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ABSTRACT 

Chemistry and biology at the interphase will most likely give many of the 

answers to tomorrow’s medical challenges. Creating solutions to the 

problems at this interphase is benefiting from a collaborative research 

approach, driven by the need for the development of chemistries or devices 

to solve medical problems. It is true that the borders between academic 

fields are slowly diffusing, and in the midst of resolving chemical and 

biological borders, multi and interdisciplinary approaches are quickly 

rising to aid in this development. However, several important challenges 

must be overcome to fulfil a successful bridging of chemistry and biology. 

The most crucial aspect is to understand the communication between these 

processes while having fundamental control over the underlying processes. 

This thesis reflects an academic research journey culminating in an 

appreciation of the importance of exploiting chemical control to enable 

well-defined polymers and materials to modulate the overarching systems 

that these materials are aimed to exist within. More specifically, the central 

theme has been to develop functional degradable polymers and materials 

aimed at integrating with the cell microenvironment, achieved through 

control over the chemistry modulating the synthesis, material or biological 

processes. This goal was realized on several hierarchical levels. The 

primary initial focus on control over polymer microstructure was achieved 

by fundamental exploration of the kinetics and thermodynamics governing 

the reaction. The polymerization work was then transitioned into the 

controllable fabrication of a material bearing short-term tissue relevant 

properties with long-term degradability exploited by biorthogonal 

chemical control. Last, control over protein presentation was realized 

through two complimentary light-guided chemical reactions with an 

ultimate ability to control cellular fate. 

Understanding the importance and interrelationship of a chemist’s role at 

the interface of material science and biology has been a journey. This thesis 

begins with the siloed perspective of an organic chemist, fine-tuning exact 



 

molecular properties and thinking of molecules as a sole species without 

the appreciation and power of a macromolecular context. This thesis also 

begins with an overarching guilt of being too fundamental in the materials 

field and believing that true biological problems must be solved by 

merging chemistry and materials science with biology into a less exploited 

and more applied approach. This thesis ends where we now begin: that 

controllable chemistry and its macromolecular context is of utmost 

importance to modulating cellular processes. It ends with an understanding 

that to truly solve important biological problems, chemists, material 

scientists and biologists alike must remain truly engaged and fundamental 

to their own expertise but also continuously bridge their communication 

by maintaining curiosity, understanding for one another and taking 

responsibility to create this bridge between sciences. Only then will 

innovative solutions to tomorrow’s societal problems be created.  



 

SAMMANFATTNING 

Biomaterial, dvs. material som är ämnade att komma i kontakt med en 

cellbiologisk miljö, har under de senaste 30 åren utvecklats i en 

extraordinär takt. Livet för miljontals människor har förbättrats tack vare 

att vi nu kan diagnostisera och behandla patienter på ett mycket bättre sätt. 

Utvecklingen av biomaterial kräver att vi har kontroll över kemin och 

materialets egenskaper. I ett idealiserat scenario kan vi, genom den 

kontrollen, skapa material som efterliknar en cellbiologisk miljö och även 

addera in nya egenskaper så att vi kan dirigera celler på ett förutbestämt 

sätt. Ju mer kontroll vi har över dessa egenskaper, desto mer utvecklad, 

säkrare och effektivare biomaterial får vi. 

I den här avhandlingen har det övergripande målet varit att utveckla 

funktionella och nedbrytbara polymerer och material ämnade att användas 

inom det biomedicinska området med ett specifikt mål att använda och 

kontrollera kemin bakom dessa processer. Hypotesen var att det kunde 

realiseras på flera hierarkiska nivåer från syntes av polymerer, till 

skapandet och nedbrytningen av funktionella material, samt hur cellmiljön 

kan kontrolleras med hjälp av materialets kemi. Detta genomfördes med 

nyfikenhet och öppenhet inför den fundamentala kemin som styr dessa 

processer.  

Den här avhandlingen avspeglar en akademisk vetenskaplig resa. 

Resultaten visar på vikten av förståelse för både kinetiken och 

termodynamiken i ett system för att kunna syntetisera polymerer med 

kontroll över dess mikrostruktur. De visar på hur material med olika 

egenskaper kan samverka utan att negativt påverka varandra för att kunna 

komma fram till nya symbiotiska biomaterial samt dess detaljerade 

nedbrytningsprocesser. Därutöver visar resultaten i denna avhandling hur 

definierade material kan produceras genom att bestämma var och när 

signal-molekyler ska finnas på materialet och hur detta kan leda till att 

celler dirigeras på ett förutbestämt sätt. 



 

Förhoppningen är att koncept i denna avhandling ska kunna användas för 

att kunna definiera, med ännu större kontroll, precis var, när och hur länge 

signal-molekyler sitter på ett material. På sikt, kommer detta att göra att 

man kan se precis hur cellerna förhåller sig till ett material och utifrån de 

resultaten kan man designa material med större förståelse för hur de 

interagerar i den biologiska miljön. Därutöver är förhoppningen att 

innehållet i denna avhandling kan inspirera och kommunicera vikten av att 

förstå grunderna i materialet för att kunna avancera dem till något 

medicinskt användbart och att grundforskningen bakom den framgången 

är fundamental. 

Det är uppenbart att biomaterial har kunnat utvecklas i en märkvärdig takt 

och med fantastisk intelligens de senaste 30 åren; mycket tack vare 

samspelet mellan kemister, materialforskare och biologer. Men i den 

snabba takt som dessa vetenskapliga discipliner närmar sig varandra till en 

symbios, är det lätt att glömma de viktiga grundstenarna och underliggande 

principer som faktiskt gjort denna förgrening möjlig. Vi måste beakta 

grundforskningen och ha en djup förståelse för de material vi utvecklar, 

samtidigt som vi måste fortsätta avancera samspelet mellan dessa 

discipliner. Endast då kan vi nå en punkt där hållbara material kan 

produceras, interagera, och kommunicera i en biologisk miljö på ett 

förbestämt och förutsägbart sätt. Kort sagt måste ’kemin’ kommunicera 

med ’biologin’ genom dessa material för att vi ska kunna lösa framtidens 

medicinska och samhällsmässiga problem och det är upp till 

morgondagens forskare att beakta en fundamental inställning till att detta 

sker.
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1 INTRODUCTION 

Life is a complex matter composed of dynamic mechanisms that are 

regulated by chemical, biological and physical processes. Inspired by 

nature, scientists have been able to solve unimaginable chemical and 

biological problems through a fundamental understanding of these 

underlying processes. Being able to predict, control and define regulatory 

processes in life is governed by the ability to fundamentally understand a 

fraction of these evolutionary perfected processes. As traditional 

disciplines of chemistry, biology and materials sciences merge closer 

together into multi and interdisciplinary fields,1 it is easy to forget the 

importance of the fundamental sciences governing the basics of these 

disciplines.2–5 Additionally, one must approach a fundamental 

understanding of the unique and complex interdisciplinary matters that 

arise as these fields advance together.  

A particular field that edges together chemistry, biology, and materials 

science, namely, the biomaterials field, has made enormous progress 

during the 20th century.6,7 Biomaterials are materials that are engineered to 

be in contact with biological systems as medical devices or to serve as 

constructs for encouraging the repair or restoration of natural cell 

environments. The fact that biomaterials relieve suffering, help to maintain 

quality of life, and even help to save lives places them as an important part 

of the solutions to the United Nations Global Goal 3 for a Sustainable 

Society to “ensure healthy lives and promote well-being for all ages”.8,9 

However, many biomaterials fail in clinical trials due to the foreign body 

response and poor translation between evaluation in a laboratory setting to 

preclinical or clinical models.10 Simultaneously, the regulatory processes 

of biomaterials are becoming increasingly comprehensive and stringent, 
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making it more costly and consequently lowering the number of 

biomaterials that will reach the clinical stage. In addition, more diseases 

are discovered, and tomorrow’s injuries must also be cured. A thorough 

and robust understanding of the biomaterials available today and the 

biomaterials that can be engineered and advanced into something beyond 

today, will facilitate future advancements. The path to messenger 

ribonucleic acid (mRNA) vaccines is a great paradigm of this.11 mRNA 

was discovered in the early 1960s, and research on how it could enter cells 

was conducted in the 1970s. In the late 1980s, pioneering experiments 

mixing strands of mRNA with lipid droplets initiated a revolutionary 

discovery on how to ease the passage of mRNA into living organisms. 

Since then, the science behind mRNA as a shuttle has been explored, 

modulated, and validated by hundreds of scientists. This is partially why, 

when a sudden “new” disease took a hold of the world, the mRNA vaccine 

could be realized in a matter of months. The foundational science behind 

it, control over the chemistry and the implications in a biological setting, 

was already fundamentally understood and known. It is an ideal scenario 

of how controlled systems partially rely on fundamental chemistry, allow 

the realization of solving a biological problem in a short time, and show 

the importance of this foundational science. The rational development of 

materials has been made possible only through the pioneering work of 

scientists understanding the very nature of these materials. Maintaining 

control over chemical and biological reactions in materials science is 

therefore crucial and fundamental explorations and explanations are 

needed for such realization. 

We are approaching an era where individualized materials are being 

appreciated, none the least in the medical community.12,13 We have realized 

that we not only have to understand the physiological mechanisms that 

occur in biological environments, but also need to be able to create well-

represented user-specific or user-directed materials. We are coming close 

to a reality where precision and personalized medicine have a natural place 

in society, which puts huge pressure on the biomaterials community to 

create such specialized, reproducible, and user-defined constructs. To do 

so, control over the chemistry of the material must be met on several 
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hierarchical levels. Control is needed on a molecular level to produce well-

defined and predictable polymer microstructures. Control is needed on a 

material level, to fabricate structures with desirable physicochemical and 

geometrical properties. Control is also needed between the material itself 

and its encompassing environment, either for its degradability or for 

directing the surrounding micro- and macro-environment. This means we 

need to gain sufficient fundamental understanding in these underlying 

mechanisms so that we are able to control these processes.  

There is a wide range of biomaterials available, categorized and used and 

an even wider range of categories and nomenclature for these materials.7,14–

17 In this thesis, two classes of degradable polymers have been used. The 

first class of polymers used was synthetic aliphatic copolyesters based on 

poly(ester-co-amide)s or poly(ester-co-carbonate)s. The second class of 

polymers used was chemically modified naturally occurring hyaluronan 

(HA). 

Degradable polyesters have played an important role in the biomedical 

field since the second half of the 20th century when a realization in the 

scientific community arose that a material in a biological setting may not 

only serve as an inert bulk construct (like metallic implants) filling up a 

void or enabling mechanical support but also that the material itself could 

change alongside the maturation of the tissue.6,18,19 Today, copolyesters can 

be fabricated into three-dimensional (3D) constructs implanted into a 

biological environment to serve as scaffolds for cells and tissue to 

successively grow. Once tissue remodeling occurs, the scaffold should 

successively degrade, leaving space for the tissue to spread.7 Degradability 

is therefore fundamental to polyester-based materials and places them as 

an important class of polymers even beyond the biomaterials field.20 The 

fact that polyesters undergo hydrolytic chain cleavage adds the potential of 

chemical recycling, and together with the possibility of renewable 

feedstock for their synthesis and atom economical synthetic routes, 

polyesters are attractive as sustainable polymers and parts of the solution 

to the United Nations Global Goal 12 for a Sustainable Society to “ensure 

sustainable consumption and production patterns”.21–23 
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Although degradability is fundamental for many biomaterials today, the 

biocompatibility of these materials is dictated by more than just their 

ability to degrade into nontoxic metabolites. While the definition of 

biocompatibility has been thoroughly exploited and debated throughout the 

years,10,19,24,25 it is clear that the underpinning desire for a biomaterial, 

except for providing the specifically required functions for a certain 

application, is to be able to integrate into a biological environment. The 

lack of full integration of a material within the biological setting is among 

the biggest causes of failure for biomaterials in clinical trials.10 Controlling 

the communication between the material and the cellular environment is 

therefore crucial. 

One important polymer exploited as a biomaterial with the ability to 

modulate cell interactions is hyaluronan.26 Since the late 20th century, 

fundamental insights into hyaluronan physicochemical properties and 

biological roles have placed it as a unique polymer choice. Hyaluronan is 

an extracellular matrix polymer present in all human tissue types, 

contributing to tissue hydrodynamics and the mediation of cellular 

behavior, such as adhesion, proliferation, and specific cell-surface receptor 

binding.26,27 During the last 20 years, hyaluronan-based hydrogels have 

received great attention for their 3D cell encapsulation ability, enabling a 

more representative cell model compared to traditional two-dimensional 

(2D) matrices.28 This has resulted in improved in vivo cell delivery vehicles 

as well as 3D in vitro cell culture conditions mimicking native tissue.29 

Biology comprises a series of well-coordinated, dynamic, and sequential 

events spanning several time and length scales. Understanding how these 

mechanisms occur, and the dynamic interplay between growth factors in 

time and space within a material is therefore crucial.30,31 The ability to 

affect one event without disturbing the system in a biomaterial is a 

powerful tool to replicate heterogeneous natural tissue.32 Several systems 

today operate through such a mechanism, taking advantage of triggers such 

as pH, temperature, enzymes, chemical orthogonality, or light.33 Light 

offers a unique opportunity, as it is an external stimulus that can be used to 

manipulate chemical transformations in an arguably high-resolution 

fashion in four dimensions (3D space and time), and light offers an 
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orthogonality that is impossible to meet using many other external or 

internal triggers. Such precisely controlled chemistry plays a fundamental 

role in replicating complex biological environments in a laboratory setting. 

This thesis represents a journey in changing perspectives, from an original 

focus on pure fundamental chemical design to the precisely fine-tuned 

communication between a material and its surrounding environment. 

Initially, focusing on solving macromolecular synthetic problems from an 

organic chemist’s perspective to the emergence of solving biological 

problems with the tools of organic chemistry and thanks to a collaborative 

effort together with bio(techno)logists. Enabling predefined specific 

control over chemical and biological reactions in materials science is 

complex. This thesis has by no means solved such extraordinary research 

question; however, it represents a journey in improving the process of 

fundamental chemical understanding in each and one of these steps and a 

journey toward bridging the communication between chemistry and 

biology. 
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2 PURPOSE OF THE STUDY 

Control over molecular function is crucial for many biological processes. 

To ensure the precise control required for regulation of biological 

processes, chemists at the interphase of biology must continue solving 

fundamental questions before stepping into the usefulness of the invention. 

Arguably, a key to this lays in understanding how to construct a desirable 

microstructure and understanding how it behaves within an external 

macromolecular surroundings. Thus, to solve problems within the 

biomaterials field, control over the chemistry of a material is necessary. 

The objective of this thesis has been to develop functional degradable 

polymers and materials for biomedical applications with an underlying 

focus on exploiting and controlling the chemistry. The hypothesis was that 

this could be realized on several hierarchical levels ranging from synthesis 

of polymers, fabrication and degradation of functional materials, to how to 

control cellular fate, through a fundamental understanding of the 

underlying chemistry. More specifically, this thesis concerns four 

subtopics:  

• Polymer synthesis: control over a copolymerization reaction through 

fundamental chemical understanding to achieve a unique poly(ester-co-

amide) with defined microstructure. 

• Material fabrication: control over surface functionality and degradability 

through the combination of two diverse materials, poly(ester-co-

carbonate) and hyaluronan, by employing orthogonal chemistries. 

• Material functionality: control over protein presentation through 

photoresponsive hyaluronan-based hydrogels employing labile bond 

chemistry. 

• Cellular response: control over protein presentation through 

photoactivation to direct cell fate on hyaluronan-based hydrogels. 
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3 METHODOLOGY 

The work this thesis is built upon has been realized on several hierarchical 

levels connected by a fundamental understanding of the chemistry 

governing these levels (Figure 1 and Scheme 1). In this section, the 

theoretical background of the methods and motivation for their use are 

provided together with a brief overview. A detailed description of all 

methods used for the work that this thesis is built upon can be found in the 

appended papers.  

Figure 1. Schematic overview of the interconnection (main purple circle) between 

the hierarchical levels Polymer Synthesis (◍), Material Fabrication (◍), Material 

Functionality (◍) and Cellular Response (◍) that have been chemically exploited 

in this thesis to control several overarching properties or processes (displayed 

outside the main purple circle). 
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Scheme 1. The hierarchical levels of Polymer Synthesis (◍), Material 

Fabrication (◍), Material Functionality (◍) and Cellular Response 

(◍) are built upon in this thesis and the respective main chemistry 

concepts exploited in each respective level. 
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3.1 POLYMER SYNTHESIS 

3.1.1 Design of the system 

In the first part of this thesis, control over a copolymerization reaction was 

exploited through fundamental chemical understanding to achieve a 

defined microstructure of a unique copolymer (Scheme 2). Control over 

the resulting polymer microstructure is important because it affects its 

structure–property relationship and ultimately its degradability and 

biological response.34 Achieving microstructural control requires 

conditions allowing this to be realized. Ring-opening polymerization 

(ROP) was chosen as a synthetic route for the synthesis of a copolyester 

with relevance in the biomedical field, as this method allows for 

reproducible preparation of high molar mass polyesters with low 

dispersities (Ð), with high end-group and architectural control and can be 

performed under mild reaction conditions.35–39 From a sustainability 

perspective, ROP reactions are in theory completely atom economical and 

can be performed at low temperatures and/or without the addition of a 

solvent. 

exploited in this chapter to achieve a unique copolymer with microstructural 

control. Figure adapted with permission from Paper I.40 

 

We used L-lactide (LLA) as the main comonomer, as copolymers based on 

LLA are attractive as biomaterials due to their tailorable physicochemical 

properties, processability, and tunable degradation rate.41 Furthermore, 

their synthesis by ring opening copolymerization allows, with careful 

Scheme 2. Schematic representation of the organocatalytic ring-opening 

copolymerization of LLA and 3S,6S-dimethylmorpholine-2,5-dione (DMMD) 
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control, the formation of sequence-controlled polymers. To increase the 

hydrophilicity and functionality of the poly(L-lactide) (PLLA) chain, we 

envisioned copolymerization between LLA and an α-amino acid-bearing 

mixed ester-carbamate 6-membred ring, 3S,6S-dimethylmorpholine-2,5-

dione (DMMD). This type of monomer had previously been shown to be 

nonpolymerizable under high-temperature conditions using tin(II)-2-

ethylhexanoate as the catalyst, which was attributed both to the equilibrium 

behavior of the monomer as well as to catalyst deactivation due to facile 

metal NH coordination.42–44 The fact that this type of monomer did not 

undergo ROP under these conditions prompted us to exploit the underlying 

chemical control of the system, i.e., to elucidate whether we could 

understand its reactivity control parameters and force the monomer to ring-

open during copolymerization with LLA. Our rationale was that both the 

kinetic and thermodynamic features of this copolymerization system 

would be crucial to exploit with the goal of controlling the process and 

thereby producing well-defined microstructures. 

The synthesis of DMMD was performed via Schotten-Baumann N-

acetylation followed by lactonization to afford a single diastereomer which 

was confirmed by melting point determination and through-space 

interaction between H3 and H6 using 1H-1H nuclear overhauser 

Figure 2. Schematic representation of the two-step synthetic route to afford 3S,6S-

dimethylmorpholine-2,5-dione (DMMD) and the observed 1H-1H through space 

interactions between H3 and H6 confirming the diastereomer. 



METHODOLOGY 

11 
 

enhancement spectroscopy (NOESY) nuclear magnetic resonance (NMR) 

(Figure 2 and Figure S3 in Appended Paper I). 

3.1.2 Exploiting chemical control over a copolymerization 

system 

Our expectation was that lower reaction temperatures would promote the 

copolymerization of LLA and DMMD owing to the thermodynamics of 

most cyclic medium-sized monomers. Both the change in enthalpy and 

entropy of polymerization are typically negative, including those of LLA,45 

meaning that polymerization will only occur if the enthalpy of 

polymerization is greater than the entropy of polymerization multiplied by 

the polymerization temperature (∆𝐻𝑝> 𝑇𝑐∆𝑆𝑝).46,47 Therefore, lower 

polymerization temperatures have typically been shown to be favorable for 

many lactones during ROP.48,49 To account for the slow kinetics typically 

associated with lower reaction temperatures, we used organocatalysts, as 

this type of catalyst has been shown to operate with high activity under low 

temperature conditions promoting the kinetic polymerizability.50–53 

Additionally, we exploited chemical control through the initial monomer 

concentration ([𝑀]0), as monomer concentration has a direct effect on the 

thermodynamics of a polymerization system as well as to maintain control 

over the polymerization reaction.47,54–56 Similarly, the solvent polarity 

effect was exploited as this has previously been shown to induce catalyst 

deactivation or affect the equilibrium monomer conversion ([M]eq).56–60 

Last, the temperature effect on the copolymerization was elucidated to 

understand the underlying thermodynamic effects that governed the 

copolymerization system using Equation (S5) in Appended Paper I.47,49,54  

3.1.3 Performance of a copolymerization system 

Evaluating the performance of a copolymerization system can be 

performed in numerous ways. Microstructural analysis and monomer 

arrangement of the polymer chain was performed by 1H, 13C and 2D NMR 

to elucidate the equilibrium behavior of each monomer. Solution-based 

NMR is based on applying a constant magnetic field to a sample that 

creates an intramolecular local magnetic field around the atoms in a 
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molecule through the alignment of its magnetic nuclear spins. The 

perturbation of these nuclear spins results in different resonance 

frequencies depending on the characteristic electronic structure 

surrounding the atom. In that way, a molecule or a polymer microstructure 

can be determined with high accuracy. 

Additionaly, size exclusion chromatography (SEC) was used to determine 

the number average and weight average molar mass (Mn and Mw) and 

dispersity (Ð = Mw / Mn) as these characteristics are important for 

understanding the control in the polymerization system. The technique is 

based on the separation and retention of molecules depending on their 

hydrodynamic volume. Compounds are injected into serial-coupled bead 

packed columns and analyzed against a standard curve using a reference 

compound (in this case monodisperse polystyrene with known molar 

masses). The hydrodynamic volume is proportional to the intrinsic 

viscosity of the polymer in that particular solvent and the molar mass of 

the species and from that, the dispersities can be calculated. The evolution 

of Mn, Mw, and Ð are all indicative of how the copolymerization 

mechanism occurs and what type of species are being formed.61,62 An 

increase in dispersity may suggest the occurrence of intra- or 

intermolecular reactions. If Mn remains the same but Ð increases, this is 

indicative of intermolecular associations. Intramolecular associations are 

instead typically associated with an increase in Ð and a decrease in Mn if 

larger cyclic rings are formed (accompanied with low yield and not full 

monomer conversion). 

3.2 MATERIAL FABRICATION 

3.2.1 Design of the system 

In the second part of this thesis, control over surface functionality and 

degradability was exploited through the combination of two diverse 

materials employing orthogonal chemistries. Polyesters have been shown 

to be versatile in providing the specifically required functions as 

biomaterials. In particular, polyester-based scaffolds can be ideal for use 
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as biomaterials where long-term structural support is required since their 

degradation profile spans months to years.7,63 However, they are typically 

hampered by a hydrophobic surface lacking natural cell binding motifs that 

are important when integrating into a biological milieu. Unless specific 

cell-signaling molecular cues are incorporated into the material, cells 

typically interact with biomaterials by proteins adsorbing to the surface of 

the material. Hydrophobic materials have been shown to adsorb proteins 

in “suboptimal” configurations, where the hydrophobic regions of the 

protein are exposed and adsorbed onto the material, leading to 

conformational changes within the protein and consequently to 

inactivation.64 Instead, hydrophilic materials typically adsorb proteins in 

hydrated interfacial phases that retain their native conformation. We 

therefore envisaged combining the advent of structurally defined poly(L-

lactide-co-1,3-trimethylene carbonate) (PLATMC) scaffolds with a 

functional and cell-instructive crosslinkable surface coating that could be 

used after scaffold fabrication without impeding the properties of the 

polymer (Figure 3). We centered the coating component on hyaluronan 

hydrogel, as HA is abundant in human tissue, can be chemically modified 

in a simple manner and is involved in several biological events, such as 

adhesion, migration and binding to specific cell-surface receptors.26 

Compared to the conventionally used animal-derived Matrigel- or 

collagen-based cell culture matrices,65 hyaluronan can be obtained in a 

much more chemically defined form. 



METHODOLOGY 

14 
 

 

3.2.2 Exploiting chemical control to fabricate hydrogel 

scaffolds 

Facilitating controllable fabrication of the hybrid material required 

orthogonal crosslinking chemistry that could be used under mild conditions 

without the need for catalysts or additives that could potentially interfere 

with the polymer backbone or cells. Several bioorthogonal crosslinking 

methods have been developed throughout the years relying on click-based 

chemistry.66 Among them, Diels–Alder cycloaddition between an electron-

rich furan diene and an electron-poor maleimide dienophile was attractive 

in this part of the thesis, as it is completely orthogonal toward ester- and 

carbonate bonds and can be performed in water-based media without the 

addition of a catalyst.67 In fact, this type of Diels–Alder reaction is the most 

commonly used chemistry for constructing hydrogels, with typical 

examples using bismaleimide-modified peptides68,69 together with furan-

modified HA to prepare hydrogels for soft tissue applications. 

Additionally, the reversibility of the Diels–Alder reaction lays a foundation 

for the possibility of future potentials regarding tunable stimuli-responsive 

chemistries as well as releasability and recyclability. 

In this part of the thesis, our goal was directed toward bone tissue 

formation, and therefore, our rationale was that a higher molar mass HA 

Figure 3. Schematic representation of the fabrication of a hybrid material 

composed of hyaluronan hydrogels and PLATMC scaffolds using biorthogonal 

chemistry exploited in this chapter to achieve a cell-instructive material with long-

term degradability. Figure adapted from Paper II. 
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would lead to a stiffer matrix compared to previously used lower molar 

mass HA.68,69 We functionalized high molar mass HA (Mn 1400-1800 kg 

mol-1) with furfuryl amine using standard coupling-procedures to a 60% 

degree of substitution determined by 1H NMR (Scheme 3a). To fabricate 

the hydrogel scaffold, furan-modified HA (HAf) was immersed around 

salt-particulate leached scaffolds formulated from medical grade 

PLATMC (random copolymer, LLA/TMC 60/40 mol%; Mn 128 kg mol-1 

after scaffold fabrication). The Diels–Alder cycloaddition was initiated by 

injection of 1,8-bismaleimido-diethyleneglycol (BM(PEG)2) into the 

scaffold immersed in HAf (Scheme 3b). The reaction conditions, such as 

temperature and time, were varied, and the conjugation efficiency 

determined by 1H NMR using Equation (1) and (2) in Appended Paper II 

after digesting the glycosidic bonds of HA main chain with the enzyme 

hyaluronidase (Scheme 3c). 
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Scheme 3. a) Schematic representation of furfuryl amine coupling to hyaluronan 

sodium salt resulting at 60% degree of substitution (D.S.); b) Hydrogel formation 

around PLATMC-based scaffolds was achieved by Diels–Alder cycloaddition 

using bismaleimide-modified ethylene glycol; c) Quantification of conjugation 

efficiency during the Diels–Alder cycloaddition was assessed by 1H NMR after 

digesting the resultant polymer with hyaluronidase. 
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3.2.3 Physichochemical properties of the hydrogel scaffold 

The final properties of the developed material were then determined. The 

matrix stiffness has been shown to be instrumental in determining cell 

fate,70–72 and therefore, the final properties of the hydrogel was assessed by 

rheological measurement. The linear viscoelastic region is the range of 

strain (amplitude shear strain sweep) in which the hydrogel can resist 

applied deformation and, therefore, shows a linear behavior.73 By 

determining the linear viscoelastic region with respect to strain, the storage 

modulus (G’) (stress) can thus be determined (frequency sweep). In 

contrast to highly viscous liquids, hydrogels are characterized by Gʹ > loss 

modulus (Gʹʹ) and the ratio Gʹ/Gʹʹ ≥ 10.74 G’ can be further used to 

calculate the apparent average mesh size (ξa) and the apparent average 

molar mass between crosslinks (Mc,a) according to previous literature.75 

These properties are crucial to determine for a biomaterial, since lack of 

oxygen diffusion throughout the biomaterial has the potential to threaten 

tissue repair during proliferation and remodeling. 

Swelling studies were performed on the hybrid hydrogel scaffold over 7 

days to elucidate matrix changes, as the hydrogel was intended to be used 

as a cell-delivery platform within the scaffolds and therefore is of 

importance. The samples were incubated with phosphate-buffered saline 

(PBS) at 37° C and the weight change was compared to calculate the 

weight increase and equilibrium swelling ratio according to Equations (3) 

and (4) in Appended Paper II. 

3.2.4 Polymer degradation 

Control over material degradability is instrumental in the development of 

successful implantable biomaterials.7,19,76,77 In many applications, it is 

beneficial if the scaffold provides sufficient structural integrity during 

early tissue formation and then gradually degrades during the progression 

of new tissue formation. While the in vitro degradation behavior of 

PLATMC has been frequently explored,78–81 the in vivo degradation 

behavior of scaffolds fabricated from semicrystalline PLATMC had not 

yet been studied. The Finne-Wistrand lab has been using PLATMC-based 

salt-particulate leached scaffolds for the last 15 years with desirable 
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biological outcomes.82,83 This scaffold fabrication method allows for the 

formulation of high porosity constructs and does not impact the molar mass 

of the polymer; however, the random pore forming process may limit the 

reproducibility of this method. Instead, 3D-printing has emerged as a 

promising scaffold fabrication method allowing for high structural and 

spatial resolution of the final scaffolds,84 and the Finne-Wistrand lab has 

also been part of realizing this approach.85 Recently, the Finne-Wistrand 

lab also revealed that the molar mass and crystallinity were substantially 

affected when PLATMC-based scaffolds were processed through 

extrusion-based 3D printing.86 What implications these altered properties 

have on the degradation behavior remained unknown. Guided by this, we 

centered the in vivo degradation behavior of PLATMC-based scaffolds 

using two different scaffold fabrication methods: salt-particulate leaching 

and extrusion-based 3D printing (Figure 4). 

Figure 4. Fabrication of PLATMC scaffolds with hyaluronan hydrogels for in vivo 

degradation. a) Medical grade PLATMC (random copolymer, LLA/TMC 60/40 

mol%) was processed into salt-leached scaffolds (resultant Mn 128 kg mol-1) or 

extrusion-based 3D printed scaffolds (resultant Mn 62 kg mol-1). The scaffolds 

were either used directly, coated with unmodified HA or immersed in HAf and 

BM(PEG)2 to induce Diels–Alder cycloaddition. All scaffolds were 

subcutaneously implanted into the flanks of rats, with or without bone marrow-

derived stem cells (BMSCs), and explanted on Days 4, 56 and 180 for analysis of  
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key material properties; b) Representative figure of typical polyester scaffold 

degradation modes (surface and bulk degradation) and their typically associated 

noncatalytic and autocatalytic chain scissions; c) Representative figure of the 

byproducts formed from the hydrolytic chain scission of PLATMC. Figure 

adapted from Paper II. 

 

To ensure that the HA hydrogel would not adversely affect the degradation 

behavior of PLATMC by preventing diffusion of water and degradation 

byproducts, we compared PLATMC scaffolds with scaffolds either coated 

with HA or incorporated with HA hydrogel (Figure 4). Human bone 

marrow-derived stem cells (HBMSCs) were seeded in half of the scaffolds 

to compare any effect of the cells on the degradation behavior,87 and the 

scaffolds were subcutaneously implanted into tissue pockets on the flanks 

of rats.77 Explantation of the scaffolds was performed on Days 4, 56, and 

180 to evaluate key material properties. 

Although the degradation behavior of a material is dictated by the 

surrounding environmental factors, the complexity of a material’s 

degradation behavior is further magnified by its initial molar mass, 

polymer composition, and crystallinity.80,77 The kinetics of chain scission 

and the kinetics of water diffusion occur in a concurrent fashion dictating 

the degradation rate (Figure 4).76 The initial molar mass of a polymer 

therefore plays a distinct role in the degradation rate since polymers with 

high initial Mn have fewer chains, and therefore the effect of one chain 

scission on the molar mass is greater.88,89 However, this is highly dependent 

on the degradation mode, and when autocatalysis is prevalent, such a 

relationship is offset, and the inverse kinetic relationship takes place.88 

Therefore, SEC was used to determine the molar mass of the polymer over 

time to elucidate the degradation mechanism. 

Additionally, microstructural changes over time can be related to the 

degradation behavior, as they are closely related to the secondary structure 

of the polymer chains, i.e., their ability to form crystalline or amorphous 

regions. The amorphous phase of the copolymer has greater chain mobility 

than the crystalline regions if the environmental temperature is above its 

glass transition temperature (Tg). Additionally, the amorphous phase 
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possesses more free volume than the crystalline phase. These factors 

enable water molecules to penetrate into the amorphous phase, causing 

chain scission, and as a result, it is preferentially degraded compared to the 

crystalline phase.79,80 To elucidate this, we evaluated the thermal transition 

temperatures of the polymer as well as the polymer composition. The 

polymer composition was calculated from the 1H NMR and the average 

block lengths of the lactide units (LLL) and the carbonate units (LTMC) were 

calculated from the integrated area in the carbonyl region of the 13C NMR 

using Equations (6) and (7) in Appended Paper II since the integration of 

the 13C carbonyl triad and diad signals has been shown to be 

quantitative.90,91 

The thermal properties were evaluated by thermogravimetric analysis 

(TGA) and differential scanning calorimetry (DSC). TGA was used to 

determine the thermal stability of the scaffolds over the degradation time. 

The weight change over a defined temperature variation was evaluated in 

a controlled nitrogen atmosphere. Upon temperature increase, physical and 

chemical changes may lead to weight loss (chemical bonds breaking, loss 

of volatiles, reduction, desorption) and weight gain (oxidation, absorption). 

PLLA has limited thermal stability and therefore easily undergoes thermal 

hydrolysis and random oxidative chain scission at high temperatures.92 

Degradable polyesters and polycarbonates are further prone to 

depolymerizations and/or transesterification reactions.93 Through the first 

derivative of the weight loss curve, the temperature at which the rate of 

weight loss is maximum can be determined. This temperature is dependent 

on the mobility of the polymer chains. With high chain mobility, the free 

volume increases and enables permeability and diffusion of oxygen, water 

vapor or other volatiles. Therefore, a reduction in this temperature can be 

observed as a result of a lowering in molar mass. If no weight loss is 

observed, the compounds are defined as thermally stable. 

DSC was used to further manifest any differences in transition 

temperatures and heat capacity over the degradation time of the 

compounds. The Tg, crystallization peak temperature (Tcp), melting point 

temperature (Tm), and enthalpy of fusion (ΔHm) were determined by 

measuring the difference in the heat flow rate between the sample and an 
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inert reference (in this case indium) as a function of time and temperature. 

PLLA is a semicrystalline polymer, while poly(1,3-trimethylene 

carbonate) (PTMC) is amorphous.35,92,94,95 Tg is an average feature dictated 

by the amorphous phase of the polymer and, therefore, largely dictated by 

the trimethylene carbonate (TMC)-rich regions in our case. Tg is a 

reversible feature and can therefore be detected both on a heating and a 

cooling run. Tm is instead a feature of the crystalline phase and reflects 

whether a segment in the polymer is able to crystallize, determined by the 

arrangement of the LLA-rich chain segments in our case. The transition 

temperatures in the first run are dictated by the thermal history of the 

polymer and can, therefore, be used to interpret how a processing method 

affects the polymer, while the second run erases the thermal history, and 

the transition temperatures for the polymer can be determined. A glass 

transition, crystalline melting endotherm and crystallization exotherm are 

suggestive of a semicrystalline polymer. 

3.3 MATERIAL FUNCTIONALITY 

3.3.1 Design of the system 

In the third part of this thesis, control over protein presentation was 

exploited through the modulation of photoresponsive hydrogels. Light-

triggered chemical transformations are expedient ways to site-selectively 

conjugate molecular cues within a material as they allow for precise 

spatiotemporal control, can be used without affecting surrounding cells or 

tissues, and do not alter protein function.96 Driven by the desire to replicate 

the dynamic interplay between growth factors in time and space within a 

material,30,31 we sought to develop a photocaging-uncaging hydrogel 

material able to incorporate proteins (Figure 5). Photocaging is a way of 

blocking functionality within a material using a photolabile protecting 

group. Upon photoirradiation, the protecting group is cleaved off, exposing 

the desirable functionality for further protein conjugation. Taking an 

additional step, we envisaged that the incorporated protein should be 

liberated through hydrolytically more or less stable bonds to create a 

dynamic nature able to replicate the biological environment. 



METHODOLOGY 

22 
 

   

Among the available phototriggers, (coumarin-4-yl)methyl cages, 

introduced in the mid-1980s, have gained much attention during the 

2000s.97,98 They are particularly attractive due to their large molar 

absorption coefficients at longer wavelengths, fast release rates, relatively 

high stability and fluorescence emission properties. However, none of the 

coumarin-based phototriggered leaving groups developed were suitable for 

the chemoselective chemistries we required in the subsequent reaction with 

a protein and the following dynamic nature we were looking for in the bond 

formed, as release of the protein was a prerequisite. Therefore, efforts were 

spent to design and synthesize unique coumarin-cages that generated 

desirable functional groups: hydrolytically more or less labile bonds. The 

reactions between carbonyls and amines or hydroxylamines give rise to 

imine or oxime bonds (Figure 5). While imine bonds are prone to undergo 

Figure 5. a) Schematic representation of a photocaging–photouncaging 

mechanism exploited to control the liberation of b) a reactive handle that would 

orthogonally react with a protein of choice and the subsequent control of the 

hydrolytic release of the protein; c) Design of the phototrigger leaving an 

amine/hydroxylamine reactive partner that would create a more or less 

hydrolytically (un)stable bond once conjugated to the protein through imine/oxime 

bond formation. Figure adapted from Paper III. 
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reversible hydrolysis, the use of oxime chemistry has shown high stability 

for a relatively long period of time during cell culture conditions in 

hydrogels.99  

Except for the inherent structure of the coumarin molecule, such as using 

electron-donating groups on the 7-position of the coumaryl moiety, the 

nature of the phototriggered leaving group largely dictates the efficiency 

of photolytic cleavage.97 Poor leaving groups, such as alcohols, phenols, 

thiols, and amines, typically render heterolytic cleavage and require 

modification into the corresponding carbonate, thiocarbonate, and 

carbamate derivatives, aiding the release of the leaving groups by 

liberation of carbon dioxide. Therefore, our rationale was to incorporate a 

mixed carbonate close to the photolabile scissile bond, allowing for the 

liberation of carbon dioxide during photolysis that would drive the reaction 

(Figure 5). As the caging group can be removed with ultraviolet‒visible 

(UV‒Vis) light at low doses and the side product released is carbon 

dioxide, the protecting group can be considered cytocompatible.100 

3.3.2 Synthesis of small molecule phototriggers  

Hydroxymethyl modification of commercially available 7-diethylamino-4-

methylcoumarin (DEACM) was achieved through enamine formation, 

followed by oxidative cleavage to its corresponding aldehyde, and finally 

reduction to obtain hydroxymethyl-modified coumarin (DEACM-OH) in 

very good overall yields (Scheme 4). Then, coupling of DEACM-OH and 

1,4-diaminobutane or the N-Boc-protected hydroxylamine followed by 

Boc removal resulted in the desired amine- or hydroxylamine-caged 

coumarin product (DEACM-N and DEACM-ON). A Mitsunobu reaction 

was used to obtain the N-Boc-protected hydroxylamine. All compounds 

were routinely characterized through 1H, 13C, and 2D NMR techniques for 

full assignments, and the final unknown compounds were additionally 

confirmed by electrospray ionization mass spectrometry (ESI–MS) 

analysis. Mass spectrometry is used to analyze the mass-to-charge ratio of 

ions and can therefore be used to determine the exact masses of molecules. 

The principle relies on ionizing a sample by a beam of electrons, in this 

case a high voltage creating an aerosol, which induces bond breakage or 
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bond formation into either positively charged or negatively charged 

species. These ions are then accelerated and subjected to an electric field 

with a constant potential (in this case, a time-of-flight analyzer) so that the 

ions with the same mass-to-charge ratio will deflect in the same manner. 

This means that one can detect compounds in a sample as long as the 

compounds retain ionizable groups, and the intensity reflects the 

molecules’ ability to ionize. Therefore, the method can be used to identify 

newly synthesized compounds, as it is highly accurate in determining the 

exact masses of the ionizable species. 

Scheme 4. a) Schematic overview of the synthesis of amine-modified or 

hydroxylamine-modified DEACM-N and DEACM-ON; b) The hydroxylamine 

linker employed in the coupling reaction to DEACM-OH was synthesized through 

a Mitsunobu reaction.  Figure adapted from Paper III. 
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3.3.3 Photophysical properties of the phototriggers 

The ability to predefine material properties relies on the capability to 

predict its behavior based on set parameters. Our interest was therefore to 

correlate small molecule in-solution and on-material characteristics to 

increase the understanding of such a relationship. The synthesized 

phototriggers were characterized for their photophysical properties, and 

one-photon uncaging efficiencies were determined. The concentration of 

the phototrigger and the light source were evaluated to establish a suitable 

workflow. The fraction of uncaging was determined using 1H NMR by 

comparing the formation of DEACM-OH (or related species) and that of 

the parent phototrigger DEACM-N or DEACM-ON. Additionally, 

correlations to the liberation of the amine or hydroxylamine were 

examined.  

Upon light absorption of DEACM cages, relaxation occurs to the lowest 

excited singlet state, where the harvested energy is released as heat/light 

and heterolytic bond cleavage occurs (Scheme 5a).101 Ion-pair separation 

is then facilitated by the polar solvent that subsequently leads to ion-pair 

recombination of the DEACM cation, resulting in DEACM-OH and the 

liberated amine or hydroxylamine.  

 

Scheme 5. Schematic overview of the a) photolytic cleavage of DEACMs and b) 

hydrolytic cleavage of DEACMs. Figure adapted from Paper III. 
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The phototrigger stability toward ambient light and hydrolytic resistance 

were evaluated and analyzed through 1H NMR in a similar manner 

(Scheme 5b). 

3.3.4 Fabrication of photoresponsive hydrogels  

Having established the photophysical properties of the small molecules, 

the phototriggers were then grafted onto HA following standard coupling 

procedures (Scheme 6a). The crosslinking of photoresponsive hydrogels 

was based on the same bioorthogonal Diels–Alder cycloaddition reaction 

between HA and BM(PEG)2 as in the second part of the thesis; however, 

HA was modified with methylfuran (HAmf) compared to furan to enhance 

the crosslinking kinetics,69 and PBS was used instead of MES to decrease 

the potential of hydrolytic phototrigger release. The photoresposive 

hydrogel was fabricated, and both the polymer-bound and hydrogel-

bearing phototriggers were characterized through the absorption and 

fluorescent properties of DEACM-N and DEACM-ON. Photoirradiation 

experiments were then performed to exploit the photolytic properties 

(Scheme 6b). Light intensity and time were evaluated as crucial variables 

to facilitate the development of predictable photoresponsive materials. The 

absorbance and fluorescent properties of DEACM-N and DEACM-ON 

were used to characterized these properties. 

Scheme 6. a) Schematic overview of the conjugation of DEACMs onto HA to 

afford photolabile polymers; b) Photolytic cleavage of DEACMs liberating free 

amine- and hydroxylamine handles. Figure adapted from Paper III. 
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Each wavelength of light has a particular energy associated with it, and 

absorption is the process of a species’ ability to take up that specific 

electromagnetic radiation and convert it to internal energy. In the UV‒Vis 

region (when measured at 190 to 800 nm), this typically occurs through 

excitation of an electron from a full π bonding orbital or nonbonding orbital 

to an empty π or σ antibonding orbital. Therefore, molecules with strong 

absorption in this region of light typically contain π bonds or lone pairs. 

The ability of a molecule to absorb light can be quantified through the 

logarithm of the ratio of the incident light on the sample compared to the 

transmitted light measured. Typically, mechanisms or processes other than 

the actual attenuation of the absorption can influence this, such as 

reflection and scattering, if the measurements are not performed in-

solution. The absorbance of a species is directly related to the concentration 

and the attenuation coefficient of the material, which describes how easily 

a material can be penetrated by light, sound, particles or other matter. This 

means that molecules of different electronic structures will absorb light 

differently and have characteristic wavelength maxima where the 

absorption is strongest. As such, absorption can be used to characterize or 

compare molecules able to absorb light and thus be related to their 

concentration. 

A molecule able to absorb light, be excited and then rapidly return to the 

ground state while releasing a photon is a fluorescent molecule able to emit 

colored light. If the energy of the absorbed light is higher than that of the 

emitting light, the emitting light will have a different color compared to 

that of the absorbed light; this is a phenomenon called Stokes shift. Many 

fluorescent molecules are UV‒Vis sensitive and emit different colors in the 

visible range. The absorbance and emission maxima of a molecule are 

characteristic of its electronic structure, and therefore, they can be used to 

track or quantify the species. 
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3.3.5 Exploiting chemical control to modulate protein 

presentation 

While traditional medicine has been dominated by small molecules, the 

scientific community has shifted beyond that to include larger 

macromolecules during the last few decades.102 Proteins play a crucial role 

in many cellular events in the human body, and being able to replicate their 

defined controlled presentation or function is therefore a vital task. 

The ability to control the rate of protein release is paramount to many 

medical applications. Replicating the heterogeneous tissue requires the 

ability to pattern proteins in spatially defined ways as well as the ability to 

sequentially release proteins. Therefore, the liberated amine and 

hydroxylamine functional groups on the HA hydrogel (originating from 

the photocleavage of the DEACMs) were conjugated to a model protein, 

aldehyde-tagged bovine serum albumin (BSA-CHO). BSA is a serum 

albumin protein, and it is well characterized and frequently used for various 

biochemical applications. The protein is 66 463 kg mol-1 and is relatively 

stable with facile chemical modification abilities. Furthermore, BSA can 

adopt five different reversible conformations depending on the pH,103 an 

important aspect in this part of the thesis, as our aim was to demonstrate 

pH-dependent release rates to show the utility of this methodology toward 

the potential release of other (pH-dependent) biochemical cues. 

Initial kinetic examination of imine bond formation between an aliphatic 

amine and either an aromatic ketone or an aromatic or aliphatic aldehyde 

as monitored by 1H NMR (Figure S27 in Appended Paper III) displayed 

the wide utility of this type of method for various substrates. The aromatic 

aldehyde was chosen as the target substrate, owing to the superior kinetics 

of the imine bond formation. It should be noted that aldehyde 

modifications of proteins can be performed in various ways, resulting in 

homogenous protein populations; however, as we used BSA as a model 

substrate, we chose chemical modification for simplicity. BSA was 

therefore modified by N-acylation of its lysine residues using N-

succinimidyl 4-formylbenzoate in sodium bicarbonate (NaHCO3) to obtain 

BSA-CHO (Scheme 7a). To quantify the number of aldehydes 

incorporated to BSA, a fluorophore bearing a hydroxylamine moiety 
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(AF488-O-NH2) was allowed to react with the latent aldehyde groups on 

the protein. The number of aldehydes per BSA could then be quantified 

indirectly by calculating the number of fluorophores per BSA. This was 

performed by measuring the relative absorbance of BSA and the 

fluorophore followed by determining the relative concentrations using 

their known respective molar attenuation coefficients and Beer-Lambert 

law (Equation S4 in Appended Paper III). For experiments when 

fluorescent properties of BSA were required, BSA was modified by a 

fluorophore bearing an N-hydroxysuccinimide (NHS)-group (AF488-

NHS) and N-succinimidyl 4-formylbenzoate in NaHCO3 to obtain BSA-

AF488-CHO. The number of AF488-NHS incorporated on BSA was 

quantified in the same manner as AF488-O-NH2. 

  

The protein was then incorporated into the HA hydrogel bearing latent 

amine- and hydroxylamine moieties (following photoirradiation to remove 

the DEACMs) through imine and oxime bond formation in PBS at pH 7.0 

(Scheme 7b). Subsequent release of the protein was exploited at different 

Scheme 7. a) Schematic representation of N-acylation of the lysine residues on 

BSA using N-succinimidyl 4-formylbenzoate (and/or AF488-NHS) to afford 

aldehyde-or aldehyde- and AF488 tagged BSA, following oxime bond formation 

using fluorescently labeled hydroxylamine that was used to quantify the number 

of aldehydes conjugated to BSA; b) Imine and oxime bond formation between 

preirradiated hydrogel and aldehyde-tagged BSA, followed by protein release at 

different pH. 
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pH-values (pH 4.5, pH 7.0, pH 10) and quantified over time using the 

fluorescent properties of AF488 on BSA-AF488-CHO. 

3.4 CELLULAR RESPONSE 

3.4.1 Design of the system 

In the fourth and last part of this thesis, control over protein presentation 

was exploited through photoactivation processes to directly affect cell fate. 

During liver development, Notch2 signaling is presented in a 

spatiotemporally controlled fashion to specifically induce the 

differentiation of hepatoblasts to cholangiocytes. The Notch signaling 

pathway contains four transmembrane Notch receptors (Notch1-4) and two 

cell surface ligands, Jagged (Jag1-2) and Delta-like (DLL1-4) (Figure 6).104 

The activation of Notch2 signaling occurs through ligand binding 

interactions between the transmitting cell (Notch2 ligand Jag1 or DLL4) 

and the receiving cell (Notch2 receptor, Notch21-4). The spatiotemporal 

presentation of Jag1 is apparent in several ways during liver development. 

For example, Notch signaling in neighboring hepatoblasts is activated in a 

spatiotemporally controlled manner.105 Additionally, Jag1 is expressed in 

restricted regions as well as in a temporal manner in mice.106 Furthermore, 

inhibition of Notch signaling is required for successful derivation of 

hepatocytes.107 These features demonstrate the importance of 

spatiotemporal control of Notch signaling and the ability to externally and 

predefined disrupt and enhance individual protein–protein reactions gives 

unprecedented leverage over the cell. In the quest for a dynamic system 

capable of mimicking the spatiotemporal presentation of Notch signaling, 

we exploited photocaging as a means to control the presentation and 

activation of Jag1 on hyaluronan hydrogels, ultimately allowing the 

direction of cell fate through the controlled differentiation of hepatoblasts 

to cholangiocytes. 
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Figure 6. Schematic representation of the controlled differentiation of 

hepatoblasts into cholangiocytes through exploiting photoactivation of Jag1 on 

hyaluronan hydrogel. a) Representative figure of the mechanical pulling force 

between cell-bound ligands (Jag1,2 or DLL1-4) and cell surface receptors 

(Notch1-4) targeted in this part of the thesis; b) Structure and design of the 

phototriggered ortho-nitrobenzyl-based group. The protein (Jag1) was conjugated 

through NHS coupling and caged by conjugating streptavidin to biotin; c) 

Schematic representation of how the caging of Jag1 turned the protein OFF while 

upon light cleavage, Jag1 could be turned ON again; d) Representative image of 

caged Jag1 installed onto a hyaluronan hydrogel blocking the native Notch 

signaling pathway and therefore maintaining hepatoblasts, while photorelease 

allowed uncaged Jag1 to engage in the Notch signalling pathway, leading to 

controlled differentiation of hepatoblasts into cholangiocytes. 
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3.4.2 Exploiting chemical control over protein presentation  

The phototrigger used in this part of the thesis was based on the ortho-

nitrobenzyl (oNB) group, a commonly used phototrigger due to its high 

one-photon quantum efficiency, high photolytic cleavage yield, and readily 

available synthons.108 Similar to DEACMs, this type of caging group is 

prone to photorelease under mild UV‒Vis light, and the side product 

released is carbon dioxide, making the protecting group biorthogonal.100 

The design of the phototrigger relied on the acylation between the amino 

groups on Jag1 and the NHS group on the phototrigger (Figure 6). 

Validation of this acylation step was achieved by quantifying the mole-to-

mole ratio of biotin compared to Jag1 using a complex of 4'-

hydroxyazobenzene-2-carboxylic acid (HABA) and avidin that displays 

high absorbance at 500 nm. Because biotin has a higher affinity for avidin 

than HABA, biotin displaces the complex upon mixing and proportionally 

reduces the absorbance at 500 nm. Thus, the change in absorbance together 

with the attenuation coefficient of the HABA–avidin complex, gives 

access to the mole-to-mole ratio of biotin per Jag1. 

Molecular caging of the phototrigger was validated using a fluorescently 

labeled streptavidin conjugate. Protein G-coated well-plates were 

incorporated with Jag1-oNB-biotin and the fluorescently labeled 

streptavidin was added. The concentration of streptavidin was quantified 

by measuring the fluorescence. 

Having confirmed the molecular incorporation of biotin into Jag1 

following caging, Jag1-oNB-biotin was then immobilized onto the 

hydrogel, and the photocaging and uncaging of Jag1 was validated. 

Crosslinking of HAmf was performed either using bis-maleimide-modified 

poly(ethylene glycol) (PEG) linkers or by synthesizing a bis-maleimide-

modified peptide. Typically, PEG linkers were used when experiments 

without cells were performed, while the peptide was included when cell 

culture conditions were used, as the hydrogels proved to be more cell-

adhesive. Enzyme-degradable crosslinks have previously been used to 

increase integrin binding and cell-mediated degradation.109 Briefly, the 
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peptide crosslinker 9-Fluorenylmethoxycarbonyl (Fmoc)-

KKGGPQGIWGQKGPQGIWGQGK(Alloc)S-COOH was synthesized 

using standard Fmoc-based solid-phase peptide synthesis protocols. After 

the final coupling cycle, alloc-deprotection of the lysine side chain was 

performed by the addition of dimethyl borane and 

tetrakis(triphenylphosphine)palladium(0). The Fmoc-group was then 

removed, and N-acetylation of the free amino groups on the N-terminal and 

the lysine side-chain was performed using 3-maleimidopropionic acid. 

Side-chain protecting groups were cleaved, and the peptide was 

precipitated and purified. Mass spectrometry was used to confirm the 

peptide and its purity. 

The hydrogel was then fabricated in a similar manner to that described in 

the second and third part of this thesis. Briefly, HAmf was mixed with 

fibronectin and crosslinked with bis-maleimide-modified peptide/PEG. 

Maleimide modified Protein G was reacted with the remaining methylfuran 

groups on the hydrogel, and Jag1-oNB-biotin was then conjugated through 

binding of Protein G to the Fc domain of Jag1. Protein G is a cell surface 

protein typically used for its strong binding to Fc domains of antibodies.110 

Spatial control over Notch2 signaling was demonstrated using a photomask 

and a fluorescently labeled streptavidin conjugate. The spatial control over 

photopatterning of the hydrogels was confirmed by confocal microscopy. 

Confocal microscopy is a point illumination imaging technique with high 

optical resolution enabling the capturing of images at different depths or 

planes with high spatial specificity. It typically relies on the fluorescence 

ability of molecules. In this part of the thesis, it was used to detect and 

quantify the fluorescence signal from internal fluorescent molecules, such 

as streptavidin or citrine, or by adding externally fluorescent molecules, 

such as fluorescently labeled antibodies. 

To initially demonstrate temporal control and to confirm that Jag1 

remained bioactive upon modification and photoirradiation, Notch2 

expressing polyclonal CHO-K1 fluorescent reporter cells were used.111 

CHO-K1 cells have been engineered to contain a citrine reporter gene that 

is expressed upon Notch2 activation, thus appearing green when imaged 
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using confocal microscopy. The cells constitutively expressed H2B-

Cerulean, which could be used to image cell nuclei in the blue channel. 

The Notch2 signaling activation from Jag1 could thereby be monitored by 

seeding CHO-K1 cells on gels and then live-imaging them using confocal 

microscopy.  

3.4.3 Determining cell fate using photoactivatable hydrogels 

To demonstrate the utility of this methodology, the ability of Jag1 to 

specifically differentiate human embryonic stem cell-derived hepatoblasts 

into cholangiocytes in a temporally controlled manner was assessed. On 

Day 27 of differentiation, hepatoblasts were passaged and plated on caged 

or uncaged Jag1 gels and cultured in maintenance media. Gene expression 

analysis and primary antibodies were used to assess cell fate. In the Notch2 

signaling pathway, upon ligand binding to Jag1, the Notch2 receptor is 

cleaved off by a γ-secretase complex, and Notch2 is released in the 

cytoplasm as the Notch2 intracellular domain (NICD). NICD translocates 

into the nucleus, where it binds to a transcriptional regulator, the 

recombinant signal binding protein for immunoglobulin kappa J region 

(RBPJ), displacing its corepressors which results in transcription of Notch2 

target genes. Among them, SRY-Box transcription factor 9 (Sox9) is 

involved in early biliary cell differentiation from hepatoblasts, while 

cytokeratin-19 protein coding gene (CK19) and cytokeratin-7 protein 

coding gene (CK7) are expressed in cholangiocytes and are known bile 

duct markers, and cystic fibrosis transmembrane conductance regulator 

protein coding gene (CFTR) is expressed in cholangiocytes and 

responsible for secretory functions. Therefore, these markers were used to 

detect the control over the specific differentiation of hepatoblasts into 

cholangiocytes. 

To determine cell fate at the gene level, quantitative polymerase chain 

reaction (qPCR) was used to detect the Sox9, CK19, CK7, and CFTR 

mRNA levels. Cells were lysed, and RNA was isolated and reverse 

transcribed to prepare complementary deoxyribonucleic acid (cDNA) 

followed by qPCR amplification using SYBR Green. The amount of 

double-stranded DNA could then be determined by quantifying the 
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fluorescence from SYBR Green double-stranded DNA complexes over a 

repeated number of cycles. 

To determine the cell state at the protein level, immunostaining was used 

to detect Sox9. Cells were fixed, permeabilized, blocked, and then 

incubated with primary antibodies. Secondary antibodies were then 

included, and nuclear counterstaining using 4′,6-diamidino-2-phenylindole 

(DAPI) was performed before the cells were imaged using confocal 

microscopy. The primary antibodies bind specifically to the target protein, 

while the secondary antibody is fluorescently tagged and has affinity for 

the primary antibody. Thereby, the presence of the antibodies can be 

visualized using confocal microscopy. 

Statistical analyses were used to quantitatively compare the means of two 

or more populations that are unlikely to be due to sampling error or random 

chance. All statistical analyses were performed directly using the statistical 

software GraphPad Prism. To determine if there was a significant 

difference between the mean of two populations, Student’s t test was 

typically used, while Tukey’s multiple comparisons test using one-way 

ANOVA was used to compare the difference between more than two 

populations.  
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4 RESULTS & DISCUSSION 

This thesis is built upon exploiting chemical control over several 

hierarchical levels in biomaterials ranging from polymer synthesis, 

material fabrication, and material functionality to cellular response. The 

overarching goal has been the same throughout the full thesis: to control 

the aforementioned processes through a fundamental understanding of the 

chemistry behind these processes; however these diverse subtopics are 

described chapter by chapter. 

4.1 POLYMER SYNTHESIS 

Microstructural control over polymer synthesis was the first pathway into 

exploiting chemical control in biomaterials. It served as an ideal starting 

point for an organic chemist to approach a macromolecular concept while 

providing interesting results and new informing perspectives on polymer 

synthesis toward biomaterials. 

Given the critical role of degradable polyesters in the biomaterials field, 

the controllable synthesis of polymers with well-defined microstructures 

remains essential. The polymer microstructure directly translates to its 

structure-property relationship such as physichochemical properties, cell-

material interactions, and degradability.34 The development of copolymers 

for use in the biomaterials field therefore requires the ability to control and 

predefine such properties through modulation of the polymerization 

reaction. To increase the hydrophilicity and functionality of PLLA, we 

designed a copolymerization system based on LLA and a previously α-

amino acid-bearing nonhomopolymerizable monomer, DMMD.42–44 Our 

rationale was that both the kinetic and the thermodynamic features of this 
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copolymerization system could be exploited and controlled to produce 

well-defined microstructures. 

The kinetics of the copolymerization system was initially determined for 

some organocatalysts (Table 1, entries 1-2). 1,5,7-triazabicyclo[4.4.0]dec-

5-ene (TBD) and 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU) appeared to 

be prominent catalysts for the conversion of both monomers, although the 

conversion of DMMD was substantially slower than that of LLA. The 

difference in kinetics between DMMD and LLA was expected since 

DMMD had previously shown difficult polymerization ability owing to its 

equilibrium behavior.42–44 However, we hypothesized that we could 

modulate this reactivity difference by changing environmental factors 

within the copolymerization system and therefore determined the reactivity 

in different solvents, at different molar conditions, and at different reaction 

temperatures. 

  

Table 1. Organocatalytic ring-opening copolymerization of LLA and DMMD. 

Table adapted from Paper I.40 
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aCopolymerization was carried out by solubilizing the monomers at 30 °C prior to the 

addition of BnOH as an initiator (I) and subsequent catalyst (C). The data are reported from 

crude aliquots that were terminated by excess (5 equiv. to catalyst) triethylamine (TEA) or 

acetic acid (AcOH) at the indicated time point unless otherwise stated. bTotal initial 

monomer concentration. chours (h). dPercentage of DMMD in the copolymer; eTHF-SEC 

referenced to polystyrene standards. fMn(theory) calculated from the 1H NMR (400 MHz, 

CDCl3); gIsolated samples. n.d. indicates not determined. 

We observed that the polymerization worked well in dichloromethane 

(DCM) but could basically be hampered by switching to the polar solvents 

N-methyl-2-pyrrolidone (NMP) and dimethylacetamide (DMA), likely due 

to inactivation of the catalyst by complexation of solvent molecules57,112 or 

by changes in equilibrium concentration (Figure 7 and Table 1, entries 14-

15).59,60,113 Nonpolar solvents resulted in poor DMMD solubility.  

 

The copolymerization was highly dependent on the starting monomer 

concentration (Table 1, entries 9-12). The kinetics for both monomers were 

slow at an initial monomer concentration [M]0 = 0.5 or 0.25 M, while the 

kinetics were faster at [M]0 = 1.0 and 2.0 M conditions. A thermodynamic 

effect was observed for DMMD, where increased [M]0 led to higher 

equilibrium conversion, while kinetically, this increased [M]0 also led to a 

longer reaction time to reach equilibrium. This consequently led to higher 

dispersity due to the statistical increase in chain-end entanglement at high 

concentrations that facilitates intramolecular associations. Instead, LLA 

Figure 7. The conversion of DMMD and LLA could be hampered when 

copolymerized in polar solvents, such as DMA and NMP, while nonpolar solvents 

led to poor DMMD solubility; b) The equilibrium conversion of DMMD increased 

linearly with increasing [M]0 during copolymerization with LLA; however, it also 

led to higher dispersity. 
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displayed a purely kinetic dependency on the effective concentration 

leading to an increase in the rate of monomer conversion at higher [M]0. 

Thus, although DMMD was consumed substantially faster at [M]0 = 2.0 M 

compared to [M]0 = 1.0 M, the smaller difference in kinetics between LLA 

and DMMD at [M]0 = 1.0 M compared to [M]0 = 2.0 M led to lower 

dispersity and a more controlled system.  

While studying this system, we recognized that the equilibrium behavior 

of DMMD was explicitly difficult to modulate, which led us to further 

elucidate the effect of temperature on monomer equilibrium. For many 

cyclic lactones, such as LLA, both ∆𝐻𝑝 and ∆𝑆𝑝 remain less than zero,45 

meaning that a higher polymerization temperature leads to an increase in 

[M]eq.47 Since ROP is a reversible reaction, a large amount of unreacted 

monomers typically exists at equilibrium, meaning that polymerization 

will only occur if [𝑀]0>[𝑀]𝑒𝑞. Therefore, when [M]eq=[M]0, a 

polymerization–depolymerization equilibrium is established, and above 

this critical temperature, i.e., the ceiling temperature (𝑇𝑐), 

depolymerization is favored. Previous attempts to homopolymerize 

DMMD at high temperatures (>80 °C) have been shown to fail 

completely,42,43 partially attributed to the depolymerization reaction 

suggesting that the critical temperature for polymerization of DMMD was 

lower. 

To elucidate this, we determined the [M]eq of DMMD during 

copolymerization with LLA at various temperatures (Figure 8). 

Interestingly, we observed that [M]eq increased with decreasing 

temperature, and the resulting change in ∆𝐻𝑝 and ∆𝑆𝑝 of DMMD in this 

particular copolymerization system remained greater than zero. If 

determined in a homopolymerization reaction, this would indicate a floor 

temperature (𝑇𝑓), and below this critical temperature polymerization is 

thermodynamically forbidden.47 The rate constant of all the elementary 

reactions in any given ROP reaction will determine the kinetic 

polymerizability and ultimately the final copolymer microstructure.114 

However, inclusion of another comonomer extends this to a complex 

multitude of reaction possibilities. Treating the reaction as a binary 
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copolymerization, can simplify the reaction into two homopropagations 

and two crosspropagations (and respective depropagations). If the 

activation energies of these four elementary reactions are equal, a perfectly 

random copolymer will be created. Instead, if the activation energy is 

modulated so that one of the monomers has a low activation energy while 

the other monomer has a high activation energy, a main polymer chain with 

isolated inclusion of a comonomer could be created. In thermodynamic 

terms, this is reflected in a system where the polymerization equilibrium is 

close to the  𝑇𝑐 of the main monomer and the 𝑇𝑓 of the comonomer. Our 

results revealed that in this particular copolymerization system, DMMD 

behaved as an unstrained monomer, requiring a temperature increase for 

the polymerization to take place. These results are fascinating and 

demonstrate the power of forcing a monomer to ring-open through the use 

of a comonomer more prone to polymerize under those selected conditions. 

 

Figure 8. Polymerization thermodynamics for DMMD (▲) during 

copolymerization with LLA and the corresponding DMMD equilibrium 

concentration [DMMD]eq (■) at various temperatures. From this, thermodynamic 

data could be obtained. The reversibility of ROP generally results in a large 

number of unreacted monomers at equilibrium [𝑀]𝑒𝑞, meaning that polymerization 

will only occur if [𝑀]0>[𝑀]𝑒𝑞. Dainton-Irvin’s equation47 suggests that at 𝑇𝑐 or 𝑇𝑓, 

[𝑀]𝑒𝑞=[𝑀]0. Plotting 𝑙𝑛[𝑀]𝑒𝑞 over 1 𝑇ൗ  gives access to ∆𝑆𝑝 (intercept) and ∆𝐻𝑝 (slope) 

by the linear relationship. The ceiling temperature, Tc, or floor temperature Tf, is 

then given by the ratio 
∆𝐻𝑝

∆𝑆𝑝
൘ . Figure adapted with permission from Paper I.40 
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Compared to previous studies, where DMMD has been shown to not be 

polymerizable,42,43 our results showed that by elucidating the chemical 

reactivity of the monomer itself and the kinetics and thermodynamics 

governing the copolymerization system, we were able to control the 

reactivity of DMMD to afford copolymers with predictable molar mass, 

low dispersities, and well-defined sequences as determined through 1H and 
13C NMR (Table 1, entries 4-6). Furthermore, the insights gained from 

these experiments allowed us to propose a mechanism of operation, giving 

more insights into this type of system (Scheme 8).  

 

Scheme 8. Proposed mechanism of operation during the TBD-catalyzed 

copolymerization of LLA and DMMD. Step 1–2: initiation and ring-opening of 

LLA occurs faster than the ring-opening of DMMD. Step 3–4: once the ring-

opening of DMMD occurs, it is rapidly end-capped by another LLA monomer, 

suggesting a kinetically controlled mechanism. Step 5–6: The slower kinetics of 

DMMD and reluctance to homopropagate leads to paralyzed chain ends at 

prolonged reaction time, eventually leading to transesterification and/or 

redistribution between polymer chain ends, ultimately increasing the randomness 

in the copolymer. 
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Overcoming kinetic and thermodynamic challenges through a fundamental 

understanding of the chemistry governing these processes allowed us to 

modulate these processes and produce well-defined microstructures of a 

copolymer microstructures with relevance in the biomaterials field. In 

regard to DMMD-type monomers and their polymerization, elegant 

improvements have recently been made to prepare them as well-defined 

structures. Of particular note are the cocatalytic systems employing the 

dual catalysts thiourea/DBU. These systems have shown excellent 

selectivity, leading to high conversions while maintaining high 

microstructural control for a broad substrate scope.113,115,116 Despite that, 

the work presented in this thesis is the only one to demonstrate the 

successful ROP of a monomer hitherto regarded as nonpolymerizable. The 

appreciation of degradable polymers beyond polyesters has recently 

spawned, partially due to the improved synthetic methods developed 

recently, illustrating the importance of fundamental understanding to 

create advanced biomaterials.37 

Biomaterials based on α-amino acids, such as DMMD, have shown great 

promise for various applications, owing to the desirable combination of 

hydrolyzable ester-junctions and enhanced hydrophilicity and cell-

interaction abilities governed by the peptidomimetic moieties.117 Some of 

the most recent include gene carriers, nanoparticles or scaffolds showing 

potential for improved endothelialization,118–120 as well as 

immunomodulation and wound healing.121 The incorporation of DMMD-

type structures into a polylactide chain has previously been shown to 

increase the hydrophilicity of the material, thereby reducing its 

crystallinity and increasing its degradation rate compared to PLLA, 

making it an attractive target copolymer for the biomaterials field.120,122 

Additionally, enhanced mass loss during degradation has been observed 

when DMMD-type structures have been introduced into polyesters.119 

Furthermore, the degradation of DMMD-type copolymers generates lactic 

acid and α-amino acids as degradation products, further demonstrating 

their potential.118 Taken together, these examples illustrate the wide utility 

of this type of monomer and further manifest the importance of advancing 

the polymerization of this type of monomer, as described here. 
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4.2 MATERIAL FABRICATION 

In the second part of this thesis, focus was shifted toward the 

macromolecular environment surrounding biomaterials. This development 

started during the same time as the first part of the thesis and was a great 

complement with more focus on material control and how to advance a 

material postprocessing without affecting the polymer properties. 

Although polyester-based materials are ideal for certain biomedical 

applications, their hydrophobic nature limits their cell-interaction abilities. 

Surface functionalization by eroding the material or prefunctionalizing the 

polymers are therefore frequently used: however, this often affect the 

material properties. Recent research in the Finne-Wistrand lab was 

underway demonstrating how polyesters could be 3D printed without 

affecting their molar mass or crystallinity during the processing period;123 

hence, a natural complimentary approach to functionalizing polymers was 

to enable a completely orthogonal method that would not affect the 

polymer properties. We therefore envisaged combining the cell-instructive 

properties of hyaluronan hydrogels with the structural integrity of 

PLATMC-based scaffolds by exploiting bioorthogonal chemistries. 

Guided by the importance of material degradability, we further elucidated 

the in vivo degradation of PLATMC fabricated through two different 

processing methods. 

Initial exploration of the optimal crosslinking chemistries allowed us to 

create hybrid hydrogel scaffolds at 37 °C (Figure 9). The resultant 

transparent gels showed minimal swelling (+11.9± 4.1% over the initial 24 

h when fabricated as hydrogel scaffolds) and remained stable over at least 

7 days in PBS (<4% of weight change) (Figure 9b-c). The final gel 

exhibited an elastic storage modulus of 3.03± 0.37 kPa (Figure 9d), which 

can be considered a relatively low and desirable feature, as our intention 

was to provide a local protective but soft microenvironment for the cells to 

spread within the PLATMC strand compartments. Furthermore, a crude 

estimation of the gel porosity was determined by calculating the mesh size 

of the gel, i.e., the distance between two entanglement points (11.26± 0.42 

nm).75 Although swelling as well as macroscopic inhomogeneities would 

increase the effective mesh size, the obtained value is consistent with other 
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hydrogels shown to promote diffusion of nutrients and growth factors 

while preventing nonspecific accumulation of macromolecules within the 

netowrk.75 

  

Taking into consideration the possibility of reducing the diffusion capacity 

within the scaffold upon formation of the hydrogel around and within the 

scaffold, the in vivo degradation study was centered on scaffolds with and 

without hydrogel and scaffolds fabricated from salt-particulate leaching or 

extrusion-based 3D printing (Figure 10). Additionally, scaffolds coated 

with hyaluronan were used as controls. In all cases, differences between 

the scaffold, hydrogel scaffolds and coated scaffolds were compared when 

cells were preseeded on top of the scaffolds. 

 

Figure 9. a) Schematic overview of the biorthogonal cycloaddition of BM(PEG)2 

and HAf around the PLATMC scaffolds; b-c) Swelling and stability studies of the 

hydrogel (HAf/PEG) or hydrogel scaffold over 24 h and over 7 days. The 

preformed hydrogel or hydrogel scaffold was incubated with PBS and the weight 

change was monitored over time; d) Representative frequency sweep of the 

hydrogel demonstrating its viscoelastic behavior. Figure adapted from Paper II. 
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The in vivo degradation study revealed that the hydrogel did not affect 

PLATMC degradability, regardless of the scaffold fabrication method, 

Figure 10. Changes in molar mass (Mn) of PLATMC in printed or salt-leached 

scaffolds during the in vivo degradation period (n=2). a) Schematic representation 

of hydrogel scaffold fabrication from either salt-leached or printed PLATMC-

based scaffolds, and when applicable subsequent preseeding of HBMSCs prior to 

subcutaneous implantation. Scaffolds and HA coated scaffolds were used as 

control groups; b) Evolution in Mn over time for PLATMC in the printed and c) 

salt-leached scaffolds. Hybrid hydrogel scaffolds refer to HA hydrogel+PLATMC 

scaffolds, and coated scaffolds refer to HA-coated scaffolds. Dashed lines 

represent the initial Mn after scaffold fabrication; d) Degradation kinetics for 

PLATMC in the printed (red) and salt-leached (blue) scaffolds. Mn was normalized 

to Day 0 (postprocessing). Values were obtained from the PLATMC scaffold only. 

Figure adapted from Paper II. 
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illustrating the benefit of using this type of functionalization method 

(Figure 10b-c). No difference in molar mass changes was observed for the 

hyaluronan-coated scaffolds, and no changes were observed when cells 

were preseeded within the scaffolds. However, the scaffold processing 

method substantially affected the degradation behavior of PLATMC. Both 

the scaffold fabricated through salt-leaching and through 3D printing 

exhibited polymers undergoing random chain scission, and a restricted 

diffusion capacity around the scaffolds was revealed by the bimodal nature 

of the polymer populations. Surprisingly, a linear decrease in Mn over time 

was observed for PLATMC in the salt-leached scaffold, while PLATMC 

in the printed scaffold had an initial accelerated reduction in Mn (Figure 

10d). The cause for this was attributed to two features originating from the 

fabrication methods: the molar mass postprocessing and architectural 

features of the scaffolds. 

After fabrication, the molar mass of PLATMC in the printed scaffold was 

62 kg mol-1 compared to 128 kg mol-1 for PLATMC in the salt-leached 

scaffold, demonstrating a substantial difference in the initial molar mass of 

the polymers during the in vivo study and is in agreement with previous 

literature on how extrusion-based 3D printing affects the molar mass of 

PLATMC.123 This also meant that the presence of acidic chain-ends in the 

printed scaffold was substantially higher than that in the salt-leached 

scaffold on Day 0. Consequently, autocatalytic degradation kinetics were 

pronounced for the PLATMC in the printed scaffold with an offset kinetic 

so that an apparent immediate accelerated reduction in molar mass was 

observed due to the substantial presence of acidic chain ends (Figure 10d-

e). Instead, a linear decrease in the molar mass of PLATMC in the salt-

leached scaffold resulted in an apparent noncatalytic chain scission,76,124 in 

contrast to the behavior of many other polyester-based scaffolds. This was 

attributed to the reduced water uptake ability of salt-leached scaffolds 

originating from the complex pore interconnectivity and small gap size 

within the scaffold (Figure 5 and S10-12 in appended Paper II). Although 

salt-leached scaffolds have interconnected pores with ≈92% porosity while 

the porosity in 3D printed scaffolds is ≈49%,86,125  the smaller gap size and 
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more complex pore interconnectivity of salt-leached scaffolds caused slow 

ingress of water, which increased the amount of surface to bulk erosion. 

The thermal properties of the polymers over degradation time varied little 

(Tg, Tm, and temperature at which 5% weight loss occurred (T5%)) and when 

deviations were observed, this was consistent with the decrease in the 

molar mass of the polymers (Table 2). The largest, albeit small, decrease 

was observed in Tg over time and was especially pronounced for the 

polymer in the printed scaffold (having the largest molar mass decrease). 

This is because shorter chains and facile chain ends enhance the diffusion 

of water into the scaffolds, increasing chain mobility which lowers the 

value of Tg.79,80 

Values were obtained from TGA, DSC, 1H and 13C NMR analysis after scaffold 

explantation on Days 4, 56, and 180. The crystallization point temperature (Tc), melting 

peak temperature (Tm), enthalpy of fusion (ΔHm) and cold crystallization (ΔHc) were derived 

from the first heating run. The degree of crystallinity (Xc) was calculated assuming ΔHm°= 

93.0 J g-1 for 100% crystalline PLLA.126 Temperature at which 5% mass loss was observed 

(T5%). Prior to scaffold fabrication, PLATMC was semicrystalline with a Tg of 32 °C, a Tm 

of 158 °C, and an Xc of 20 %. The lactide chain length (LLA) was 2.2, the trimethylene 

carbonate chain length (LTMC) was 1.7, and the monomer composition was 61/49 

LLA/TMC. 

Changes in monomer composition were consistent with the thermal 

changes (Table 2). A short LLA block length was determined in all cases, 

confirming the low degree of crystallinity observed. The highest increase 

in LLA content was observed over time for the polymer in the printed 

scaffold, which did not maintain TTT triad sequences compared to the 

polymer in the salt-leached scaffolds. More ester bonds were hydrolyzed 

than carbonate bonds in both scaffold types. This, together with the short 

Table 2. Thermal properties, chain lengths as well as monomer composition of 

PLATMC during the in vivo degradation study. Table adapted from Paper II. 
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LLA block length, supports the low crystallinity observed for both scaffolds 

throughout the degradation period, and the fact that Tg remained below 

body temperature suggests that the scaffolds remained flexible and 

adaptable.  

Combining two chemically and physically different polymers allowed us 

to fabricate a hybrid material with elastic “local” and cell-instructive 

hydrogel compartments within a structurally defined PLATMC scaffold. 

This was achieved by exploiting chemical control in the system through 

bioorthogonal Diels–Alder cycloaddition. The controllable fabrication 

resulted in a concurrent combination of materials that did not adversely 

affect the PLATMC properties, while long-term degradability was 

maintained over 180 days in vivo. The combination of two distinctly 

different polymers to create hybrid devices has recently demonstrated their 

potential, such as enhanced attributes for bone marrow organoids and 

improved delivery of biochemical cues for osteogenesis.127,128 Adding to 

this plethora of viable biomaterials, this part of the thesis was the first to 

describe a hybrid material based on semicrystalline PLATMC-based 

scaffolds and hyaluronan hydrogels. Recently, one of the very first 3D 

printed polyester-based (poly(ε-caprolactone)) implants for breast tissue 

reconstruction reached the stage of human clinical trials.129 However, upon 

implantation of the scaffold, autologous adipose tissue must be injected 

into the scaffold to match the properties of the soft tissue. This step imposes 

additional surgery and requires autologous transplantation. Incorporating 

hydrogels into scaffolds could potentially circumvent this additional 

requirement. Additionally, this part of the thesis was the first example of 

detailed understanding in the degradation of scaffolds fabricated from 

semicrystalline PLATMC comparing 3D printing and salt-particulate 

leaching. As polymer degradation behavior has become increasingly 

appreciated in the scientific community as a critical point in the 

development of biomaterials, these results highlight the ultimate effect of 

the scaffold fabrication method, a property often overlooked.  
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4.3 MATERIAL FUNCTIONALITY 

In the last two parts of the thesis, focus was shifted toward an additional 

important feature: exploiting the control over surface-functionality of the 

material through modulation of light-directed chemistry. Although 

chemical control over polymer and material properties was exploited 

throughout the first two projects, an eagerness to control the chemistry of 

a material with even higher precision and selectivity was lingering. Light 

is unique in that it is an external stimulus offering outstanding 

spatiotemporal control. It is orthogonal toward light-insensitive chemical 

transformations, and it can be used in the presence of cells if properly 

controlled.96,130 

Specifically in this part of the thesis, a platform for the photopatterning of 

proteins on hydrogels was established and labile bond chemistry was 

exploited for their sequential release. Two photolabile compounds were 

developed that, upon photocleavage, liberated the photoprotecting group, 

leaving an amine or hydroxylamine reactive handle on the hydrogel that 

orthogonally reacted with a modified protein of choice (Scheme 9). 

Employing the amine and hydroxylamine handles with intrinsically 

different reactivity (forming imine and oxime bonds), we envisaged that 

the release of the protein could be modulated to a variety of release rates. 

Scheme 9. Schematic overview of the two designed and synthesized photolabile 

groups that were used to cage amine and hydroxylamine reactive functional 

groups. Upon photoliberation, the liberated amine and hydroxylamine could react 

orthogonally with an aldehyde-tagged model protein. Figure adapted from Paper 

III. 
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As a first step toward creating on-demand predictable photoresponsive 

hydrogels, the photophysical properties and photouncaging efficiencies of 

the synthesized new photolabile groups DEACM-N and DEACM-ON 

were determined. The absorption maxima of both phototriggers were 

slightly redshifted and their attenuation coefficients were lower than that 

of DEACM-OH (Figure 11).  The attenuation coefficient for DEACM-N, 

appearing as a bright orange-brown compound, was substantially higher 

than that for DEACM-ON, appearing as a bright yellow compound. 

  

Figure 11. Photophysical properties of the synthesized DEAM-N and DEACM-

ON as well as photouncaging efficiencies obtained from in-solution experiments. 

a) Schematic representation of photocleavage; b) The compounds were dissolved 

in MeCN-d3/D2O (9/1 v/v) at 1 mM, irradiated (λex365 nm, 600 mW cm-2) for 0-

100 sec and the photouncaging efficiencies determined from 1H NMR; c) 

Photophysical properties were determined in-solution using MeCN-d3/D2O (9/1 

v/v). Figure adapted from Paper III. 
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Both phototriggers exhibited a linear decrease in photouncaging 

efficiencies following first-order reaction kinetics over 0-100 sec upon 

irradiation at λex365 nm with a light intensity of 600 mW cm-2 (Figure 11). 

It should be noted that lower light intensities were also determined to 

demonstrate the photouncaging efficiency at more cytocompatible doses 

(λex365 nm 0.8 mW cm-2). DEACM-ON was photodissociated four times 

faster than DEACM-N, which can be attributed to the relative basicity of 

hydroxylamines compared to amines. Hydroxylamines are weaker bases 

than amines (Me-O-NH3+ pKa ≈5;131 Me-NH3+ pKa ≈10) rendering them 

better leaving groups in this type of reaction. 

The photolabile groups were then grafted onto HAmf, which was validated 

by 1H NMR and quantified using the absorbance of the respective 

phototriggers. Photophysical properties similar to those of the parent 

small-molecule phototriggers were obtained, and the photolabile HAmf 

remained photoactive over 2 weeks under dark conditions, as validated by 

its absorption properties.  

Photoresponsive hydrogels were formulated through Diels–Alder 

cycloaddition between the electron rich methylfuran diene on HAmf and the 

electron deficient maleimide dienophile on BM(PEG)2. Dose dependency 

is a crucial aspect when designing predictable photoresponsive hydrogels, 

as it enables photopatterning of biochemical cues solely depending on the 

external stimuli of irradiation time or irradiation intensity. Additionally, 

this type of dependency lays the foundation for creating gradient networks, 

which are important for replicating heterogeneous native tissue. Therefore, 

the one-photon uncaging efficiencies of the hydrogels were modulated 

thoroughly upon irradiation at λex365 nm with varying intensities (60-600 

mW cm-2) and times (30-300 sec) (Figure 12). As the DEACMs exhibited 

high fluorescence emission, the fluorescence maxima of each individual 

DEACM were used to indirectly measure the photouncaging efficiencies. 
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Figure 12. a) Schematic representation of the photouncaging of DEACMs when 

incorporated into the HAmf hydrogel. b) Schematic representation of the amide 

bond formation between the photoliberated free amino group on the HAmf hydrogel 

and the NHS-modified fluorophore; c) Photouncaging of DEACM-N 

functionalized HAmf hydrogels upon irradiation (λex365 nm, 600 mW cm-2) for 30, 

60, 150, and 300 sec. The initial fluorescence prior to irradiation was compared to 

the final fluorescence after irradiation and normalized to HAmf, which used as a 

negative control. A significant drop in fluorescence was apparent for all irradiated 

hydrogels; d) Photouncaging of DEACM-N functionalized HAmf hydrogels upon 
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irradiation (λex365 nm, 60-300 sec) using 60 or 600 mW cm-2. The initial 

fluorescence prior to irradiation was compared to the final fluorescence and 

expressed as the remaining fluorescence (%) after irradiation normalized to HAmf, 

which was used as a negative control. A linear dose-dependency was observed in 

both cases; e) Upon photoliberation of the amino groups after photouncaging of 

DEACM-N functionalized HAmf hydrogels, amide-bond formation was performed 

by the addition of AF488-NHS, and the subsequent fluorescence intensity was 

determined; f) Photouncaging of DEACM-ON-functionalized HAmf hydrogels 

upon irradiation (λex365 nm, 600 mW cm-2) for 60, 150, and 300 sec. The initial 

fluorescence prior to irradiation was compared to the final fluorescence after 

irradiation and normalized to HAmf, which was used as a negative control. A 

significant drop in fluorescence was apparent for the irradiated hydrogels at 150 

and 300 sec. For all experiments; n=3, one-way ANOVA, Tukey’s post hoc test 

(n.s. nonsignificant; * p<0.05; ** p<0.01; *** p<0.001; **** p<0.0001). Figure 

adapted from Paper III. 

Using DEACM-N grafted onto HAmf, we initially assessed the time-

dependency of the photouncaging efficiency (Figure 12a and c). Directly 

upon irradiation at 0-300 sec (λex365 nm, 600 mW cm-2), an accumulation 

of released DEACM-OH was obtained, and higher concentrations were 

observed when irradiation was performed for longer times, as expected. 

Upon subsequent washes, DEACM-OH could be completely removed 

from the hydrogel, and the fluorescence intensity of the remaining 

DEACM-N was used to determine the extent of uncaging efficiencies. 

HAmf was used as a negative control. A significant reduction in the 

fluorescence intensity compared to HAmf was observed even after 

irradiation was performed for 30 sec, and the longer the irradiation times 

was, the higher the reduction in fluorescence intensity was observed.  

Next, we demonstrated the applicability of the confirmed photoresponsive 

hydrogel at lower irradiation doses, and therefore, we compared the 

photouncaging efficiencies upon irradiation at 60-300 sec varying the 

irradiation intensity between 60 and 600 mW cm-2 (Figure 12d). A linear 

decrease in fluorescence was observed as the irradiation time increased in 

both cases, and the slope of the linear regression coefficient was equal in 

both cases. These results not only confirmed the ability to create 

photoresponsive hydrogels but also that they followed a dose-dependent 

relationship, meaning that photouncaging could be exclusively controlled 

by varying either the irradiation time or intensity. 
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The photouncaging of DEACM-N from the HAmf hydrogel liberates free 

amino groups. To ensure that the liberated amino groups could participate 

in subsequent ligation with a model protein, we initially used AF488-NHS, 

that upon conjugation forms stable amide bonds (Figure 12b). The 

conjugation of AF488-NHS to the liberated amino groups was performed 

after hydrogel irradiation for 30, 60, and 150 sec (λex365 nm, 600 mW cm-

2). After extensive washing, the fluorescence properties of AF488 were 

used to compare the ability to incorporate molecular cues onto the liberated 

amino groups, demonstrating a significant increase in fluorescence when 

conjugation had been performed to the preirradiated hydrogel at 60 or 160 

sec (Figure 12e). These results further confirmed the ability to irradiate the 

gels in a dose-dependent manner and that this subsequently led to 

conjugation of the amino groups in a dose-dependent manner when 

irradiation was performed for more than 30 sec. 

Having established a reliable workflow of the light guided DEACM-N-

based hydrogels, the one-photon photouncaging efficiencies for DEACM-

ON grafted onto the HAmf hydrogel were determined (Figure 12f) in the 

same manner as for DEACM-N. A significant reduction in fluorescence 

intensity compared to HAmf was observed after irradiation was performed 

for a minimum of 150 sec, and as expected the longer the irradiation times 

were, the higher the reduction in fluorescence intensity was observed.  

Interestingly, we observed complete differences between the relative 

fluorescence properties of DEACM-N and DEACM-ON in-solution 

compared to on-material as well as the in-solution relative kinetics of 

DEACM-N and DEACM-ON compared to that when incorporated into the 

hydrogels. First, the absorbance and fluorescence intensity of DEACM-N 

were substantially higher than those of DEACM-ON in-solution; however, 

the inverse relationship was observed on-material. Additionally, the 

reduction in fluorescence upon photoirradiation (λex365 nm, 600 mW cm-

2) was substantially higher for the hydrogel bearing DEACM-N compared 

to the hydrogel bearing DEACM-ON, while the photodissociation of 

DEACM-N in-solution was substantially slower than that of DEACM-ON. 
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Having validated the potential of the light-guided hydrogels displaying a 

dose-dependent photoirradiation manner and subsequent conjugation, an 

important aspect when fabricating on-demand materials and gradient 

hydrogels to replicate heterogeneous tissue, we exploited the ability to 

release a model protein from the preirradiated HAmf hydrogels using imine 

and oxime chemistry. HAmf bearing DEACM-N or DEACM-ON was 

photoirradiated (λex365 nm, 600 mW cm-2) for 600 sec to ensure complete 

removal of the phototriggers. Aldehyde- and fluorophore-tagged BSA 

(BSA-AF488-CHO) was subsequently incorporated, and the release of the 

protein over time was demonstrated at pH 4.5, pH 7, and pH 10 (Figure 

13). A reduction in normalized absorbance over time was observed for the 

imine-bound BSA-AF488 regardless of pH value, while the normalized 

absorbance of the oxime-bound BSA-AF488 remained steady over 12 days 

(Figure 13b). The final normalized absorbance over the last three 

timepoints was used to compare the presence of BSA-AF488 between the 

different hydrogels. No significant differences were observed between the 

imine-bound protein at pH 7.0 or pH 10.0 compared to HAmf, suggesting 

that no protein remained within the hydrogel at this timepoint. Instead, 

significant differences were found both for the oxime-bound protein but 

also imine-bound protein at pH 4.5 compared to HAmf, suggesting that the 

protein indeed remained within the hydrogel for this period of time. This 

indicates the respective stability of the protein-hydrogel bonds and reflects 

the ability to control the hydrolytic degradability by tuning the type of bond 

used, or the pH. 
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The development of photopatterning techniques has rapidly grown in 

recent years, although there has been a lack of phototriggers able to liberate 

a functional handle that enables hydrolytic degradability of subsequent 

conjugated protein. Prior to our work, no coumarin-protected 

hydroxylamine motifs have been described, and only a few photolabile 

hydroxylamines have been communicated.132,133 Furthermore, the concept 

of using phototriggered moieties with the potential to be used as dynamic 

covalent constructs to sequentially release proteins has not been realized. 

Compared to photodegradation or reductive release, this part of the thesis 

showed a completely new way of incorporating and releasing proteins 

through hydrolytically more or less stable bonds. This work adds to the 

Figure 13. a) Aldehyde- and fluorophore-tagged BSA was conjugated to the 

amine- or hydroxylamine-reactive preirradiated DEACM-N- and DEACM-ON-

functionalized HAmf hydrogels and the release was exploited over time using 

different pH values; b) The absorbance of AF488 was monitored over time and 

normalized to Day 0. Dashed line represents the absorbance of HAmf, which was 

used as a negative control; c) The three last timepoints of the release were averaged 

and the statistical significances were compared between the groups. The 

normalized absorbance of oxime-bound and imine-bound (pH 4.5) protein were 

statistically different to HAmf, which was used as negative control, suggesting that 

the protein remained present within the hydrogel over this period. (n= 3; one-way 

ANOVA, Tukey’s post hoc test, * p<0.05; ** p<0.01; *** p<0.001; **** 

p<0.0001). Figure adapted from Paper III. 
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forefront of phototriggers with utility in biomaterials science and it further 

gives correlations in the translation between in-solution and on-hydrogel 

experiments, details that most often are overlooked. 

4.4 CELLULAR RESPONSE 

In the last part of this thesis, the ability to affect cell fate through light-

directed chemical control was exploited. The ultimate fate of a biomaterial 

is determined by its final biological response. The ability to specifically 

direct cell function is one of the most ideal ways to demonstrate chemical 

control and its potential. Specifically, protein activation was controlled to 

directly determine cell fate through a caging and uncaging mechanism.  

This method relied on the installation of a phototrigger onto Jag1 through 

N-acylation of its lysine residues, resulting in Jag1-oNB-biotin with 31% 

modifications corresponding to 20 of its residues (Figure 14a and c). 

Validation of photolinker removal was performed by exposing Jag1-oNB-

biotin to UV‒Vis light, which led to a significant reduction in the number 

of biotins per Jag1, confirming adequate photolytic release. Caging of Jag1 

was performed using streptavidin binding to biotin on the phototrigger 

(Figure 14b and d-e). This was confirmed using fluorescently labeled 

streptavidin, and temporal control could be demonstrated by irradiating 

Jag1-oNB-biotin-StrepAF647 and subsequently removing the fluorophore. 

A statistical difference between preirradiated and irradiated Jag1 was 

observed, demonstrating that the caging and uncaging mechanism of the 

protein was feasible. 
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adapted with permission from Paper IV.134 

 

Chemical modification of proteins may lead to impeding protein function. 

To assess whether the protein bioactivity of Jag1 was maintained following 

modification and photoirradiation, photoactivatable hydrogels were 

formulated and cultured together with Notch2-CHO-K1 cells (Figure 15). 

The hydrogel was formulated through Diels–Alder cycloaddition between 

the methylfuran on HAmf and the maleimide moieties on BM(PEG)2. 

Protein G was conjugated to the surface of the gel through latent 

maleimides on Protein G and the remaining unreacted methylfurans on the 

HAmf hydrogel. Jag1 was modified with the phototrigger, and streptavidin 

was added to block the protein activity. 

 

Figure 14. a) Schematic overview of the biotinylation of Jag1 through acylation of 

its latent amino groups; b) Schematic overview of the streptavidin uncaging of Jag1 

through light exposure; c) Quantification of the amount of biotin per Jag1 

demonstrating a significant reduction in biotin upon photoirradiation; d) Caging of 

Jag1 through the binding of streptavidin to Jag1-oNB-biotin and subsequent 

photoirradiation demonstrating a significant reduction in fluorescence intensity on 

Protein G-coated well-plates. (n=3, Student’s t test and one-way ANOVA, Tukey’s 

post hoc test, * p<0.05; ** p<0.01; *** p<0.001; **** p<0.0001). Figure  
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Figure 15. a) Schematic overview of the photocaging-uncaging scheme to control 

both spatial and temporal presentation of Jag1; b) Caged Jag1 on hydrogels were 

cultured with Notch2-CHO-K1, demonstrating low intensity of the Notch2 signal 

compared to when Jag1 was uncaged. The caging and uncaging were quantified 

by comparing the number of Notch2-activated cells at different time points, 

showing statistical significance between caged and uncaged Jag1 gels; c) Spatial 

control over Jag1 presentation was achieved using mask-based photoirradiation 

and fluorescently bound streptavidin. The photomask contained 100 µm black 

lines and 300 µm spacing. The bright red lines indicate caged Jag1, and darker 

areas indicate uncaged Jag1. (n=3, Student’s t test, * p < 0.05; ** p < 0.01). Figure 

adapted with permission from Paper IV.134 
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Notch2-CHO-K1 cells were then seeded on top of the gels, and the 

fluorescence was compared between irradiated and nonirradiated 

hydrogels (Figure 15b). Significantly more fluorescence was observed 

when Notch2-CHO-K1 cells were cultured on uncaged hydrogels 

compared to that of the caged hydrogels, confirming that the protein 

bioactivity could indeed be retained and thereby that the engineered 

hydrogel system developed could selectively be used to turn the Notch2 

signaling either OFF or ON. Additionally, photoirradiation was performed 

after one day of incubation and the fluorescence was significantly 

enhanced after three days as compared to the nonirradiated hydrogels. This 

demonstrates how temporal control could be exploited to control the 

bioactivity of Jag1. 

Spatial control was also demonstrated using fluorescently labeled 

streptavidin and photomask based irradiation (Figure 15c). Hydrogels were 

fabricated in the same manner as described, and photoirradiation on top of 

a 100 µm black line mask was performed. After extensive washing of the 

gels, the fluorescence of streptavidin was apparent in approximately 90 µm 

band widths while the fluorescence was substantially lower within the rest 

of the gel, confirming the ability to control the caging in a spatial manner. 

To demonstrate the wide utility of this methodology, another Notch2-

ligand, DLL-4 was further caged and uncaged using the same setup as for 

Jag1. Similar to Jag1, Notch2-activation was significantly higher when 

DLL-4 was uncaged than when it was caged and similar levels of Notch2 

activation was observed compared to DLL-4-conjugated hydrogels (Figure 

16). This effect was apparent even after four days, demonstrating the 

ability to cage Notch2-ligands for an extended period of time without 

diminishing the caging effect.  
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Finally, the ability to modulate cell fate was exploited through control over 

the temporally triggered Notch2 signaling. Hepatoblasts were seeded on 

caged Jag1 hydrogels (Jag1 OFF) or on uncaged Jag1 hydrogels (Jag1 ON) 

and cultured over 5 days (Figure 17). To assess gene expression, qPCR was 

used, and immunostaining was used to detect protein expression. 

Significant upregulation of Sox9, CK7, CK19, and CFTR was detected on 

hydrogels that had been uncaged compared to the hydrogels that remained 

caged (Figure 17a). Furthermore, immunostaining showed no expression 

of Sox9 on caged Jag1 gels, comparable to the negative control group. 

However, in uncaged Jag1 gels, Sox9 expression was present at levels 

similar to those in the positive control group. These results demonstrated 

the ability to completely inhibit Notch2 signaling for as long as 5 days and 

Figure 16. Notch2 activation by DLL-4 upon uncaging displayed temporal control 

similar to Jag1. (n=3, Student’s t test, * p < 0.05; ** p < 0.01; ∗∗∗p < 0.001). 

Figure adapted with permission from Paper IV.134 
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that the signaling pathway could be reactivated following uncaging of 

Jag1. 

  

Figure 17. Control of hepatoblast differentiation into cholangiocytes through 

photoactivatable Jag1 on hydrogels. Significantly greater cholangiocyte 

expression was demonstrated when hepatoblasts were cultured on uncaged Jag1 

gels compared to caged Jag1 gels, which was determined by a) qPCR and b) 

immunostaining. (n = 3, Student’s t test, * p < 0.05; ** p < 0.01; *** p < 0.001). 

Figure adapted with permission from Paper IV.134 
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The ability to control cell fate through photoactivatable reactions has 

shown great impact in recent years. This part of the thesis was the first to 

demonstrate the controllable caging and uncaging of a cell membrane-

bound protein relevant for liver diseases. The results in this part of the 

thesis not only demonstrate that Notch2 signaling could be completely 

suppressed and then activated but also prove that this system can be used 

to precisely control biological processes in both time and space. Previous 

work on controlling Notch2 signaling for the differentiation of hepatoblasts 

to cholangiocytes has relied on the addition of a feeder layer,135 which is a 

poorly defined constituent hampering its development. Furthermore, such 

a feeder layer does not recapitulate the spatiotemporal control achieved in 

this part of the thesis. 

 

~ 

 

Perspectives were changed throughout this journey. From initially 

believing that solving biomaterials problems meant merging chemistry and 

biology into a less exploited but more widely covered context to realizing 

that the lack of fundamental understanding leads to failed innovation. As a 

personal reflection on a chemist’s role in a biomaterials field, there is a 

necessity for a fundamental understanding of biological contexts, but the 

key to solving important biological problems with chemical and material 

tools relies on truly engaging and explicit communication between 

chemists and biologists exhibiting deep and true understanding and control 

over the fundamentals governing these processes. 
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5 CONCLUSIONS 

Overall, this thesis has shown the importance of being able to control and 

understand the chemistry of a material to synthesize, fabricate, degrade, 

and use polymers or materials important for the biomedical field. This has 

been realized through fundamental curiosity and eagerness to explain and 

define chemical transformations within a larger context, combined with 

collaborative efforts between chemists and bio(techno)logists. 

Degradable copolyesters are crucial for biomedical applications. Widening 

the plethora of available copolyesters that can be produced in a well-

defined and predictable way is therefore of importance. In the first part of 

this thesis, we showed that understanding the fundamental kinetic and 

thermodynamic processes governing the copolymerization reaction of two 

monomers with distinctly different polymerization behavior is crucial for 

its realization. Governed by these results, we prepared the copolymer in a 

well-defined, sequence-controlled, and predictable manner. The nature of 

the copolymer is an interesting target for the biomedical field and, 

therefore, has the potential to aid in the development of future biomedical 

applications. Furthermore, the thermodynamic and kinetic considerations 

and dependencies presented herein may inspire other polymer chemists to 

advance copolymerization reactions with these concepts in mind. 

Degradable polyester-based scaffolds have been widely used as 

biomaterials, partially due to their long-term degradability. However, they 

lack cell-anchoring properties. Hydrogels based on hyaluronan are instead 

widely used as cell-instructive platforms; however, they are degraded 

rapidly in biological systems. In the second part of this thesis, we merged 

these two concepts into a hybrid material based on HA hydrogels and 

polyester scaffolds. We demonstrated that the methodology did not alter 
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the physicochemical properties of the polyesters or the degradability of the 

scaffolds regardless of the degradation mode. The hybrid scaffold is 

relevant for the biomedical field, as it is composed of medical grade 

polyester and a commercially available hydrogel component. Furthermore, 

the critical insights on copolymer degradability originating from its 

processing methodology should enlighten others in the same field to adopt 

an understanding of its crucial impact on degradability. 

Controlling protein presentation in time and space is crucial when 

designing biomaterials able to replicate their native biological function. In 

the third part of this thesis, a platform for photopatterning molecular cues 

on hydrogels was established, and labile bond chemistries were exploited 

for their sequential release. The photolabile groups could be incorporated 

into 3D polymer networks resulting in light-guided hydrogels that could be 

irradiated with UV‒Vis light in a dose-dependent manner. This enabled the 

incorporation of a model protein, and release from the hydrogel was 

achieved over 12 days, a sufficient time frame to study initial cellular 

responses. This work expands on the currently available photolabile 

groups, it showcases critical features of replicating heterogeneous tissue in 

a biomaterial, and it further expands on the currently available 

photopatterning strategies by enabling hydrolytic release of a protein. 

Controlling cell fate is an enormously challenging yet powerful method for 

drug screening, for studying diseases and for studying other cellular 

processes. Light-guided chemical reactions are ideal methods to direct 

biochemical cues in the presence of cells, as they offer extremely high 

spatiotemporal control and are biocompatible at certain doses or 

wavelengths. In the fourth and last part of the thesis, we demonstrated an 

efficient photocaging and uncaging scheme that was utilized to predefine 

the blocking of a naturally cell-bound protein. Ultimately, this led to 

complete user control over cell fate, allowing self-guided differentiation of 

stem cells. These findings are an important step for the biomedical field, 

as they demonstrate controlled differentiation through chemical and 

physical means rather than using ill-defined cell feed layers. The 

methodology explored in this part of the thesis has the potential to inspire 

and lead others in related fields to adopt and expand on the same principles. 



CONCLUSIONS 

66 
 

Taken together, the content presented in this thesis has the potential to 

impact the biomedical field by providing an understanding of the chemistry 

of the materials, presenting methodologies that can be used to achieve such 

processes, or materials that can be further advanced and realized in the 

clinical market. On a fundamental level, the results presented in this thesis 

may inspire other scientists to exploit and advance their defined polymer 

systems or materials bearing in mind the importance of the foundational 

chemistry. 
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6 FUTURE WORK 

Exploiting chemical control in biomaterials is a long-standing challenge to 

achieve. The concepts of microstructural control and degradability over 

polymers as well as control over protein presentation and cell fate will 

continue to evolve into more robust precision chemistry and precision 

medicine disciplines. 

Higher control over polymer microstructures than what is presented in this 

thesis is required for tomorrow’s biomaterials. Recent examples in the 

scientific community have shown how the iterative process of making 

sequence-controlled polymers can now be realized in more efficient one-

pot methods.136 Additionally, other elegant ways of overcoming 

polymerization and depolymerization barriers will continue to evolve,137 

and light-activatable chemistry may also aid in this development.138 Fully 

understanding the ability to create (and degrade) these polymers, as well 

as how this relates to the structure‒function relationship, will continue to 

provide a fundamental understanding of and solutions to sustainable 

biomaterials as well as plastics for the future.139–141 

Highly defined materials able to replicate the heterogeneous cellular 

microenvironment (such as obviating the need for cell feed layers or 

chemically nondefined materials65) and able to govern distinct sequential 

or dynamic processes will advance further.28,32 In the future, the ability to 

affect more than one event without disturbing the system will become a 

more potent tool for chemists, material scientists, and biologists alike. This 

will be important for reopening wounds, sequentially administering drugs, 

and for understanding the dynamics between growth factors and cell 

signaling.142 
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Light-guided reactions, among other stimuli-responsive reactions, will 

continue to play a crucial role in this development.143,144 The advancement 

of phototriggers will continue to evolve to improved kinetics at low-energy 

light,145,146 even more sophisticated reversible photo responses,147 and 

wavelength orthogonal or other multiresponsive chemistries.96,148 

Hopefully, the ease of their preparation will also be improved to enhance 

their translation into useful biomaterial concepts.149 

These concepts will further aid the development of implantable 

biomaterials by providing us with a greater understanding of how 

biological mechanisms occur, such as vascularization. This degree of 

control will allow us to reduce the number of in vivo models needed, since 

we will be able to provide a better replicate of the native tissue already in 

vitro. Consequently, this will reduce the unnecessary cost and effort spent 

on translation of materials from the bench to the clinics that would, 

regardless, not have been approved. 

Additionally, we will see more of these controlled materials being used in 

vivo, i.e., transitioning these biomaterials from a chemist’s hand to a 

biologist’s hand. In an ideal scenario, we will be able to fabricate materials 

into defined structures and direct exactly when and where interactions 

between molecular cues and cells occur. Only in that way will we be able 

to understand how cellular dynamics work and how a material responds, 

integrates, and communicates with its surrounding microenvironment. 

Translation of fundamental small molecule concepts into material devices 

will be increasingly important and the correlation of chemical principles 

between in-solution and in-material environments must be realized.150 At 

the same time, fundamentally new methods and concepts will hopefully 

continue to be developed without knowing what useful materials they may 

give access to. 

The abovementioned advances will not only facilitate biomaterials to be 

realized in ways we never thought were possible but also be a crucial 

component for other related materials fields, such as improving 

technologies for agriculture, energy conservation, and plastic 
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sustainability. In other words, with these controlled advancements, parts of 

the solutions to problems of the whole society will be enabled. 

On a structural level, the bridging between chemistry, materials, and 

biology will continue to rely on scientists’ ability to communicate. The 

gray zone, where a chemist’s ability to apply their ideas into biological 

settings, and vice versa, where a biologist fails to understand the material 

importance in the biological milieu, will define how far the field of 

biomaterial science can reach. Discussions and redefinitions on the words 

defining our ability to clearly communicate (such as the word 

‘biocompatibility’) will continue to play a crucial role in this. At the same 

time, it will be even more important to define and maintain rigorous 

fundamental science and to continue to teach core subjects to next-

generation scientists. Although society does not always pay for 

fundamental mechanistic understanding, it pays for the performance of the 

material dictated by those fundamental reactions. Only with deep 

fundamental understanding of the underlying chemistry and biology events 

together with collaborative efforts to understand the bridge between these 

disciplines will the next generation’s solutions to tomorrow’s problems be 

solved in an efficient manner.
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