2 1060 ± 10 0.10 ± 0.02 

T
h

io
l-

yn
e 

TY    (2:1) 
L-PEG-
6k-SH 

DLD-
PEG-8k-
G3-Alk 

71 ± 1  880 ± 10 1.38 ± 0.10   

TY (1.3:1) 81 ± 2  830 ± 10 1.6  ± 0.15 

TY(2.5:1) 61 ± 2  1090 ± 10 0.59  ± 0.02 

C
u

A
A

C
 CC    (1:1) 

L-PEG-
6k-N3 

DLD-
PEG-8k-
G3-Alk 

88 ± 1  720 ± 10 2.4   ± 0.30 

CC    (1:1.5) 98 ± 3  540 ± 20 5.6  ± 1.2 

CC(1.5:1) 66 ± 3  980 ± 40 1.4  ± 0.03 

A
m

in
e-

N
H

S 

AN(1:1) 
L-PEG-
6k-NH3+ 

DLD-
PEG-8k-
G3-NHS 

24 ± 23  840 ± 670 N/A 

AN(1:1.5) 64 ± 12 1760 ± 110 N/A 

AN(1.5:1) -b) -b) N/A 
a) Obtained from compression test and b) the networks completely dissolved after 
leaching/swelling test 

For the case of UV-initiated thiol-ene and thiol-yne coupling, the film 
formation was performed in mixture of water:ethanol (1:1) at 50% dry 
weight with the presence of non-toxic amount[98] (0.01 wt%) of 
biocompatible photoinitiator Lithium phenyl-2,4,6-
trimethylbenzoylphosphinate (LAP). The obtained highest gel fraction 
was found at 96% for TE(1:1.5) and 81% for TY(1.3:1). In the case of CC 
click system, the solvent and solid content were similar to TE and TY 
system. The catalytic amount of copper was set to 0.065 molar 
equivalents to alkyne functionality which is less than previously reported 
studies.[91, 108] The CC(1:1.5) hydrogel was presented with highest gel 
fraction as 98%. Lastly for AN system, the film formation was performed 
in water with 50% solid content. The gelation occurred rapidly upon the 
reach of basic pH in the solution preventing the development of 
cylindrical shaped AN hydrogel geometries required for the compression 
tests. The highest obtained gel fraction was found at 64% for AN2 which 
is considered lower compared to other crosslinking methods. The NHS 
by-product from amine and NHS ester reaction leached out from the 
network after swelling/leaching test which leads to lower in gel fraction. 
Moreover, the dendritic polyester frameworks as well as the NHS esters 
are known to be susceptible to hydrolytic degradation at basic pH. This 
was corroborated during the development of AN(1.5:1) where the 
obtained network was completely dissolved after the swelling/leaching  
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Theoretically, a hydrogel with balanced stoichiometry generally 
possesses maximised gel fraction and mechanical properties. However, in 
our case, the conditions during hydrogel formation might not be the ideal 
state where the polymer chain can freely move. Chain entanglements in 
the film formation condition might restrict the functional groups to react 
and lead to non-ideal gel fraction. It could be observed that hydrogels 
with excess of dendritic functionality possess higher gel fraction than the 
counterpart with linear crosslinker functionality in excess (eg. TE(1:1.5) 
vs TE(1.5:1)). The DLD chain has eight times higher functional groups per 
chain compared to the linear crosslinker. This leads to the higher 
possibility for one DLD chain to attach to the network when DLD is in 
surplus. On the other hand, unless one out of two groups in linear chain 
react, the chain will leach out resulting in lower gel fraction. As can be 
seen between the gel fraction of TE(1.5:1) at 75 versus TE(1:1.5) at 92 and 
similar case for CC and TY hydrogels.   

Interestingly for CC hydrogels, the compressive moduli were found to 
be greater than TY gels which ideally possess higher crosslinking density. 
For example, CC (1:1.5) bears almost four times higher modulus than TY 
(1.3:1) (5.6 vs 1.6 kPa), Figure 28. This is due to the higher gel fraction of 
CC gels reflexing more efficiency in CuAAC compared to thiol-yne film 
formation. Moreover, the nature of triazole bond formed in CC gels is 
stiffer and more constrained compared to the flexible thiol ether bond 
found in TE and TY gels. Fig. 28 illustrates the tunable compressive 

modulus obtained from our functional hydrogel library.  

 
Figure 28: Tuneable compressive modulus of hydrogels from different coupling 
chemistries and stoichiometric ratio. 
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Hydrogels from TY system possess higher compressive modulus 
compared to the sister hydrogel from TE coupling with similar 
stoichiometric ratios eg. TY(2.5:1) with 0.59 kPa vs TE(1:1.5) with 0.1 
kPa. This is as expected from bi-functional alkyne group which in ideal 
case will provide double crosslinking density for TY to TE gels. The lower 
gel fraction observed in TY systems can be improved by inducing thermal 
initiation simultaneously with photopolymerization as reported in 
previous study by Fairbanks et al.[41] 

3.3.3 Postfunctionalisation of dendritic hydrogel networks 

Further investigation regarding the network reactive functionality was 
implemented by network postfunctionalization. Hydrogels from thiol-yne 
coupling with different stoichiometric ratio were modified with azide 
functional rhodamine via CuAAC to observe the amount of reactive 
alkyne groups after film formation. As illustrated in Figure 29, TY 
hydrogels with different stoichiometric ratios displayed a colour change. 
The reference sample was balanced ratio gel under modification without 
Cu(II)SO4 catalyst. The remaining colour in the reference sample might 
be due to the physical entrapment of hydrophobic segment of rhodamine 
dye to the dendritic framework. TY(1.3:1) designed with the surplus of 
alkyne displayed the strongest colour confirming highest amount of 
alkyne groups and that the postfunctionalisation was successful. The 
balanced gel (TY(2:1)) and thiol excess gel (TY(2.5:1)) appear with similar 
colorimetric intensity higher than the reference sample points to presence 
of alkyne groups in both cases. This could be explained from the network 
non-100% gel fraction indicating that the crosslinking is not ideal and 
both alkyne and thiol might be present in the final network.  

  

Figure 29: TY hydrogels after postfunctionalisation with azide modified rhodamine. The 
reference sample TY(2:1) was immersed in postfunctionalisation solution without 
Cu(II)SO4.   
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3.3.4 Bio-based hybrid materials from DLD block copolymers 

Synthetic DLD polymers were successfully hybridised with 2 different 
types of materials including bio-based cellulose nanocrystal (CNC) and 
protein-based bovine serum albumin (BSA). Table 7 reports the 
properties of hybrid materials.  

Cellulose is considered one of the most abundant natural resources in 
the world. The use of cellulose to in hybrid material introduces the 
renewable resources. Thiol-functionalised CNC was utilised as an 
alternative crosslinker to couple with allyl or alkyne functional DLD 
polymers in balanced ratio and similar protocol as hydrogel formation. 
The obtained cellulose-based hybrid, C-TE from thiol-ene and C-TY from 
thiol-yne reaction, show similar properties with high gel fraction of 93 
and 97, respectively. The water uptake of these materials is much less 
than hydrogels due to rigid and insoluble nature CNC component.  

BSA is a type of globular protein obtained from bovine blood plasma 
with an average molecular weight of 69 kDa and 60 reactive amino 
groups from lysine[109]. This molecule is commercially available, 
inexpensive and water soluble making it attractive to utilise as a 
crosslinker. The hybrid materials based on BSA and DLD-PEG-8k-G3-
NHS was accomplished via amine-reactive NHS esters. The attained 
materials showed very high water uptake as 2510% swelling due to the 
hydrophilic nature of BSA.  The hybrid showed higher gel fraction than 
AN hydrogel which could be due to much higher functional groups per 
molecule of BSA compared to the di-functional L-PEG-6k-NH3+.  

Figure 30 displays the overview of thermoset networks obtained from 
DLD block copolymers. 

Table 7: Bio-based hybrid materials from DLD-PEG-8k-G3 

Type of 
hybrid 

material 
Name 

Natural 
resources 

DLD materials 
Gel 

fraction 
(%) 

% 
Swell-

ing 
Cellulose-
based 

C-TE 
CNC-SH 

DLD-PEG-8k-G3-Allyl 93 ± 0 240±  4 
C-TY DLD-PEG-8k-G3-Alk 97 ± 2 260 ± 20

Protein-
based 

P-AN BSA DLD-PEG-8k-G3-
NHS 84 ± 1 

2510 ± 
280 
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Figure 30: Materials based on DLD hybrids polymers from left to the right; a) mould size 
for hydrogel formation, b) dry state of the gel, c) CC(1.5:1) having highest compressive 
modulus, d) TE(1.5:1) having highest water uptake, e) TY(1.3:1) rhodamine functionalised 
hydrogel and d) C-TE bio-based composite from DLD hybrid and cellulose.
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4. Conclusion 

Several varieties of functional scaffolds including polymeric network 
and high performance isoporous membranes have been generated in this 
thesis.   

PAPER I has shown a modular approach for fabrication of functional 
networks by utilising commercially available materials via highly efficient 
UV initiated thiol-ene coupling chemistry. The selection of the 
components and their stoichiometric feed ratio between thiol and ene 
compounds provided the final networks with programmable functionality 
and tunable mechanical properties. The window of Young’s modulus in 
this study varies from stiffest material with 780 MPa to the soft hydrogel 
with 18 kPa. The 3D networks with surplus of thiol were utilised as a 
reactive platform for postfunctionalisation. Several ene molecules were 
successfully attached covalently. The network wettability was alternated 
with the introduction of allylated hydrophilic PEG and hydrophobic 
fluorinated post-modification molecules. Remarkably, the combination 
between surface roughness through microfabrication and hydrophobic 
post-modification, a superhydrophobic surface was obtained from the 
system, with a bouncing water droplet and CA of 173°. 

Concerning the isoporous scaffold in PAPER II, a library of LD 
polyester hybrids based on bis-MPA were synthesised. The hybrids were 
equipped with alkyne functionality attached to the dendritic wedge 
introducing a dendritic postfunctionalisation handle. The BF method was 
employed to generate porous reactive surface with ordered sub-micron 
structure. The post-modification via mild and benign CuAAC ‘click’ 
chemistry was perform under benign aqueous conditions with 
hydrophobic, hydrophilic and rhodamine dye. In the third study, the 
performance of the isoporous film was improved dramatically by 
introducing the crosslinking groups in to the linear chain. Copolymers 
from benzylidene and azide functional HEMA showed the crosslinking 
ability via UV coupling reaction. The isoporous film from this copolymer 
could withstand high temperatures, up to 400 °C, without losing the pore 
structure. Moreover, with the introduction of different functionality to the 
dendritic wedge, the pore morphology was controlled from 0.99 to 10.26 
μm2. The cytotoxicity profiles of functional isoporous film were shown to 
be non-toxic and the cell adhesion towards the porous film is absent. 
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These initial indications reveal promising potential use in as high 
performance templating films biological applications.  

In PAPER III, reactive networks with programmable functional groups 
and tunable mechanical properties were acquired employing OSTE 
crosslinking by selecting monomer/prepolymer feed ratio prior film 
formation. The crosslinking protocol was simple via UV initiated thiol-
ene coupling with less than 1 second UV exposure at wavelengths of 320–
390 nm. The range of Young’s modulus varies from 780 MPa for rigid 
networks to 18 kPa for swollen hydrogel system. The thiol reactive 
networks were postmodified with several ene molecules leading to the 
manipulation in surface wettability. The introduction of surface 
roughness through microfabrication and fluorinated surface 
postmodification of rigid network leads to the superhydrophobic surface 
with CA of 173.  

Finally in PAPER IV, functional DLD block copolymer between PEG 
and bis-MPA dendrons were successfully synthesised with numbers of 
different functional groups together with the complementary di-
functional linear PEG for construction of hydrogels. The dendritic 
hydrogels were constructed utilised different robust chemical coupling 
reactions. The concept of off-stoichiometric crosslinking was further 
utilised in this study with several crosslinking reactions including UV 
initiated thiol-ene and thiol-yne, CuAAC and reactive amine and NHS 
ester coupling. The study showed that the crosslinks from different 
coupling reactions and the stoichiometric ratio influence the mechanical 
properties of the hydrogel. The rigid triazole ring coupling caused 
hydrogels from CuAAC to generally possess higher compressive moduli 
than the flexible thiol-ether bond from thiol-ene and thiol-yne coupling 
hydrogels. Notably in the thiol-yne network, the alkyne groups act as a 
difunctional compound leading to higher crosslinking density when 
compared to the thiol-ene system with the similar stoichiometric ratio. 
Alternatively, sustainable strategies were sought out by combining highly 
functional DLD block copolymers with bio-based CNC or protein-based 
(BSA) novel hydrogel hybrids were successfully obtained.  

The extensive libraries of materials designed in this thesis are aimed 
for the use in biological applications. The freedom to select the number of 
functional scaffolds in this study could lead to unlimited advanced 
applications in the field. 
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5. Future work 

Functional thin films and networks in this thesis can be potentially 
utilised as biosensors. Bioactive molecules such as biotin can be attached 
to the reactive networks leading to a platform for molecular binding.  As 
biotin is already modified in the isoporous film in PAPER II, such surface 
is a promising candidate for sensing applications especially due to high 
surface area.  

From a cell adhesion point of view for isoporous films, it would be very 
interesting to see bacterial behaviour towards structure surfaces and also 
the use of several other types of cells. Yet with the current results, the 
isoporous films can be very beneficial for cell patterning applications. 
Moreover, larger surface area of isoporous film are very desirable for 
many applications, the continuous process with automatic machine for 
film formation is currently under investigation for construction of 
reproducible and large area isoporous film.  

The rigid networks in PAPER III show great potential in several 
aspects. Most of the components are commercially available, also the 
crosslinking preparation and protocol is facile making them very 
attractive from a commercial point of view. Currently, Mercene Lab 
AB[110] is conducting a development for commercial fabrication of 
microfluidic devices. Moreover, the system is under investigation as a 
matrix for bone adhesives.  

In order to fully employ the materials in biological applications, the 
thorough degradation and biocompatibility of the OSTE materials and 
hydrogels networks should be assessed. Special care should be aimed at 
the potential copper residue from CuAAC which might cause toxicity.  

In the final study, the cellulose nanocrystal can be utilised as a 
reinforcement for hydrogels instead of pure crosslinker which could lead 
to very interesting mechanical properties. The surface modulus of 
hydrogel library should be identified to understand the potential uses as 
cell culture platform where the surface modulus is important. Moreover, 
the optimisation of AN networks is required which could lead to the use 
as layer-by-layer coating of hydrogel.  
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ขอขอบคณุครอบครัวมหศัจรรย์ สมศกัดิ์สเตริโอ คณุป๊า คณุแม ่ เจ้ พ่ีดา เรียนจบวนันีไ้ด้ก็เพราะวา่ทกุคน

ชว่ยเหลอื ขอบพระคณุสาํหรับกําลงัใจ ตลอดมาตัง้แตเ่กิดจนถงึวนันี ้ บวกคําแนะนําท่ีบางทีไมอ่ยากจะยอมฟัง 

แตเ่ป็นคําแนะนําท่ีดีท่ีสดุ ขอบคณุป๊ากะแมท่ี่เลีย้งดมูาอยา่งดี ขอบคณุเจ้กะพ่ีดาท่ีคอยดแูลป๊ากะแมเ่วลาชัน้ไม่

อยู ่แจนมีวนันีเ้พราะทกุคน รักทกุคนท่ีสดุ 

And lastly but very important, Oliver, I am so grateful and it is a wonderful 
privilege to have you to myself. I considered me as the luckiest person in the 
world.  You’ve always been here for me and help me through everything both 
work and life. You have fixed me to be happy again in these past years, your 
support, your caring are so wonderful to me. I couldn’t have done it without you. 
Love you more   
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