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Layman summary 
The Biofabrication field seeks ways of producing organs by Bioprinting which is the 3D printing 
of cells and other tissue components. The materials used for this 3D printing are network 
forming molecules that can trap water, forming hydrogels. Examples of these are gelatin, 
hyaluronic acid, or the synthetic polymer polyethylene glycol (PEG). Networks are formed by 
bonding interactions named cross-links of chemicals groups having binding interactions. 
Blends of these hydrogels with cells and other tissue molecules are called bio-inks. Hydrogels 
are important in Bioprinting as they offer structural integrity and provide cells with aqueous 
environments. Traditionally, the more aqueous, the easier cellular interactions and tissue 
culture medium uptake, which are fundamental for tissue growth.   
 
Older Bioprinting techniques involve contact Bioprinting, meaning that bio-inks are in physical 
contact with the printers. This is not beneficial for cells, especially in techniques where bio-
inks pass through a nozzle where they are compressed and stressed. Contact Bioprinting is 
done by printing multiple layers on top of one another. Limitations are needs for supports in 
case of overhang structures and slow printing speeds. The latter is suboptimal for cells since 
they are separated from nutrient containing culture medium during printing.  
 
Contactless Bioprinting generally is better for cells, as it does not stress cells physically and 
usually much faster. Volumetric Bioprinting (VBP) uses stimuli responsive bio-inks, commonly 
gelatin based, that respond to light. These bio-inks contain an additional photo-initiator to 
start the cross-linking of the hydrogel. These photo-initiators are cleaved by light irradiation 
to produce free radicals. The hydrogels have reactive groups that cross-link because of these 
free radicals, forming solid constructs. VBP works by light irradiation through bio-inks in 2D 
fashion, using tomographic projections which can be compared to a CT scan. Rotating the 
platform results in 360-degree irradiation and printing of 3D constructs. Though showing 
promise, free radicals are uncontrollable and perform side reactions with adverse effects, 
such as cell damage. In case of printing with different hydrogels, selective cross-linking is not 
possible because they react with multiple hydrogels simultaneously. As native tissues 
comprise different materials, multi material printing methods are essential. 
 
This thesis demonstrates cross-linking without free radicals by use of maleimides and thiols, 
that cross-link spontaneously. Two hydrogels with respectively either thiols or maleimides 
were used. For controlled cross-linking, a green light absorbing photocleavable protecting 
group (PPG) was placed onto the thiols of a PEG hydrogel. A PPG is a molecule that is attached 
to a reactive group, making it unavailable to fulfill its original function. Depending on their 
molecular structure, PPGs can absorb specific light wavelengths. Only when they are 
irradiated with wavelengths that they absorb, they are released, thus making the reactive 
groups available. This hydrogel was incubated with a maleimide containing hyaluronic acid 
hydrogel and due to the PPG, selective green light-controlled cross-linking was achieved using 
VBP.  
 
Future VBP developments lie in using multiple different PPGs combinations with different 
hydrogels that use different spontaneous cross-linking mechanisms. A requirement is that the 
PPGs do not have overlapping absorbance and that the cross-linking mechanisms are 
selective.  
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Abstract 
The Biofabrication technique of Bioprinting is used for the goal of printing native tissues. 
While older contact Bioprinting techniques are not sufficient for this goal, the recent 
technique of volumetric bioprinting (VBP) has significant advantages, such as high printing 
speeds and absence of physical contact with bio-inks, benefitting cellular conditions. 
Currently, main VBP limitations are lack of material variety and use of free radical cross-
linking. Printing of native tissues requires both limitations to be resolved. Material variety 
since native tissues are comprised of multiple materials and free radicals due to their high 
reactivity, which is incompatible with bioorthogonal printing. In this thesis, spontaneous 
cross-linking thiol-maleimide chemistry was used in combination with a green light absorbing 
coumarin based photocleavable protecting group (PPG). Hyaluronic acid was functionalized 
with maleimide (HA-MAL) and two PEG thiol linkers, one single PEG and one larger PEG of 5 
kDa molecular weight (MW) were protected by the PPG. Since the used PPG has low water 
solubility, the longer PEG chain was used to improve water solubility to create the hydrogel 
networks. Addition of organic solvents to further improve solubility proved to be ineffective, 
due to reduction of thiol-maleimide cross-linking kinetics. HA-MAL and PEG form a hydrogel 
at low concentrations of respective 0.6% and 0.3% w/w concentrations, which is optimal for 
cells. Printing at lmax of 473 nm yielded gelation, but for printing purposes absorbance will be 
too high. Use of lower absorbance at 520 nm proved to be possible as well and is preferable 
due to increased transmission and decreased scattering. Maleimide degradation is important 
to prevent before printing but is not an issue after printing. Maleimide degradation can be 
minimized by keeping it in acidic conditions and only adjusting it to physiological pH just 
before printing, which is needed for cross-linking. This does require an effective buffer while 
being isotonic to cells. The main refinement that should be considered is increasing water 
solubility to improve printability and the ability to filtrate materials, as sterile materials are 
required when printing with cells. Future bioorthogonal VBP may be achieved by use of 
multiple PPGs and combinations of multiple spontaneous cross-linking mechanisms.    
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1 Introduction 
1.1 A breakthrough in organ replacement strategies is needed 
In 2019, 34285 transplantations were conducted within the European Union (EU), while the 
number of patients needing a transplantation was threefold higher.1 This imbalance is caused 
by a shortage of organs available to patients, resulting in waiting lists of three to five years, 
depending on the needed type of transplant.2 While waiting, quality of life will be lowered 
and 3.2-3.9% of patients die unnecessarily.1 Governments have tried to increase the number 
of donors by various methods, such as increasing citizens’ awareness and streamlining 
internal processes within healthcare ministries.3 Unfortunately, such methods have led to a 
marginal increase only. The average yearly rise in transplantations in the EU between 2010 
and 2019 was 522, with a substantial decline in the latter two years.1 Therefore, a 
breakthrough in organ replacement strategies is needed, which lies in advancing 
biotechnological solutions. 
 
1.2 Biofabrication and Bioprinting 
1.2.1 Biofabrication to recreate tissues 
Biofabrication is used today to study how combinations of cells, biomaterials, and signals such 
as growth hormones can be used in constructing new tissues with the aim to recreate native 
functional tissues.4 Schematized in Figure 1, Biofabrication is based on combining the fields 
of Tissue Engineering (TE) and Regenerative Medicine (RM), although the term is used in other 
disciplines as well. Whereas conventional TE and RM techniques focus on the growing of 
tissues, Biofabrication has a specialized focus on improving spatial control, indirect via 
Bioassembly or direct via Bioprinting, the subject in this thesis.5  
 

 
Figure 1: The field of Biofabrication within TE and RM.5 Left: The term Biofabrication is used for a variety of concepts across 
different disciplines. Middle: Biofabrication within TE and RM comprises Bioprinting and Bioassembly. Right: Conventional TE 
and RM techniques are focused on the growing or regeneration of tissues. 

1.2.2 Bioprinting 
Bioprinting is the bio-engineering of functional (micro)tissues by means of computer aided 
patterning and assembling of cells and non-living materials in a specific 2D or 3D 
organization.6 Contact – and contactless Bioprinting can be distinguished, the former meaning 
that the printed materials come in physical contact with the printer which is not the case in 
the latter. 
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1.2.2.1 Contact Bioprinting 
Contact Bioprinting comprises mostly more classical 3D Bioprinting techniques, which came 
in the wake of revolutionary improvements in the field of additive manufacturing. Additive 
manufacturing is the layer-by-layer (LbL) deposition of material to create a 3D structure. A 
software algorithm is usually used to convert a 3D image of the desired construct into 2D 
splices in a vertical manner. The 2D layers are then printed one-by-one, stack wise. These 
stacked layers should then represent the 3D image. In Bioprinting, used materials are 
biocompatible, and may contain cells. The latter are often processed in hydrogels, referred to 
as bio-inks.7 Hydrogels’ aqueous 3D environment is suitable for simulating the extracellular 
matrix (ECM).7 In Biofabrication, such hydrogels are based on naturally derived polymers, 
such as hyaluronic acid, gelatin, alginate, and collagen.7 
 
Additive manufacturing 
Additive manufacturing techniques that are applied in Bioprinting are laser-induced forward 
transfer (LIFT), inkjet printing, and the extrusion-based technique robotic dispensing, shown 
in Figure 2. With LIFT (A), the bio-ink is covered by an energy absorbing layer.8 When a laser 
hits the energy absorbing layer at a specific place, evaporation occurs.8 This results in a gas 
pressure, propelling a droplet of bio-ink to the collecting plate.8 In inkjet printing (B), the bio-
ink can be deposited using either a heater or a piezoelectric actuator within a nozzle, resulting 
in a small droplet of bio-ink.9,10 LIFT and inkjet printing are small scale. Dispensing larger 
hydrogel strands is done by robotic dispensing (C), a common Extrusion Based Bioprinting 
(EBB) technique. Although faster than the previously mentioned techniques, the resolution is 
lower.11 Due to wide material availability and affordability, EBB techniques are most widely 
in use currently.12  
 

 
Figure 2: Classical 3D Bioprinting techniques. A: LIFT. B: Inkjet printing. C: robotic dispensing.7 

Bioinks 
Bio-inks are mostly soft materials, as they commonly consist of hydrogels which may contain 
cells, extracellular matrix molecules, and cell signaling molecules. They contain high water 
percentages, as cells need aqueous environments. This creates a difficulty in maintaining the 
shape-fidelity of the individual layers printed by LbL bioprinting techniques, as the layers need 
to be capable of supporting not only their own weight, but the total weight of the 
subsequently stacked layers.13 One method of improving shape fidelity is using scaffolds. 
These are harder biocompatible and biodegradable polymers with a high shape fidelity onto 
which bio-inks are dispensed. The idea is that after a construct is produced, the cells in the 
bio-ink mature, following the shape of the scaffold and thus grow into the designed tissue. 
Scaffolds are designed to degrade after an intended time – depending on tissue type – in 
which they are replaced by the growing number of cells.  

A B C
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Besides scaffolds, shape fidelity can be improved by choice of hydrogel, to have increased 
surface tension or other mechanical or physical forces. Also, printed constructs need to have 
a certain degree of stiffness, a measure of how well the construct keeps its length.14 Stiffness 
can be increased by means of cross-linking of the polymer molecules within the hydrogel, 
either partially before or directly after printing.15 Cross-linking of polymers, demonstrated in 
Figure 3, is the binding that occurs between chemical groups on the polymer molecule that 
become reactive under certain stimuli, such as g-radiation,16 X-rays,17 hn light,18 heat,19 
sound,20 addition of cross-linking agents,21 and others. Although usually covalent, non-
covalent cross-linking is also possible by using supramolecular22 or dynamic covalent bonds.23 
Because of the newly formed networks, the polymer molecules, potential cells, and water are 
held in place. Both physical entrapment of cells and the subsequent osmotic forces are 
responsible for this.  
 

 
Figure 3: Hydrogel formation after cross-linking by a variety of stimuli possibilities. 

Stereolithography 
The principle of stereolithography (SLA) is use of light as a stimulus for cross-linking.24 In the 
more recent SLA technique Digital Light Processing (DLP), a digital micromirror device (DMD) 
is used to irradiate a layer of a bio-ink with light. Shown in Figure 4, light is projected onto a 
motorized stage which is submerged in a bio-ink.25 After polymerization of an entire layer at 
once, the stage in contact with the construct lowers, and another layer is constructed above 
the previous one.25 Repeating this process for each layer results in the 3D construct.25 For 
each layer and depending on the desired shape of the construct, the DMD alters the 
irradiation pattern.25  
 

 
Figure 4: Schematic of a DLP set-up.25  

Aqueous buffer solution

hν
γ-radation
x-radiation
heat
ultrasonic
cross-linking agent
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1.2.2.2 Limitations of contact Bioprinting 
General bio-ink limitations have been schematized in the biofabrication window, shown in 
Figure 5.7 For printability in case of covalent cross-linking and depending on the material, 
higher cross-link density results in stiffer gels that are higher in shape fidelity.26 However, 
aqueous environments are more optimal for cells, as their migration, proliferation, and 
differentiation are not limited by dense polymer networks.7 The compromise between these 
factors is known as the biofabrication window.7 
 

 
Figure 5: The traditional biofabrication window.7 The right side in blue represents optimal fabrication conditions with stiff 
materials, higher polymer concentrations and cross-link densities. The left side in yellow represents optimal cell culture 
conditions, with opposite properties. 

A particular limiting factor in extrusion and inkjet Bioprinting is the nozzle through which bio-
inks are extruded. During printing, compressive and rheological forces are applied on the bio-
ink, affecting printability – a measure of how well the printing process occurs –, shape fidelity, 
and cell behavior.15 Different cell types may respond differently to deformation, leading to 
the activation or inhibition of signaling cascades that influence their behavior undesirably.27 
Printing of larger cell aggregates or fragile organoids is not optimal. Although LIFT is nozzle-
free, the technique is low in printing efficiency, repeated coating is needed for each layer of 
ink, and uniformity is not guaranteed.28  
 
A particular limiting factor in DLP are the optical requirements of the bio-ink. Polymerization 
of one layer at a time means that all the light should be absorbed by that specific layer. If this 
is not the case, the earlier polymerization layers will receive an additional light dose and over 
polymerization will occur. This has been solved by adding photo absorbers,29 although 
generally, few biocompatible materials that fulfil the optical requirements for DLP exist. 
 
A common downside of all techniques mentioned so far is their slow printing speed. During 
printing, bio-inks sustain sub optimal cellular conditions. Cells are removed from culture 
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medium and undergo temperature changes. Slow printing speeds are also sub optimal for all 
printing processes, as bio-inks with cells are suspensions. In case of very long printing times, 
this means that they can be subject to sedimentation, particle size distribution changes, and 
other effects that apply to suspensions. Such effects will worsen uniformity, as the bio-inks at 
the end of printing are different compared to the start. Thus, slow printing speed limits 
printing of larger, more complex functional tissues.  
 
A final drawback of contact bioprinting is the requirement for supportive materials in case of 
overhanging designs. Illustrated in Figure 6, the printing of overhangs with soft materials 
results in low shape fidelity (A), unless supportive materials are used (B). This severely limits 
the freedom of design, as complex designs require many supports. Besides the illustrated 
example in extrusion printing, this limitation applies to all contact bioprinting techniques. 
Freedom of design was increased by embedded printing,30 meaning that printing is not done 
in air, but in a supportive bath. As support baths may interact with the printed bio-inks and 
with the printers, they need to fulfill various criteria, adding complexity. A key difficulty of 
embedded printing lies in separating the support bath from the printed constructs without 
affecting them.31  
 

 
Figure 6: Illustration of required support materials in extrusion printing. Adapted from Muthusamy et al.32 A: Printed silicone 
without supports. B: Printed silicone with supports, shown in yellow.  

1.2.2.3 Contactless Bioprinting 
Contactless Bioprinting yields 3D constructs without printer components physically 
interacting with bio-inks. As a result, many of the limitations mentioned previously are absent. 
A major advantage is absence of physical stresses on cells. Also, when considering the 
biofabrication window (Figure 5), a shift in usable bio-inks towards cell culture medium is 
possible due to reduced rigidity requirements for fabrication. Contactless Bioprinting has 
been achieved by patterning of cells by magnetism,33 sound,34 and light.28  
 
1.3 Volumetric Bioprinting 
Volumetric Bioprinting (VBP) is a powerful light based contactless Bioprinting innovation, due 
to its very high printing speed compared to all other techniques in use thus far. 
 
1.3.1 Mechanism  
VPB works by having a vat containing a light sensitive bio-ink connected to a turning motor, 
which can be irradiated by 2D tomographic projections through a digital light processing (DLP) 
modulator.35 When the motor turns the vat, multiple 2D light patterns are being irradiated in 
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a 360-degree fashion, illustrated in Figure 7 (A). The shape and sequence of the 2D light 
patterns are controlled by a computer algorithm that uses Radon transform to calculate the 
correct light intensity, so that the cumulative effect of the 2D projections is analogous to a 3D 
projection (B, C).35,36 Since constructs are printed within a volume, VBP can be called a 
volume-in-volume (ViV) technique. 

 
Figure 7: Schematic overview VBP.35 A: A motor turns the vat containing a bio-ink, with a single light source. B: A software 
controlled DLP modulator projects light in 2D, whilst accounting for the turning of the vat to create a 3D print. C: Printed 
construct.  

1.3.2 Achievements thus far  
High shape fidelity printed constructs have been printed at impressive speeds. Bernal et al. 
showed the printing of menisci-like and trabecular bone-like tissues, using respectively 
articular chondroprogenitor cell laden (ACPC) and equine mesenchymal stem cell (MSC) laden 
gelatin-based bio-inks within tens of seconds using a laser source at 405 nm.35 In a follow-up 
study, Bernal et al. demonstrated printing with human liver epithelial organoids in a similar 
gelatin based bio-ink into liver-like tissue using the same printer within 20 seconds.37 Bone-
like tissue was printed within 30 seconds using a similar printer set-up by Gehlen et al. with a 
gelatin-based bio-ink containing human MSCs.38 Rizzo et al. printed skin constructs containing 
normal human dermal fibroblasts (NHDFs) in 10 seconds, also using a similar printer set-up 
combined with a gelatin based bio-ink.39  
 
1.3.3 Material properties 
The use of gelatin-based hydrogels in all studies mentioned above is not a coincidence. Due 
to the requirement of biocompatibility, commonly used monomers, macromers, or oligomers 
that are responsible for the hydrogel properties are derived from natural sources.40 Their 
added value over synthetic polymers is intrinsic possession of biological epitopes and 
signaling capabilities.41 At the same time, materials should be sensitive to light to form cross-
links and to solidify. Opposite to DLP, VBP resins should be transparent as the printing process 
is ViV rather than LbL.   
 
1.3.3.1 Gelatin  
Gelatin has thermal gelation properties, where it is soluble in water above the upper critical 
solution temperature (UCST) of 30 oC.42 Below the UCST it is a gel. Gelatin use in VBP 
capitalizes on the many functional side groups, such as amino, hydroxyl, and carboxylic 
groups,43 allowing for chemical modifications to cross-link via alternative mechanisms. The 
most common modification is the generation of methacrylates and methacrylamides by 
conjugation of methacrylic anhydride (MAA) to gelatin’s hydroxyl and amino groups, shown 
in Scheme 1 (A). The percentage of hydroxyl and amino groups that are conjugated is referred 

A B C
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to as the Degree of Functionalization (DoF).44 Since a combination of functional groups is 
usually achieved, the gelatin is known as gelatin methacryloyl (GelMA). These new functional 
groups form cross-links under hn light and in the presence of a photo-initiator (PI), such as 
lithium phenyl-2,4,6-trimethylbenzoylphosphinate, used in all referenced VBP articles. PIs are 
cleaved upon light irradiation within their absorbance spectra, and free radicals are generated 
(B). Subsequent free radical mediated polymerization occurs (C), yielding solid constructs (D). 
 

 
Scheme 1: A: Conjugation of MAA to gelatin. A nucleophilic addition of the amine to the carbonyl may occur. As a result of 
the newly formed bond, one electron-pair of the double bond adds to the oxygen atom, giving it a negative charge. This extra 
electron pair is favored to form the C=O double bond. The electrons of the ester bond add to the oxygen, after which 
protonation occurs and the ester is cleaved. B: LAP PI photocleavage results in radical formation. C: Potential mechanism of 
radical mediated cross-linking of two or more MAAs. D: Before cross-linking, GelMA occurs in solution. After cross-linking, it 
forms a hydrogel. 
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1.3.3.2 Hyaluronic Acid 
Another ECM derived oligomer that is commonly used in hydrogels is hyaluronic acid (HA).45 
It contains the disaccharide units D-glucuronic acid and N-acetyl-D-glucosamine in a 
repetitively, and is a nonsulfated glycosaminoglycan.40 Since it has a role in cell differentiation, 
- migration, and - growth, it is highly biocompatible.46 Like gelatin, HA also possesses many 
functional groups: primary and secondary hydroxyl and carboxylic acid groups. Hyaluronic 
acid methacrylate (HA-MA) is commonly synthesized by conjugation of MAA to primary 
hydroxyl groups in aqueous environment (Scheme 2).47,48 The reaction and polymerization 
mechanisms are similar to GelMA. 
 

 
Scheme 2: HA-MA synthesis by conjugation of MAA to HA. 

More combinations of other oligomers and functionalization types are possible, and these 
affect the properties of the final construct. Furthermore, there are several methods to tune a 
bio-ink and the process of VBP, listed in Table 1. Generally, a hydrogel can be made stiffer by 
increasing the concentration of the oligomer that forms the hydrogel.44 Also, the DoF 
influences the number off cross-links that can be made, correlating to hydrogel stiffness.44 
Additives can be added to hydrogels that change the rheological behavior. Examples are 
gellan gum and nanoparticles.49,50 Apart from stiffness, also the construct pore size and cell 
spreading can be influenced by these parameters.44   
 
Table 1: Tunable properties of GelMA in bioprinting.44 

Tunable parameters Final construct properties 
Hydrogel concentration 
Degree of functionalization 
UV intensity 
Rheological additives 

Cell spreading 
Pore size 
Hydrogel stiffness 

 
1.3.4 Limitations 
The strength of VBP is also a challenge: the completion of a whole construct within one step 
means that it will be difficult to print using multiple bio-inks in a controlled manner. As a 
result, the printing of multiple layers of different cell types is more difficult to reliably achieve 
compared to classical 3D Bioprinting methods. Thus far, only one very recent publication 
demonstrated multi-material VBP.51  
 
1.3.4.1 Sequential printing 
One reason for this lies in the physicochemical properties of the bio-inks used in VBP in 
relation to the printing procedure: Constructs are printed below the UCST. After printing, 
temperature is raised to above the UCST to wash away non-cross-linked bio-ink, usually 
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around 37 oC with phosphate buffered sodium solution (PBS). To print a second 3D layer, the 
second bio-ink should be added, and the temperature should be brought then hypothetically 
below the UCST. It is important to secure the construct in a fixed place, to have the starting 
position of the rotation in relation to the light source the same as before. Otherwise, light will 
be irradiated in incorrect patterns, resulting in over- and undercuring of certain areas of the 
construct.  
 
In addition, constructs printed by VBP can be subject to a degree of shrinkage or swelling,52 
after printing. An interplay of temperature and/or osmotic forces (when washing away the 
uncross-linked hydrogel with PBS) and the construct itself occurs. The way in which this 
happens may depend on the bio-ink that is used: different hydrogels and different cell types 
will have different physicochemical properties. Taking this appropriately into account forms 
another difficulty in printing multi-components by VBP. 
 
1.3.4.2 Free radicals 
Although it can be controlled for when free radicals are formed, it cannot be controlled how 
they react afterwards due to their high reactivity. As a result, they are not only involved in 
cross-linking, but also in uncontrolled side reactions. Thus, they are incompatible with 
bioorthogonal printing. An example of such a side reaction involves cytotoxicity when they 
form reactive oxygen species (ROS) when encountering molecular oxygen. ROS have been 
known to be involved in cell death and damage in many ways, such as apoptosis,53,54 
necrosis,54 damage to cell transporters,55 and DNA and RNA damage.56–58 The extent of these 
on the bioprinting process partially depends on factors such as PI concentration and the cell 
type used. For example, when using a bio-ink with differentiating stem cells, eliminating 
potential cell damage is essential.  
 
More importantly, in case of moving towards printing of native tissues by using multiple bio-
inks, free radicals will react non-orthogonally. In case of one material printing such as using 
only GelMA or HA-MA, this is not an issue. However, in case of multi material printing, for 
example by combining GelMA and HA-MA, free radicals may react with both materials 
uncontrollably. Even changing the reactive groups of one bio-ink will not be enough, as free 
radicals are highly reactive and can react with many groups in various reaction types.59 
 
1.4 Photocleavable Protecting Groups 
1.4.1 Mechanism 
Photocleavable Protecting Groups (PPGs) have been used as means of making available 
functional groups at will by light in various applications.60,61 Mechanisms by which this occurs 
are based mostly on hn light.60,61 The principle is that these groups are conjugated to a 
molecule’s functional group. This makes the functional group unavailable to other molecules 
that may react to it.60,61 Only when light stimuli at specific wavelengths are applied, PPGs are 
cleaved, and the previously protected functional groups become available for a reaction with 
molecules from its environment.60,61  
 
1.4.2 Advantages 
Various types of compounds have been discovered to be useful to serve as PPGs that are 
bioorthogonal, such as salicyl alcohols,62 nitrobenzyl -,63 arylmethyl -,64 and coumarin 
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compounds.60,61 Moreover, they can be chemically modified to make them wavelength 
selective. In case of the protection of chemical groups that are spontaneously reactive, it 
means that free radical cross-linking mechanisms can be omitted. Within VBP, this is a 
potential method for true orthogonal printing.  
 
1.4.3 Coumarin PPGs 
Depending on the chemical structure, coumarin derivatives are low in cytotoxicity.65 In case 
of coumarin PPGs, several modifications have been done to alter their photodegradable 
properties by a light range from near ultraviolet (300 nm) to green light (500 nm), shown in 
Figure 8.61  
 

 
Figure 8: Overview of coumarin modifications on wavelength photocleavage potential, adapted from Hansen et al.61 A: 
Carboxymethoxy substitutions showed an Absmax at 324 nm.66 B: Addition of a diethylamino group increases the Absmax to 
±400 nm,67,68 although slow photocleavage at higher wavelengths has been observed.69 C: Thio-substitution of the carbonyl 
at the 2 position increases Absmax to 500 nm.65 D: Alkoxy group at the 7 position lowers Absmax to 310 nm.70 E: 
Dicarboxymethylamino group changes Absmax to 360 nm.71 F: The enoyl group changes the Absmax to 450 nm.72 

1.5 Hypothesis and aim 
Moving towards multi material bioorthogonal VBP, this report revolves around the research 
question of how multi material VBP can achieved by using photocleavable protecting groups 
combined with different hydrogel materials.  
 
1.5.1 Material selection 
For this purpose, compound C of Figure 8 was selected as a PPG. The reason for this is that it 
is cleaved under green light. Since currently VBP is done using blue light, it means that printing 
can be achieved by novel use of another light wavelength. An added benefit is that compound 
C is synthesized from compound B, which works in blue light. Because both are part of the 
same synthesis pathway, an added benefit is that both compounds are available for use as 
PPGs. Hyaluronic acid was selected as another material for use in VBP as it is a well-
established hydrogel compound that is naturally derived, like gelatin. This makes it a good 
choice for eventual printing with cells. Thiol-maleimide chemistry was used as a spontaneous 

A B C
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cross-linking mechanism. The advantage is that in polar solvents reaction speed is very high,73 
and catalysts and free radicals are not necessary.74,75 The mechanism by which this occurs is 
first spontaneous thiolate dissociation from thiols,76,77 shown in Scheme 3 (A). Next, an 
electrophilic addition under Markovnikov’s rule can take place (B). The absence of free 
radicals makes it a good choice for improving bioorthogonality.  
 

 
Scheme 3: Thiol-maleimide reaction mechanism in polar solvents. A: An equilibrium between thiol and thiolate occurs. B: 
Electrophilic addition of the thiolate to maleimide. 

1.5.2 Approach 
The mentioned selections were combined in the following approach: linear PEG maleimides 
(2 and 5 kDa MW) (referred to as linear PEG) were used with either a small linear PEG thiol 
(referred to as EDT) as cross-linker or a larger 4arm PEG thiol (5 kDa MW) (referred to as 4arm 
PEG) which were both protected by a PPG for preliminary tests. Next, hyaluronic acid was 
functionalized with maleimide (referred to as HA-MAL) and used with protected 4arm PEG.  
 
Subsequently they were used in VBP with green light, as seen in Figure 9. The thiols of a 4arm 
PEG are protected by PPGs (A), rendering them unavailable to maleimides. Thus, no 
polymerization occurs. Upon light irradiation, the PPGs are cleaved, and thiols are available 
for conjugation (B). The thiols conjugate to maleimides, cross-linking the hydrogel molecules 
and solidifying the construct (C).  
 
A successful proof of concept would open the doors for further developments on combining 
this approach with current VBP techniques and refinement of PPG use.  
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Figure 9: Light controlled cross-linking by a PPG and thiol-maleimide chemistry. A: Protection by PPGs of a four-arm PEG thiol. 
They are unavailable to the maleimides, conjugated to HA (-R group). B: Deprotection after green light irradiation. C: With 
available thiols, spontaneous cross-linking occurs.   
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2 Materials and Methods 
2.1 Materials 
RC sterile syringe filters (0.22 µm) were obtained from Corning Incorporated, USA. Whatman 
Gel Permeation Chromatography (GPC) filter vials (0.2 µm) were obtained from Cytiva, USA. 
CME sterile syringe filters (0.45 µm) were obtained from Carl Roth GmbH., Germany. Clear 
glass vials (1 mL, lot number i116-019) were obtained from Infochroma AG, Switzerland. 
Solution of Phosphate Buffered Saline (PBS), 10x concentrated, was obtained from Thermo 
Fisher Scientific, USA. Linear PEG (maleimide)2, 2 kDa and 5 kDa MW (lot numbers ZZ322P049 
and ZZ328P163) and 4arm PEG (thiol)4, 5 kDa MW (lot number ZZ387P161) were obtained 
from JenKem Technology USA Inc., USA. Acetic acid, N,N’-Dicyclohexylcarbodiimide (DCC), 4-
Dimethylaminopyridine (4-DMAP), and Hydrochloric acid (HCl) fuming 37% were obtained 
from Merck KGaA, Germany. Acetone, Dichloromethane (DCM), and Silica gel amorph 40-63 
µm were obtained from VWR international S.A.S., France. 1-(2-Aminoethyl) maleimide 
hydrochloride and N-ethyl-N’-(3-(dimethylamino)propyl)carbodiimide hydrochloride (EDC) 
were obtained from Tokyo Chemical Industry Co., Ltd, Japan. Dimethylformamide (DMF), 
Ethanol absolute, Ethyl Acetate, Tetrahydrofuran (THF), and Toluene were obtained from 
Biosolve Chimie SARL, France. Sodium Hyaluronate from cockscomb (dried, containing 5% 
H2O, 130 kDa MW, lot number 002941) was obtained from Lifecore Biomedical Inc., USA. 
Visking dialysis tubing with was obtained from SERVA Electrophoresis GmbH, Germany. 
Material properties were as follows: regenerated cellulose (RC), suitable for a pH range of 2-
12, molecular weight cut-off (MWCO) of 12-14 kDa, pore diameter 25 Å. All other chemicals, 
unless stated otherwise, were obtained from Sigma-Aldrich, USA. 
 
2.2 Methods 
2.2.1 Synthesis 
Protected EDT, protected 4arm PEG, and HA-MAL were synthesized (Figure 10). Structural 
confirmation of all components was done by nuclear magnetic resonance (NMR). Synthesis 
protocols and NMR spectra be found in the Supporting Information, Chapters S1 and S2. 
Unless stated otherwise, all NMR spectra were obtained using a 400-MR NMR spectrometer 
by Agilent Technologies, USA. All NMR spectra were analyzed using MestReNova version 14, 
by Mestrelab Research S.L., Spain. 
 

 
Figure 10: A: HA-MAL. B: Protected EDT. C: Protected 4arm PEG. 
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The PPG (compound 6) was synthesized from 7-Diethylamino-4-methylcoumarin in six 
synthesis steps. The synthesis route and the intermediary products are shown in Scheme 4.  
 

 
Scheme 4: Synthesis route of the photocleavable protecting group (compound 6). 

2.2.2 Absorbance spectra 
Compounds 3, 6, and protected EDT were dissolved in ACN/PBS (1:1). Protected 4arm PEG was 
dissolved in PBS only. Partial solvation was observed by a color change to yellow, whilst some 
solid particles remained present. Further dilution to respective concentrations of 0.36 mM, 
0.21 mM, 0.59 mM, and 0.686 µM was done to not exceed absorbance measurability. In a 96 
flat-bottom well plate, three wells were filled with 0.2 mL for each sample and the blank. 
Empty rows were kept in between the sample rows to prevent sample interference. 
Absorbance spectra were measured between 310 and 710 nm. Unless stated otherwise, all 
absorbance spectra were measured using a CLARIOstar plus with MARS Data Analysis 
Software. Both were obtained from BMG LABTECH, Germany. 
 
HA-MAL (12% DoF) was dissolved in 10x PBS to a 1% w/w solution. In a 96 flat-bottom well 
plate, three wells were filled with 0.1 mL for both the sample and the blank, with an empty 
row in between. For 76 hours, absorbance spectra were measured between 250 and 700 nm.  
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For calculation of the molar extinction coefficient (e), calibration series were made in 
ACN/PBS (1:1) of compound 6 and protected 4arm PEG. Respective stocks of 0.1 mg/mL 
(3.8*10-4 M) and 0.25 mg/mL (4.1*10-5 M) were made. Compound 6 dilution series consisted 
of 0.075, 0.05, 0.025, 0.02, 0.02, 0.005, 0.0025 mg/mL (2.84*10-4, 1.9*10-4, 9.5*10-5, 7.6*10-

5, 3.8*10-5, 1.9*10-5, 9.5*10-6 M). Protected 4arm PEG dilution series consisted of 0.25, 0.125, 
0.0625, 0.025 mg/mL (4.1*10-5, 2.1 *10-5, 1.0*10-5, 4.1*10-6 M). Absorbance spectra were 
measured in triplicate between 350 and 700 nm by a Shimadzu UV-2400PC Series, obtained 
from the Shimadzu Corporation, Japan. Measurement properties were as follows: medium 
scan speed, 0.2 nm sampling interval with auto sampling interval enabled, 1 nm slit width, 
normal S/R exchange, 0.0001 operation threshold with 4 points. Quartz cuvettes with a 1 cm 
path length were used in a 6-cell holder.   
 
2.2.3 Calculation transmittance and molar extinction coefficient  
The molar extinction coefficient (e) can be calculated with the absorbance (A), concentration 
(c), and path length (l), according to the Lambert-Beer law: 
 

       A = e * c * l.      (1) 
 

Absorbance limits VBP printability. Considering a minimum needed light transmittance, 
absorbance (A) can be calculated with the ratio of starting intensity (Io) and intensity after 
transmittance (IT), according to the formula: 
 

A = log10 I0 / IT.      (2) 
 
First, e was calculated first by absorbance of protected 4arm PEG in known concentrations, 
and path length, using formula (1). Second, assuming at least 37% transmittance is needed in 
the volumetric bioprinter, absorbance was calculated setting intensity after transmission to 
37% and starting intensity to 100%, using formula (2). Third, the calculated absorbance was 
used to calculate concentration using formula (1). 
 
2.2.4 Statistical analyses  
One-way ANOVA using GraphPad Prism version 9.5.0 for Mac was performed. It was obtained 
from GraphPad Software, USA. 
 
2.2.5 NMR experiments 
After measuring 1% HA-MAL (12% DoF) absorbance spectra, the remaining stock solution was 
freeze-dried after 76 hours. Then, the dry powder was redissolved in D2O and 1H NMR was 
measured to confirm maleimide degradation. 
 
To confirm maleimide-thiol conjugation, linear PEG and EDT dissolved together and analyzed 
by 1H NMR. Two standards and two samples were made. Standard 1 contained 9.9 mg linear 
PEG 2 kDa in 1 mL PBS. Standard 2 contained 9.9 mg linear PEG 5 kDa in 1 mL PBS. Sample 1 
contained 10.7 mg linear PEG 2 kDa, and 9.1 mg EDT (10 eq) in 1 mL PBS. Sample 2 contained 
10.1 mg linear PEG 5 kDa and 3.6 mg EDT (10 eq) in 1 mL PBS. After reacting for 1 hour, 
samples were frozen at -80 oC for 30 minutes and freeze-dried. Dried samples were 
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redissolved in D2O and put in incubator at 37 oC for 30 min. After solvation, 1H NMR 
measurements were done. 
 
2.2.6 GPC experiments 
As the degree of linear PEG conjugation to EDT, shown in Scheme 5, is positively correlated 
to polymer size, GPC was performed. 
 

 
Scheme 5: Linear PEG conjugation to EDT by means of the thiol-ene mechanism. 

GPC was done in DMF containing 10 mM LiCl. Since the thiol-ene reaction may occur in both 
PBS and DMF, two sample groups were created. In the first sample group, linear PEG 2 kDa 
and linear PEG 5 kDa were allowed to react to EDT in PBS for one hour, at a molar ratio of 
0.0015 M and 0.0006 M, respectively. The reason for the molar difference being that the 
system has an optimal detection ability for samples that contain 3 mg/mL of compound.  
 
Four samples were prepared, each in triplicate. Stock solutions were prepared by dissolving 
the linear PEGs and EDT in PBS. From these stocks, two standards (only the linear PEGs) and 
two samples (linear PEGs and EDT) were prepared (Table 2), 1 mL each. After one hour at 
room temperature, samples were frozen at -80 oC for 30 min. Samples were freeze-dried and 
redissolved in 1 mL DMF containing 10 mM LiCl. Some precipitate was visible. The samples 
were incubated at 37 oC for 30 min. Further solvation was allowed overnight. Then, samples 
were centrifuged at 7000 rpm for 2 min., and the supernatant was transferred into a filter 
GPC vial. In the second sample group, the linear PEGs were allowed to react to EDT in DMF 
containing 10 mM LiCl directly. Four samples were prepared in the same molar ratios and 
component conditions as the first group (Table 2), except for freezing, freeze-drying, and 
centrifuging. No precipitate was visible in the second group. 
 
Table 2: Sample set-up for conjugation assessment by GPC. 

Condition Sample EDT Linear PEG 2000 Linear PEG 5000 
PBS à DMF Standard 1 

Standard 2 
1 
2 

 
 
✓ 
✓ 

✓ 
 
✓ 
 

 
✓ 
 
✓ 

DMF Standard 1 
Standard 2 
3 
4 

 
 
✓ 
✓ 

✓ 
 
✓ 

 
✓ 
 
✓ 

 
Using as solvent DMF with 10 mM LiCl added, the measurement protocol included a flow rate 
set to 1 mL/h, column temperature to 65 oC, and UV measurements at 214 and 280 nm. 
Measurements were done using an Alliance e2695 separations module with a mixed-D 
column, connected to a 2414 Refractive Index (RI) detector and UV 2489 UV/Vis detector. 
Empower 3 was used for data analysis. All were obtained from the Waters Corporation, USA. 
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2.2.7 Hydrogel preparations 
2.2.7.1 Linear PEG 2 kDa and 4arm PEG test concentrations 
Hydrogels were created by mixing linear PEG 2 kDa and 4arm PEG. Keeping the ratio of 
maleimide to thiol to 1:1, decreasing weight percentages were tested for hydrogel formation 
in PBS. Hydrogels decreasing from 4.5% to 1% (w/w) were made by mixing 0.1 mL of stock 
solutions in PBS in a 1:1 ratio, resulting in average concentrations (w/w) of both components, 
shown in Table 3.  
 
Table 3: Sample overview of linear PEG and 4arm PEG hydrogel formation in decreasing concentrations. To be noted is that 
the molar ratios are 1:2 for linear PEG and 4arm PEG, resulting in a 1:1 maleimide and thiol ratio. 

Final 
Weight 
percentage 

Linear PEG stock concentration 4arm PEG stock concentration 

 (mmol/mL) (mg/mL) (mmol/mL) (mg/mL) 
4.5 % 
3% 
2% 
1.5% 
1% 

0.0198  
0.0132  
0.0088  
0.0066 
0.0044 

40  
27 
18 
13.2 
8.8 

0.0099  
0.0066 
0.0044  
0.0033 
0.0022 

50  
33 
22  
16.5 
11 

 
2.2.7.2 Linear PEG 2 kDa and protected 4arm PEG 
When using the protected 4arm PEG its higher molecular weight was taken into consideration 
compared to the unprotected 4arm PEG to create 3% (w/w) hydrogels. The protected 4arm 
PEG did not dissolve completely. Nevertheless, they were mixed 1:1, taking 0.1 mL of each 
into clear glass vials. Three samples were prepared and irradiated through the vials, two were 
irradiated by visible light using a floodlight. Unless stated otherwise, all floodlight irradiations 
were done with a Jobmate IP65 20W LED floodlight, obtained from Jobmate, Australia. The 
remaining sample was irradiated by green light from a laser source at 473 nm. Unless stated 
otherwise, all specific wavelength irradiations were done by a Tomolite V2 volumetric 
bioprinter, obtained from Readily3D, Switzerland. Afterwards, samples were visually 
compared to the 3% (w/w) with the unprotected 4arm PEG, yielding the test conditions in 
Table 4.  
 
Table 4: Hydrogel formation of linear PEG 2 kDa and protected 4arm PEG under various conditions. 

Sample Light source Irradiation time (min) Notes 
A 
B 
 
C 
D 

None 
Floodlight 
 
Floodlight 
Laser 

0 
3 
 
3 
3 

Control  
Showed increased viscosity after 10-20 
seconds.  
Similar as sample B. 
Direct control was used to irradiate the 
whole solution and the plateau was 
rotated a few times. After 30 seconds, a 
better gel seemed to have formed 
already than samples B and C.  
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2.2.7.3 Increasing solubility of protected 4arm 
The remainder of the stock sample of protected 4arm PEG that was used to make the samples 
of Table 4 was sonicated for 30 minutes at 40 oC, without improvement.  
 
Two 3% (w/w) hydrogels with linear PEG 2 kDa and protected 4arm PEG were prepared to 
include 5% DMSO (A) and 50% ACN (B). To improve solvation, stock solutions were bypassed. 
Linear PEG was dissolved first in solvents A and B in the final volume at 1.3% (w/w). The 
dissolved linear PEG in the final volume was then added to the protected PEG to 3% (w/w) 
solutions. Samples were transferred to clear glass vials and irradiated by a floodlight for 3 
minutes. 
 
2.2.7.4 HA-MAL and 4arm PEG test concentrations 
Hydrogels were created by mixing solutions of HA-MAL (12% DoF) and 4arm PEG, shown in 
Table 5. Concentrated stock solutions of HA-MAL and 4arm PEG were prepared in 10x PBS. 
They were added separately to a volume of 10x PBS needed to obtain the final concentrations 
and mixed. One sample was prepared using 1x PBS only, with the final pH measured at 4. The 
final pH of other samples was measured at 7. 
 
Table 5: Sample overview of HA-MAL and 4arm PEG hydrogel formation in decreasing concentration. aMaleimide 
concentration of HA-MAL.  bThiol concentration. cPrepared in duplicate, using only 10x PBS or only 1x PBS respectively. 

Sample HA-MAL concentration 4arm PEG concentration 
 (mmol/mL)a (mg/mL) Percentage 

(w/w) 
(mmol/mL)b (mg/mL) Percentage 

(w/w) 
1c 

2 
3 
4 
5 
6 

0.0030 
0.0018 
0.0015 
0.0012 
0.0009 
0.0006 

10 
6 
5 
4 
3 
2 

1 
0.6 
0.5 
0.4 
0.3 
0.2 

0.0040 
0.0024 
0.0020 
0.0016 
0.0012 
0.0008 

5 
3 
2.5 
2 
1.5 
1 

0.5 
0.3 
0.25 
0.2 
0.15 
0.1 

 
2.2.7.5 HA-MAL and protected 4arm PEG  
Subsequently, only 10x PBS was used in four samples, using HA-MAL (12% DoF). 
 
Sample 1 was prepared from HA-MAL and protected 4arm PEG. A 1% (w/w) HA-MAL solution 
was added to protected 4arm PEG to obtain respective concentrations of 1% and 0.5% (w/w). 
The pH was measured at 7. Solvation was not complete. Sample was centrifuged at 6000 rpm 
for 5 minutes, and 0.2 mL of supernatant was transferred to a clear glass vial. It was put under 
a floodlight for 3 minutes. 
 
Sample 2 was prepared from HA-MAL and a combination of 4arm PEG and protected 4arm 
PEG. HA-MAL was dissolved at 0.6% first. Secondly, this solution was added to 4arm PEG, 
obtaining a 0.6% HA-MAL and 0.15% 4arm PEG solution. Thirdly, the solution was added to 
protected 4arm PEG, yielding a final solution with 0.6% HA-MAL, 0.15% 4arm PEG, and 0.15% 
protected 4arm PEG. Despite the low concentration of protected PEG, solvation was not 
complete. The sample was centrifuged at 6000 rpm for 5 min, 0.3 mL of the supernatant was 
transferred to a clear glass vial and irradiated using 473 nm. Direct control was used to 
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irradiate the whole solution for 30 seconds with, whilst rotating. After hydrogel formation, 
0.5 mL PBS was added to see if the hydrogel remained. 
 
Sample 3 was prepared from HA-MAL and protected 4arm PEG. 4arm PEG was dissolved at 
0.12% (w/w). The solution was then added to HA-MAL for addition of 0.6% (w/w) to the 
solution. The solution was then added to protected 4arm PEG for addition of 0.2% (w/w), 
yielding a final solution of 0.6% HA-MAL, 0.12% 4arm PEG, and 0.2% protected PEG. Solvation 
was not complete. The sample was filtrated through a 0.45 µm, the filter became dark yellow, 
the filtrate was light yellow. 0.3 mL of the filtrate was transferred to a clear glass vial and 
irradiated using 520 nm. Direct control was used to irradiate the whole solution, whilst 
rotating. The total duration was 7 minutes.   
 
Sample 4 was prepared from HA-MAL and protected 4arm PEG. HA-MAL was dissolved in first 
at 1.2% (w/w). Protected 4arm PEG was dissolved in at 0.6% (w/w), put in incubator at 37 oC 
for 15 minutes. Despite incomplete solvation, both solutions were mixed in a 1:1 ratio, 
yielding a 0.6% HA-MAL and 0.3% protected 4arm PEG solution. No difference was observed 
after keeping overnight in the dark, to allow for longer solvation. 0.3 mL of the solution was 
transferred to a clear glass vial and irradiated using 520 nm. Direct control was used to 
irradiate the whole solution, whilst rotating. The total light exposure duration was 7 minutes, 
with hydrogel formation observed after 5 minutes. 
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3 Results and Discussion 
3.1 Synthesis 
Respective synthesis yields for compounds 1 to 6, shown in Scheme 6, were 66% ±6.3% (n=4), 
93% ±19.6% (n=5), 92% ±4.1% (n=4), 87% ±4.5% (n=3), 49% ±7% (n=4), 83% ±5.8% (n=4). For 
compound 6, before method optimization, yields of 20%, 22.4%, 46%, 49%, and 63% were 
obtained.  

 
Scheme 6: Yield results for PPG and intermediary compounds. 

Respective synthesis yields for protected EDT and 4arm PEG were 100% (n=1) and 78% ±10% 
(n=2), shown in Scheme 7 and Scheme 8. Degrees of protection for EDT and 4arm PEG were 
100% (n=1) and 80% ±0% (n=2), respectively.  
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Scheme 7: Yield and DoF results for protected EDT synthesis. 

 

 
Scheme 8: Yield and DoF results for protected 4arm PEG synthesis. 

HA-MAL was synthesized quantitatively (n=2), with degrees of protection of 12% and 6.5%, 
shown in Scheme 9. 
 

 
Scheme 9: Yield and DoF results for HA-MAL synthesis. 

3.1.1 Considerations 
Yields were somewhat different compared to the yields obtained in the articles from which 
the synthesis protocols were used or adjusted, shown in Table 6 and Figure 11. 
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Table 6: Overview of achieved yields of each reaction compared to reference protocols. a: Purification of compound 6 was 
improved. Only the yield of the improved method is listed. 

Component Original yield Achieved yield (s, n) Protection/ 
functionalization 

Compound 1 
Compound 2 
Compound 3 
Compound 4 
Compound 5 
Compound 6  
Protected EDT 
Protected 4arm 
PEG-SH 5 kDa 
HA-MAL 

94%78 
80%79 
Quantitative79 
85%65 
92%65 
75%65 
N.A. 
N.A. 
 
N.A. 

66% (6.3%, 4) 
93% (19.6%, 5) 
92% (4.1%, 4) 
87% (4.5%, 3) 
49% (7.0%, 4) 
83% (5.8%, 4)a 
Quantitative (0, 1) 
78% (10.0%, 2) 
 
Quantitative (0, 2) 

 
 
 
 
 
 
100% 
80% 
 
12%, 6.5% 

 

 
Figure 11: Achieved yields of each synthesis reaction compared to the yield achieved in the protocol used as a reference. For 
compound 6, all syntheses are shown (n=8). 

The lower yield of compound 1 may be explained by a tenfold smaller scale compared to the 
synthesis of Klimek et al.78 When using a filter of the same size, the amount of compound 
staying inside the filter does not increase up to a certain point when upscaling. This means 
that on a smaller scale, relatively more compound is lost. Besides, Klimek et al.78 did not 
specify the volume of ice water to which the precipitate should be added. The used volume 
may have been different, influencing the size and shape of the precipitated crystals. Larger 
formed crystals would have made purification easier and likely increased the yield. Shown in 
the Supporting Information, the small -CH3 peak at 2.3 ppm of the 1H NMR spectrum of the 
base compound (Figure S4) remained present (Figure S5), indicating that conversion was not 
100% and the actual yield is slightly lower.  
 
For compounds 2 to 4, synthesis in this thesis differed primarily from the original protocols in 
the method of purification of the synthesis. In the referenced protocols, two-phase 
extractions were followed by a final silica chromatography column, which was not done in the 
syntheses of these compounds for this thesis. An average yield of 91% for these compounds 
was obtained compared to an 88% average yield in the reference articles, despite the much 
smaller scale. Although some presence of the base compound remained until compound 4 (-
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CH3 peak at 2.3 ppm, Figure S6-S8 of Supporting Information), yields are representative as the 
reaction mechanisms during syntheses of compound 2 to compound 4 are unreactive to the 
base compound. 
  
However, Lawesson’s reagent used for synthesis of compound 5 is reactive to the base 
compound, which in part explains the lower average yield of 49% compared to the 92% in the 
reference article. Also, the omittance of chromatography after each intermediate synthesis 
explains why more impurities were present, lowering the yield. However, as the NMR spectra 
showed only minor impurities, compounds 1 to 4 were deemed acceptable to use in follow-
up reactions. This proves that silica column chromatography is not a necessity for 
intermediate compounds.  
 
An additional explanation for the 49% yield of compound 5 is that during this synthesis, the 
starting compound was not entirely dry (Supporting Information, Chapter S1.6). This means 
that the weights used for yield calculations may have been not entirely correct. Although 
trace amounts of acetone should not be an issue in all other syntheses, Lawesson’s reagent is 
able to react with acetone, as it is a carbonyl, same as compound 4 and the base compound. 
Thus, the available molar equivalent of Lawesson’s reagent to compound 4 may have been 
somewhat lower than intended. A simple solution would be to increase the amount of 
Lawesson’s reagent to compensate for the change in reaction kinetics. 
 
For compound 6, the silica column chromatography method in this thesis was improved 
compared to the referenced protocol, where first elution was done with DCM only and later 
with a 95 to 5 ratio of DCM/acetone, giving a 75% yield. Repetition of this protocol proved 
very difficult, with achieved yields between 20% and 63%. Shown in this thesis, dry loading 
instead of wet loading and the adjustment of gradually increasing acetone concentration to 
higher acetone concentrations up to a 50 to 50 ratio in the eluent gave an average yield of 
83%. Although not listed, it is likely that this increases elution speed, decreasing the amount 
of needed solvent.  
 
Although purification of modified PEG is commonly done by precipitation, for example with 
ether,80 it is less useful for protected 4arm PEG. Especially if the protection mechanism is not 
100% successful. If the DoF is lower than 100%, both the unprotected and protected PEG will 
be in the precipitate. This is undesirable as this will need to be considered when using it to 
make hydrogels.  
 
The difference in HA-MAL yield may be explained by the stability of the coupling agent EDC in 
MES buffer solutions at low pH. In MES buffers EDC is stable at pH 7 at room temperature, 
with a half-life of 37 hours.81 It was found that decreasing pH to respectively 6 and 5 decreases 
the half-life to 20 and 3.9 hours.81 It is likely that in the MES buffer solution at pH 4.5 used 
here, EDC half-life was below 3.9 hours. As the difference between the two syntheses was 
that EDC and NHS were dissolved either immediately or 30 minutes before adding to the 
reaction mixture, the difference in yield can be explained by partial degradation of EDC in the 
latter case. Thus, it is recommended to dissolve EDC and NHS only briefly before adding to 
the reaction mixture.  
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3.2 Material quantification 
3.2.1 Absorbance of PPG and conjugates 
For compound 3, lmax was found at 380 nm in ACN/PBS. For compounds 6, protected EDT, and 
protected 4arm PEG, lmax was found near 470 nm in ACN/PBS. For protected 4arm PEG in only 
PBS, lmax was 475 nm.  Absorbance spectra of protective groups and protected PEG are shown 
in Figure 12.  
 

 
Figure 12: A: Absorbance spectra of compound 3, compound 6, protected EDT, and protected 4arm PEG. lmax is ± 470 nm. B: 
Zoomed in. 

An e of 16956 M-1cm-1 was determined for compound 6, similar to the value found by Klimek 
et al. of 16500 M-1cm-1.78  Of protected 4arm PEG, it was determined at 32392 (s=170, n=3) 
M-1cm-1 based on its calibration curve, or 39313 (s=1651, n=3) M-1cm-1 based on the triplicate 
sample. The molar amount of compound 6 in the conjugated protected 4arm PEG was 
considered as well for 80% protection illustrated in Figure 13.  
 

 
Figure 13: Absorbance at l=473 nm of compound 6 and protected 4arm PEG corrected for the molar concentration of  
compound 6. For compound 6, an e of 16965 (±1142) M-1cm-1 was calculated. For the protected 4arm PEG they were 32392 
(±170, triplicate sample) and 39313 (±1651, calibration curve) M-1cm-1.  

3.2.1.1 Considerations 
It is preferable to have all absorbance spectra in PBS, as it is the medium intended to use 
when printing. It was not possible to obtain these data due to low solubility of shown 
compounds, except for the protected 4arm PEG. Interestingly, the difference in lmax of both 
protected 4arm spectra (Figure 12) indicates a bathochromic shift, as lmax increased with 
increasing solvent polarity. Thus, other shown compounds possibly have a similar 
bathochromic shift, resulting in a higher lmax in PBS. 
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It was expected that the molar extinction coefficient of protected 4arm PEG was linearly 
correlated to the degree of protection. Considering 80% protection, the molar extinction 
coefficient was expected to be 0.8 * 4 * ecompound 6 » 54288 M-1cm-1. However, the actual value 
was much lower at 32392-39313 M-1cm-1. The implication is that the absorbing character of 
compound 6 is different in free form compared to its conjugated form. This is also in line with 
the slightly different respective shapes of the absorbance spectra (Figure 12). The data here 
suggests that compound 6 decreases in absorbance when it is conjugated to 4arm PEG (Figure 
13). One reason for this may involve changed binding energies. During absorbance, atomic 
electrons are liberated from atoms due to photons losing their entire energy to them.82 For 
this to occur, the energy of a photon needs to be higher than the binding energy of that 
particular electron. It is possible that because of conjugation of compound 6 to 4arm PEG the 
binding energies of electrons involved in absorbance have changed. Another factor may be 
that particle distribution of compound 6 may be different in free form compared to its 
conjugate. In free form, molecules are uniformly distributed when dissolved, but when 
conjugated, they are clustered together on 4arm PEG, which are uniformly distributed 
themselves when dissolved. Therefore, interaction kinetics between photons and compound 
6 may be different.    
 
3.2.2 HA-MAL quantification 
Maleimide absorbance decreased to 50% after 20 hours, although the decline is nonlinear. 
Significant decreases were found between time points 0.2-2 h (****), 2-5 h (***), 5-22 h 
(****), 25.5-46 h (***), and 46-69 h (***). Absorbance of HA-MAL over time is shown in Figure 
14. Spectra at various time points are shown (A, B), and the absorbance at 296 nm was 
compared in time (C, D).  
 

 
Figure 14: A: 1% HA-MAL maleimide absorbance over time, n=3. B: Zoomed in between 280 and 350 nm. C: Decrease in 1% 
HA-MAL (12% DoF) absorbance at l=296 nm over time. ** p £ 0.01, *** p £ 0.001, **** p £ 0.0001, n=3. D: Absorbance 
expressed as percentage from start. Time point at 0.2 h was assumed to be 100%.  
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Maleimide protons at the -ene are visible at 6.9 ppm, with an integer of 0.24. After 76 h, the 
peaks at 6.9 ppm are absent, with the integer of 0.01. New peaks are present at 6.0 and 6.3 
ppm, with a combined integer of 0.23. Full spectra are shown in Figure 15. 
 

 

Figure 15: 1H NMR visualization of the shift of the protons on the -ene before and after synthesis, and after maleimide 
degradation. A: HA before maleimide functionalization. B: HA-MAL. Peaks at 6.9 ppm have been attributed to protons on C1 
and C5. C: HA-Maleic acid. Peaks at 6.0 and 6.3 ppm have been attributed to protons on C32 and C33. 

3.2.3 Considering maleimide degradation in print sample preparation 
The implication of maleimide degradation for VBP is that HA-MAL needs to be used within a 
short timeframe after preparation. The reason is that the -ene of the maleimide is far more 
reactive than that of maleic acid. Whereas maleimide shows full conjugation to thiol without 
catalyst within a minute,80 maleic acid and other linear -enes conjugate slower, even in the 
presence of catalysts or initiators.73,83 Maleimide degradation after conjugation will not be a 
problem as the covalent bond will still be present, illustrated in Scheme 10. The pH sensitivity 
follows from the hydroxide ions being the reactants: at lower pH their concentrations are very 
low. 
 

 
Scheme 10: Despite maleimide degradation into maleic acid, cross-links between HA-MAL (R1) and 4arm PEG (R2) remain. 
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3.3 Thiol-maleimide conjugation 
3.3.1 NMR 
Shown in Figure 16 and Figure 17 are NMR spectra before and after thiol-maleimide 
conjugation.  

 
Figure 16: PEG 2 kDa (MAL)2 - EDT conjugation. A: The number of protons of the repeating PEG unit at 3.7-3.8 ppm was set 
at 182. The protons of the maleimide -ene at 6.9 ppm, integrated at 2.56 protons (should be 4). B: Thiol-ene conjugation of 
all maleimides results in absence of the -ene peak at 6.9 ppm and yields a new peak at 2.77 ppm of the resulting -CH2 on the 
maleimide. Integrations yields an estimation of 3.2 protons (should be 4). C: A, zoomed in. D: B, zoomed in.   
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Figure 17: PEG 5 kDa (MAL)2 - EDT conjugation. A: The number of protons of the repeating PEG unit at 3.7-3.8 ppm was set 
at 454. The protons of the maleimide -ene at 6.9 ppm, integrated at 2.56 protons (should be 4). B: Thiol-ene conjugation of 
all maleimides results in absence of the -ene peak at 6.9 ppm and yields a new peak at 2.77 ppm of the resulting -CH2 on the 
maleimide. Integrations yields an estimation of 3.97 protons (should be 4). C: A, zoomed in. D: B, zoomed in.   
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Before thiol-maleimide conjugation of linear PEG 2 kDa and EDT, two -CH groups of the 
maleimide were visible at 6.9 ppm. Setting the integer of the PEG protons at 3.7 ppm at 182 
protons yielded an integer of 2.56 protons at 6.9 ppm. After conjugation, the peak at 6.9 ppm 
disappeared and a new peak of the -CH2 groups of the former maleimides appeared at 2.77 
ppm, integrated at 3.2 ppm. For linear PEG 5 kDa and EDT, two -CH groups of the maleimide 
were visible at 6.9 ppm. Setting the integer of the PEG protons at 3.7 at 454 protons also 
yielded an integer of 2.56 protons at 6.9 ppm. After conjugation, the peak at 6.9 ppm 
disappeared and a new peak appeared at 2.77 ppm, integrated at 3.97 protons. 
 
Although the conjugation is clearly visible, NMR does not provide information about the final 
particle size, since both linear PEGs and EDT have their reactive groups on both ends. Studying 
particle size may give an insight into cross-linking kinetics, as larger particle size indicates 
higher reaction rate. This is because as conjugated complexes form, the molar concentrations 
of unconjugated molecules decrease. 
 
3.3.2 PEG-MAL GPC 
Conjugation particle size is shown in Figure 18. For full spectra, see Supporting Information, 
chapter S3. For samples first reacted in PBS, standard particle size was measured at 2589.3 
±53.1 Da for linear PEG 2 kDa, and 5886.3 ±84.0 for linear PEG 5 kDa. Conjugated samples 
showed 3 populations (P1, P2, P3). Linear PEG 2 kDa and EDT yielded populations of 2543.7 
±8.0, 5543.3 ±70.0, and 9085.7 ±16.6 Da. Linear PEG 5 kDa and EDT yielded sizes of 5801.7 
±13.1, 12747.0 ±11.8, and 19983.7 ±22.0 Da (A). For samples dissolved directly in DMF, 
standard particle size was measured at 2619.7 ±48.8 Da for linear PEG 2 kDa, and 5947.7 ±63.8 
Da for linear PEG 5 kDa. Linear PEG 2 kDa and EDT yielded populations of 1857 ±3.5 and 
8416.3 ±1838.8 Da. Linear PEG 5 kDa and EDT yielded sizes of 4296.3 ±34.1, 19749.3 ±9480.6, 
and 48539.0 (s=0, n=1) Da (B). As for the fraction of each population in PBS, shown in (C), 
linear PEG 2 kDa and 5 kDa consisted of 100% P1. Linear PEG 2 kDa and EDT were 71.8% ±1.6% 
P1, 12.8% ±1.23% P2, and 15.41% ±0.9% P3. Linear PEG 5 kDa and EDT were 66.1% ±2.2% P1, 
15.3% ±1.8% P2, 18.6% ±1.1% P3. As for fractional population size, shown in (D), linear PEG 2 
kDa and 5 kDa consisted of 100% P1. Linear PEG 2 kDa and EDT were 32.5% ±2.6% P1, and 
67.5% ±2.6% P3. Linear PEG 5 kDa and consisted of 23.6% ±3.9% P1, 13.3% (s=0, n=1) P2, 72% 
±3.7% P3. 
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Figure 18: GPC size estimation of linear PEG and EDT conjugates (n=3). A: For samples first reacted in PBS, standard particle 
size was measured at 2589.3 Da (s=53.1) for linear PEG 2 kDa, and 5886.3 Da (s=84.0) for linear PEG 5 kDa. Linear PEG 2 kDa 
and EDT yielded populations of 2543.7 (s=8.0), 5543.3 (s=70), and 9085.7 (s=16.6) Da. Linear PEG 5 kDa and EDT yielded sizes 
of 5801.7 (s=13.1), 12747.0 (s=11.8), and 19983.7 (s=22) Da. B: Samples dissolved directly in DMF, linear PEG 2 kDa and 5 
kDa standard particle size was measured respectively at 2619.7 Da (s=48.8) and 5947.7 Da (s=63.8). Linear PEG 2 kDa and 
EDT yielded populations of 1857 (s=3.5) and 8416.3 (s=1838.8) Da. Linear PEG 5 kDa and EDT yielded sizes of 4296.3 (s=34.1), 
19749.3 (s=9480.6), and 48539.0 (s=0, n=1) Da. C: P1, P2, and P3 as fractions of total for samples first reacted in PBS. Linear 
PEG 2 kDa: 100% P1. Linear PEG 5 kDa: 100% P1. Linear PEG 2 kDa + EDT: 71.8% (s=1.6) P1, 12.8% (s=1.23) P2, 15.41% (s=0.9) 
P3. Linear PEG 5 kDa + EDT: 66.1% (s=2.2) P1, 15.3% (s=1.8) P2, 18.6% (s=1.1) P3. D: P1, P2, and P3 as fractions of total for 
samples dissolved directly in DMF. Linear PEG 2 kDa: 100% P1. Linear PEG 5 kDa: 100% P1. Linear PEG 2 kDa + EDT: 32.5% 
(s=2.6) P1, 67.5% (s=2.6) P3. Linear PEG 5 kDa + EDT: 23.6% (s=3.9) P1, 13.3% (s=0, n=1) P2, 72% (s=3.7) P3. 

Measured particle sizes are different from what was expected. Beforehand it was expected 
to see larger particle size in samples that were allowed to react in PBS first before dissolution 
in the GPC eluent, DMF. The total reaction time for the PBS samples was longer than of the 
others. Also the increased polarity of water compared to DMF should have yielded larger 
particles, as reaction rate increased with higher solvent polarity.84 The most likely explanation 
is that the centrifugation of the PBS samples sedimented larger conjugated particles. This 
would also explain why the percentages of unconjugated particles are lower in the PBS 
samples. Unfortunately, the centrifugation step is necessary if the reaction is to be tested in 
the solvent that is eventually used for printing, an aqueous buffer. The reason is that the used 
GPC column cannot be used with undissolved salts. Another reason may be the influence of 
the salts in PBS, absent in the DMF samples. In the presence of salts, the negatively charged 
thiolate (Scheme 3) will be shielded to an extent by the positively charged ions. Displacing 
these requires additional energy, thus lowering reaction kinetics.  
 
This experiment could be adjusted to be repeated. Advised changes for better comparison 
are inclusion of PBS salts in all samples and to have similar centrifugation in all samples. The 
fact that the thiol-ene reaction occurs both in water and DMF the complexity of having to 
correct for the influence of the GPC eluent. To negate this, it would be better to use a GPC 
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column suitable for aqueous solutions. However, in our case, the necessity of this experiment 
for VBP can be questioned. If hydrogels are formed successfully, that already is a measure of 
sufficient cross-linking kinetics for the application of VBP.  
 
3.4 Hydrogel formation by photocleavable mechanism 
This chapter should be viewed as exploratory information, meant to obtain starting points on 
how to print with the protected 4arm PEG. Although not all results could be validated in 
triplicate due to time constraints, they are useful in determining which future directions can 
be taken on how to use these materials in VBP.   
 
3.4.1 PEG based hydrogel formation 
Hydrogel formation of linear PEG 2 kDa and 4arm PEG at various concentrations (w/w 
percentage) is shown in Figure 19. Although hydrogel-like, the 1.5% and 2% (w/w) increased 
in viscosity only. After addition of 1 mL PBS to a 3% sample, the hydrogel remained for a few 
weeks, until discarded (not shown). The 2% and 1.5% (w/w) concentrations did not have this 
stability as they dissolved within multiple hours (not shown). 
 

 
Figure 19: Hydrogel formation of linear PEG 2 kDa  and 4arm PEG in PBS. Percentages are in w/w. Scale bar represents 10 
mm. 

When considering the lowest usable concentration, hydrogels should remain even after 
dilution. This is because when printing cells, liquid culture medium should be added after 
printing without changing the 3D shape of the construct. Of linear PEG 2 kDa and 4arm PEG 
the minimum concentration is 3%. This corresponds to other hydrogel preparations using 
similar components85 and also other 4arm PEGs and thiols.86 The added benefit of using low 
concentrations is a lower cross-link density, facilitating higher cell density and higher 
expression of extracellular matrix genes.87  
 
Hydrogel formation of the linear PEG 2 kDa and protected 4arm PEG is shown in Figure 20. 
The remaining stock solution of protected 4arm PEG became a hydrogel the next day (not 
shown). Samples B and C were bordering between a gel and a viscous fluid. Sample D is a 
hydrogel but did not appear as strong as the control. 
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Figure 20: Hydrogel formation of linear PEG 2 kDa and protected 4arm PEG in PBS at 3% w/w. A: Control. B and C: Gel 
formation after floodlight irradiation, 3 minutes.  D: Gel formation after laser irradiation (l=473 nm), 3 minutes. Scale bar 
represents 10 mm. 

The reason for less efficient cross-linking of samples using protected 4arm PEG compared to 
the control is worse dissolution. Since polar solvents are suggested to mediate 
photocleavage,88  fewer water molecules interacting with protected 4arm PEG will make 
decoupling less energetically favorable. However, as demonstrated by sample D, this is 
counteracted when using a higher energy light source.  
 
A practical consideration when working with stock solutions of protected 4arm PEG is storage 
in the dark and for limited time. This is because 4arm PEG can gel by itself as well due to the 
formation of disulfide bonds. The gelling of the remaining stock after a day indicates slow 
deprotection at normal lighting conditions.  
 
Hydrogel formation using PBS with DMSO or ACN was unsuccessful. Also, the ACN/PBS sample 
was darker, shown in Figure 21. 
 

 
Figure 21: No hydrogel formation in linear PEG 2 kDa and 4arm PEG samples. A: 3% w/w in PBS with 5% DMSO. B: 3% w/w 
in PBS/ACN 1:1. Scale bar represents 10 mm. 

The color difference may be due to the low water solubility of compound 6 that is released 
after cleavage. Considering similar cleavage, the amount of released compound 6 is similar in 
both vials, but the undissolved or precipitated amount will be higher in the more polar 
solution, A. During synthesis of compound 6 it was seen that when concentrating it the color 
changed from yellow to a darker color.    
 
The addition of organic solvents such as DMSO and ACN for complete dissolution does not 
seem desirable, as no hydrogels were formed. This observation can be explained by the 
increase in pKa of thiols in organic solvents. Relative to water, the pKa of thiols in general has 
been calculated to be higher by 3.7 and 12.7 in DMSO and ACN respectively.89 This means 
that at a similar pH, the equilibrium between thiol and thiolate (Scheme 3, A) shifts towards 
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thiol formation. Thus, with a lower amount of thiolate groups, potential for cross-linking 
decreases.  
 
3.4.2 Hyaluronic acid based hydrogels 
Hydrogel formation of HA-MAL and 4arm PEG at various concentrations is listed in Table 7. 
The lowest concentration for usable hydrogel formation was 0.6% (w/w) HA-MAL and 0.3% 
(w/w) 4arm PEG. The use of 1X PBS (sample 1a) did not yield a hydrogel.  
 
Table 7: Hydrogel formation of HA-MAL and 4arm PEG. aDuplicate sample in 1x PBS at pH 4. Percentages are w/w. 

Sample HA-MAL 4arm PEG Gel 
 Percentage (w/w) Percentage (w/w) Directly After 

diluting 

1a 

2 
3 
4 
5 
6 

1 
0.6 
0.5 
0.4 
0.3 
0.2 

0.5 
0.3 
0.25 
0.2 
0.15 
0.1 

✓X 

✓ 
✓ 
✓ 
X 
X 

✓X 

✓ 
✓/X 
X 
X 
X 

 
An equilibrium shift towards thiol formation instead of thiolate (Scheme 3) is also the case at 
lower pH. This explains why the duplicate of sample 1 at pH 4 did not form a hydrogel, 
whereas the same concentration at pH 7 does form a hydrogel. Thus, it is recommended to 
use HA-MAL and 4arm PEG only at 0.6% and 0.3% (w/w) respectively and at physiological pH. 
 
Hydrogel formation of HA-MAL and 4arm PEG after different preparations is listed in Table 8. 
Samples 1 and 3 did not yield hydrogels. Hydrogel yielding samples 2 and 4, were somewhat 
stable when diluting, shown in Figure 22 and Figure 23. 
 
Table 8: Overview HA-MAL hydrogel formation after different preliminary preparations. Percentages are w/w. 

Sample Properties Gel  Applied Light 
Dose for gel 
formation 

Note Figure 

1 
 
 
2 
 
 
 
3 
 
 
 
4 

1% HA-MAL, 0.5% 
protected 4arm PEG 
 
0.6% HA-MAL, 0.15% 
4arm PEG, 0.15% 
protected 4arm PEG 
 
0.6% HA-MAL, 0.12% 
4arm PEG, 0.2% 
protected 4arm PEG 
 
0.6% HA-MAL, 0.12% 
4arm PEG, 0.2% 
protected 4arm PEG 

X 
 
 
✓ 
 
 
 
X 
 
 
 
✓ 
 

N/A 
 
 
1980 mJ cm-2 (3 
min) 
 
 
N/A 
 
 
 
2640 mJ cm-2 (5 
min) to 3696 mJ 
cm-2 (7 min) 

Centrifuged, 
floodlight 
 
Centrifuged, 473 
nm laser 
 
 
Filtrated through 
0.45 µm 
membrane, 520 
nm laser 
 
520 nm laser 

Not shown 
 
 
Figure 22 
 
 
 
Not shown 
 
 
 
 
Figure 23 
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Figure 22: Sample 2 containing a hydrogel of 0.6% HA-MAL, 0.15% 4arm PEG and 0.15% protected 4arm PEG after laser 
irradiation (l=473 nm), 3 minutes. A: After printing. B: After addition of 0.5 mL PBS. C: Two days after addition of 0.5 mL PBS. 
Scale bars represent 10 mm. 

 
Figure 23: Sample 4 containing a hydrogel of 0.6% HA-MAL hydrogel and 0.3% protected 4arm PEG after laser irradiation 
(l=520 nm), 7 minutes. A: After printing. B: After addition of 0.5 mL PBS. C: Five days after addition of 0.5 mL PBS. Scale bars 
represent 10 mm. 

Centrifugation and filtration cannot be used. The latter is a particular problem, since cell 
printing is done sterilely, and materials are usually filtered through a 0.22 µm filter. The 
results can be explained when assuming partial dissolution. Undissolved particles are 
subjected to sedimentation, neither will they pass filters. Also, with increased concentration 
of protected 4arm PEG, the percentage of undissolved particles increases, together with the 
difference between actual and intended concentrations. For these reasons, samples 1 and 3 
(Table 8) made no hydrogel.  
 
Minimizing the loss of (protected) 4arm PEG by having a mix of unprotected 4arm PEG below 
the hydrogel forming concentration and protected 4arm PEG is a method to improve hydrogel 
formation near lmax, shown by sample 2 (Table 8). It is likely that also at the lower 
concentration, incomplete dissolution occurred, and some particles were removed by 
centrifugation, explaining why the hydrogel is weaker than the control and dissolves slowly. 
 
Increasing wavelength to 520 nm was shown to be feasible by sample 4 (Table 8). The lower 
absorbance is still enough for deprotection, while benefitting from increased light 
transmittance. It appears that printing time increases when switching from 473 to 520 nm, 
considering the respective printing times of 3 and 7 minutes, although in the latter case gel 
formation was already observed after 5 minutes. Although more studies are needed for 
proper comparisons, longer printing time may be explained by the fact that at increasing 
wavelength, energy decreases. However, the equipment used for this thesis may explain the 
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difference also, as the maximum power output of the lasers was different: respectively 1100 
and 880 mW for 473 and 520 nm. In case of comparable power output, difference in printing 
time should decrease.  
 
Protected 4arm PEG having absorbance means that part of the light that travels through the 
vial is absorbed and the number of photons decreases the further it goes through the 
material. Depending on the pathlength and intensity of the laser, in case of too high 
absorbance, it is possible that part of the build construct is irradiated less than intended and 
printing will not be successful. Bernal et al. found a minimum needed light transmittance for 
LAP of 37% sufficient for printing with 405 nm.35 Using this parameter to calculate a 
concentration of protected 4arm PEG yields 0.07-0.08 mg/mL. This means that transmittance 
will be lower than 37% when exceeding this concentration and printability will suffer. 
 
Increasing the light wavelength decreases this problem, as absorbance is lower at 
wavelengths other than lmax (470 nm). For example, at 520 nm the absorbance is lower 
therefore the transmittance will be higher. This strategy is widely used with LAP which has a 
lmax at 375 nm, whereas in VBP 405 nm is used.35,37–39 An additional benefit of increased 
wavelength is the reduction of light scattering of precipitating compound 6 after cleavage, as 
particles smaller than l scatter less with increasing wavelength, according to Raleigh 
Scattering.90  Particles larger than l scatter less as well, according to Mie Theory.91 This is 
beneficial for printing with cells. The novelty of using 520 nm means that the protected 4arm 
PEG has potential to be used in multi-material printing.   
 
3.5 Areas for improvement 
3.5.1 Increasing uncaging efficiency to reduce printing time 
Printing time may also be reduced by increasing uncaging efficiency. A coumarin derivative 
synthesized by Klimek et al.92 showed 3-4 times increased uncaging compared to compound 
3, shown in Figure 24 (A). Using a modified version of compound 6 (B), uncaging should 
increase. An added benefit when having ethyl as the -R group is a 20 nm bathochromic shift,92 
although it may reduce water solubility. 
 

 
Figure 24: More efficient uncaging coumarin derivative, as synthesized by Klimet et al.92 B: Potential version of compound 6 
with increased uncaging and lmax. 

Briefly, the rigidity decreases rotation of the amine, shown in Figure 25. At the excited state 
(A), this amine is normally involved in twisted intramolecular charge transfer (TICT, B).92 
Therefore, when photons are absorbed, it leads to (partial) charge transfer from the carbonyl 
to the amine. Due to this charge interaction with water molecules is increased, releasing 
energy, and stabilizing the non-excited state. Increased rigidity reduces TICT, increasing decay 
via the other route of the cleavable bond, and thus uncaging.  
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Figure 25: Hydrogen bond formation increases decay, adapted from Klimek et al.92 A: Excitation of coumarin leads to charged 
carbonyl. In case of compound 6 a similar process happens for the thiocarbonyl. Via the mechanism of intramolecular charge 
transfer, the amine can become charged as well, shown in B. B: Excitation energy is partially released in the formation of 
hydrogen bonds between amine and water.  

3.5.2 Improving water solubility  
Using a longer hydrophilic PEG thiol linker shows promise to negate the low solubility of 
compound 6. Although water solubility of the protected linker may not have been enhanced 
enough by replacing EDT with 4arm PEG, the difference implies that when using an even 
longer PEG linker or other more soluble compounds, water solubility will improve further.  
 
A valid consideration is the protection of the hydrogel backbone polymers, as they have good 
water solubility. Thiol functionalized gelatin and hyaluronic acid are commercially available, 
which may be protected by PPGs. However, the protection chemistry used for this thesis is 
incompatible with these, since the reaction is done in DCM, in which they have very low 
solubility.93,94 Esterification in water may be possible, but not with the reagents – 4-NPC and 
DMAP – used in this thesis as they have low water solubility. However, a challenge will be to 
selectively protect potential thiols on gelatin or hyaluronic acid, since they have amine and 
alcohol groups that can be conjugated to compound 6 in the same reaction.  
 
Another strategy is making compound 6 more hydrophilic. Hagen et al. showed a more 
hydrophilic of compound 3, shown in Figure 26.95 Compared to the synthesis scheme of this 
report, this change cannot be done as a post modification step since it requires a different 
starting compound. One important consideration is that the substitution of the carbonyl to 
thiocarbonyl (synthesis of compound 4 to 5) needs to be done without the carboxylic acid 
groups first, since Lawesson’s reagent reacts with these.96 Another challenge will be the 
higher reactivity of thiocarbonyls in general, increasing the chance of undesirable side 
reactions. 
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Figure 26: A: More hydrophilic coumarin derivative as synthesized by Hagen et al.95 The carboxylic acid groups make the 
molecule more hydrophilic. B: Potential more hydrophilic equivalent to compound 6. 

3.5.3 Moving towards physiological ionic strength 
Printing of cells using 10X PBS means that their extracellular environment has a far higher salt 
concentration, shown in Table 9. Thus, cell behavior will change. This is because a significant 
higher extracellular osmolarity causes cellular water efflux, resulting in shrunken and 
dehydrated cells.97  
 
Table 9: PBS content concentrations. 

10X PBS 1X PBS (isotonic to cells) 
1.37 M NaCl 
0.027 M KCl 
0.119 M Phosphates 

0.137 NaCl 
0.0027 M KCl 
0.0119 M Phosphates 

 
Compared to 10X PBS, printing at normal PBS may also be beneficial for thiol-ene reaction 
kinetics. It was shown that at higher ionic strength, nucleophilic reactions with thiols have 
longer transition state bonds.98 Since the transition state theory assumes an equilibrium,99 
the longer the bond, the more the equilibrium moves towards the left. 
 
Reducing hyperosmolarity can be achieved by changing the synthesis of HA-MAL to adjust the 
pH to pH 6 shortly before freeze-drying. This requires addition of NaOH to the dialyzed 
solution to form H2O and NaCl, thus increasing molarity. Since dialysis was done at pH 3.25, 
using formulas (3 and 4), the NaCl increase amounts to 5.6 * 10-4 M when adjusting to pH 6. 
Thus, adjusting the pH after dialysis will significantly reduce hyperosmolarity, as normal PBS 
can be used to bring pH to a physiological level. 
 

pH = - log [H+].      (3) 
 

                                             [H+] = 10-pH.                         (4) 
 

Alternatively, buffer change may also be a strategy to reduce hyperosmolarity. A PBS 
formulation that is only higher in phosphate concentration, but not in the rest of the salts will 
have increased buffering capacity while being more isotonic. Considering buffers with a 
higher buffering capacity to acids is also possible. Good’s buffers can be considered, as they 
are stable, have good water solubility and do not have absorbance or cell toxicity.100  Examples 
are tricine and bicine since their respective pKas of 8.05 and 8.26  are higher than the average 
pKa of 6.8 in PBS. 
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3.6 Future implications for multi material printing 
A start in multi material VBP could be made with using GelMA and the HA-MAL-PEG hydrogel 
described here. The PI LAP, needed to cross-link GelMA has a lmax of 375 nm, with no 
absorbance beyond 420 nm. Thus, when mixing both hydrogel solutions together a HA-MAL 
and protected 4arm PEG hydrogel object could be printed first at 520 nm, with the GelMA 
printed subsequently at 405 nm. 
 
However, this example demonstrates the need to go beyond free radical cross-linking.  Shown 
in Figure 15 (C), HA-MAL degrades into maleic acid that does not react with thiols 
spontaneously. In presence of free radicals, thiols can become highly reactive thiyl radicals 
that can react with linear -enes.101  Shown in Scheme 11 is a potential cross-linking mechanism 
that ends with transfer of the radical to another thiol. However, also further polymerization 
to other -enes is possible,101 leading to non-orthogonal printing.  
 

 
Scheme 11: Potential cross-linking mechanism of thiols to maleic acid. Thiols can form thiyl radicals in presence of free 
radicals. Their high reactivity may cause them to conjugate to the linear -ene of the maleic acid. After conjugation transfer of 
the radical to other remaining thiols can occur to repeat the process. 

A valid consideration is the possibility of thiols becoming thiyl radicals without free radicals, 
due to light irradiation.  However, thiols have absorbance in the UV region with lmax at 240 
nm.102 Since this wavelength is cytotoxic, it is not to be used in bioprinting. With the use of 
bioorthogonal wavelengths, thiyl radical formation is unlikely to occur.    
 
A further step towards orthogonal multi material printing could be achieved by using a 
combination of PPGs that have different absorbance spectra. A requirement will be that only 
one PPG has absorbance at the selected laser wavelength when printing. In the case of 
overlap in absorbance spectra at any used wavelength, both protected cross-linkers will 
become deprotected and undesirable polymerization of both materials will occur.  
 
Such a strategy could include use of HA-MAL and the protection of different thiol linkers with 
different PPGs. Protective groups could be the green absorbing compound C and the violet 
absorbing compound E in Figure 8. A schematic of such a system is shown in Figure 27. In the 
case of multiple thiol linkers, only one maleimide component can be present. With multiple 
maleimide components, deprotected thiol linkers will conjugate to multiple maleimide 
components uncontrollably. However, with surplus of the maleimide component, multi-
material printing can be achieved if the thiol linkers themselves are different, due to the 
formation different hybrid hydrogels. Starting with two protected thiol linkers in presence of 
excess of maleimide hydrogel molecules, no cross-linking occurs (A). When irradiating with 
one wavelength, one type of thiol linker is deprotected and cross-links, until all has reacted 
(B). Irradiating with the second wavelength deprotect the other thiol linker, the remaining 
maleimide hydrogel molecules are cross-linked (C). Since all components have multiple 
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reactive groups per molecule, some maleimides may remain free after the first irradiation (B), 
so that some undesired cross-linking may occur after the second irradiation (C). To minimize 
this effect, molar ratios may be adjusted towards favorable kinetics.  
 

 
Figure 27: Simplified schematic of thiol-ene multi material printing by the use of maleimide hydrogel molecules and thiol 
linker protected PPGs. Molar ratios will differ than shown. A: All compounds are unconjugated before light irradiation. B: 
After green light irradiation, the green absorbing PPG is cleaved after which one thiol linker compound cross-links to HA-MAL. 
The remaining HA-MAL and the other still protected thiol linker remain in solution. C: After violet light irradiation, the violet 
absorbing PPG is cleaved after which the other thiol linker cross-links the remaining HA-MAL. When printing with only the 
maleimide-thiol cross-link system, some of the other thiol linker may cross-link to the earlier formed hydrogel.    

In a very recent publication by Rizzo et al.,51 a similar strategy was used using the PPG of 
Hagen et al.95, Figure 26 (A), and taking advantage of the fact that it has selective absorbance 
for both visible light in single photon irradiation and near infrared light in two-photon 
irradiation. Sequential printing with both one and two-photon irradiation resulted in a 
multicellular construct, although one hydrogel type was used. However, in case of 
uncomplete washing away of unpolymerized materials in between printing steps, or in case 
of simultaneous multi material printing, non-orthogonal printing may occur as illustrated in 
Figure 27 (C).  
 
Full orthogonality can be achieved by the addition of different cross-linking mechanisms. Li et 
al. reported a light activated bioorthogonal conjugation reaction between 
phenanthrenequinone (PQ) and vinyl ether (VE), shown in Scheme 12.103 This mechanism can 
be used to form hydrogels when first conjugating both components separately to hydrogel 
backbone molecules. Subsequent combining both materials will produce a hydrogel after light 
irradiation. When using PQ, fluorescence should be considered as both unconjugated and 
conjugated PQ have maximum emission at 450 nm.103 This means if a PPG is chosen that has 
absorbance around 450 nm, it may be cleaved by local fluorescence of PQ, even if the light 
sources used are outside of the PPG’s absorbance spectrum.  
 

 
Scheme 12: Conjugation mechanism of phenanthrenequinone to vinyl ether. 

An example of true multi material printing is illustrated in Figure 28. When dissolving HA-MAL, 
protected 4arm PEG, PQ functionalized gelatin, and VE functionalized gelatin, all compounds 
will be free in solution before light irradiation (A). After green light irradiation, deprotection 
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of protected 4arm PEG will occur and a HA-MAP-PEG hydrogel will form due to thiol-
maleimide cross-linking (B). The PQ- and VE functionalized gelatin will remain in solution, until 
irradiation with blue light, after which these form a gelatin hydrogel (C). Due to two 
incompatible conjugation chemistries, full orthogonality is achieved.  
 

 
Figure 28: Orthogonal multi material printing by combining a thiol-maleimide and a PQ-VE hydrogel. A: All compounds are 
unconjugated before light irradiation. B: After green light irradiation, deprotection of thiols results in thiol-maleimide cross-
links and hydrogel formation. C: After blue light irradiation, PQ and VE cross-link, forming another hydrogel.  

4 Conclusion 
In this thesis, it was shown that synthesis of a green absorbing PPG to protect thiolated PEG 
is an attainable approach. Also, HA-MAL can be functionalized to a degree that cross-linking 
occurs rapidly and that a strong enough hydrogel is produced. The HA-MAL synthesized in this 
thesis produced a strong hydrogel at only 3% (w/w) that lasted several weeks when diluting 
with PBS. This property makes it an attractive material for bioprinting. It was demonstrated 
that use of these materials in a novel bio-ink is feasible, as hydrogels were produced by novel 
use of laser wavelengths 473 and 520 nm. This achievement forms an attractive prospect for 
multi material printing. Short term multi material printing may be explored by combining 
GelMA with HA-MAL or combining HA-MAL with different protected thiol linkers, although 
they are likely not entirely orthogonal. Future true multi material VBP may be achieved by 
combining multiple orthogonal conjugation chemistries of which thiol-maleimide chemistry 
is likely to be part of. Although further refinements of the solubility of the PPG and pH 
neutralization of HA-MAL solutions that were used here are needed, this thesis demonstrates 
that HA-MAL and PPG protected thiolated compounds have great promise to become 
essential materials for bio-inks in bioorthogonal multi material VBP. 
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