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2 Abstract 

The rapidly emerging scientific field of bio fabrication holds many promises for the 

production of small body parts, organelles or even whole organs. Needless to say, how big of 

an impact this would have on the daily life of millions of patients. But with this scientific field 

being relatively young, certain discoveries and advancements are still to be made. One of the 

most promising approaches of the research lies in a process, called volumetric bioprinting. 

Instead of using layer-by-layer printing, this volume-in-volume 3-Dimensional printing 

method creates a construct within seconds. During this process a mixture of substances, 

called a bioink, is crosslinked in a volumetric printing process in a volumetric printer. The only 

impact on the bioink during the crosslinking is light, making the printing a gentle process and 

therefore highly suited for the printing with living cells. These bioinks predominantly rely on 

methacrylate-modified gelatin. However, methacrylate-modified gelatin shows to have 

certain limitations and doesn’t allow for further modification, which is needed to create 

tissues of higher complexity. This report focuses on the synthesis, characterization, and 

modification of a bioink, which is not reliant on methacrylate.  The material used is 

norbornene-modified gelatin, further on called GelNOR. GelNOR allows for a rapid 

crosslinking process, making it less susceptible to inhibiting mechanisms compared to 

methacrylate-modified gelatin. Furthermore, GelNOR hydrogels allow to be modified after 

crosslinking, utilizing its special crosslinking mechanism. This post-printing modification 

enables the grafting of biological molecules into the hydrogel. Not only is this new to the field 

of volumetric bioprinting, but it allows for the spatially controlled printing of specialized tissue 

by grafting growth factors into the hydrogel. This report is a first step of exploring this 

promising feature of GelNOR. The first part is focused on the synthesis and analysis of this 

material, where we could successfully synthesize the material with a high degree of functional 

groups. Subsequently, the volumetric printing properties of GelNOR were assessed in an 

approach of optimizing the printing conditions. In this part we optimized the printing 

resolution of GelNOR by alternating the bioinks composition and the conditions during the 

printing process. The substances added to the bioink slowed down the crosslinking process, 

making the printing more modifiable. The third part of this report is focused on the grafting 

of biological molecules into an already crosslinked GelNOR construct. With various 

experiments this process was not only proven to be feasible, but it was also shown that, by 

adjusting the printing conditions to graft the biological molecules, it was possible to spatially 

control the complex 3-Dimensional designs of the grafted structures inside the printed 

constructs. 
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3 Lay Summary 

 
The three-dimensional printing of tissues and even whole organs could solve the needs 

for millions of patients all around the globe and help to overcome the global donor organ 

shortage crisis. To reach this goal, the relatively young field of research of biofabrication aims 

to create scaffolds for cells to thrive in, resulting in functioning tissues and organs. As 

promising as it sounds, there are still various hurdles to be taken. A lack of variety in the 

available building materials for these scaffolds and their limitations still hinder this technology 

from fully exploiting its potential. An example for such a limitation is that most materials 

cannot be modified, after the scaffold was printed. However, this is essential for the creation 

of tissues or organs of higher complexity. The reason for this is that complex organs are 

comprised of various different and specialized cell types, and the functionality of these organs 

is dependent on their correct spatial arrangement. Conventional scaffold-printing materials 

don’t have a control mechanism to arrange specialized cell types. In the human body, 

biologically active molecules cause stem cells to transform into specialized cell types. This 

report is focused on the characterization of a method to attach such biologically active 

molecules into already printed scaffolds, using a special scaffold material. The method of 

attaching these molecules is the same as for constructing the scaffolds. After proving the 

possibility of such a modification, it was even possible to attach them in a spatially controlled 

arrangement. This lays the foundation of printing tissues and organs of higher complexity and 

bares the potential of being a quantum leap in the field of biofabrication, as this has never 

been done before. Building upon the findings in this report, further research remains to be 

done, in order to bring this promising technology to patients’ use. It is hard to predict, when 

this technology will be available for clinical application, but the impact it will be undeniably 

huge. 
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4 Introduction 

 

4.1 Biofabrication 

Biofabrication is a scientific field, specializing on the fabrication of functional tissues and 

can be understood as a combination of biology, engineering and material science. The 

fabricated constructs are designed to have a biological structural organization. This means, 

that the basic building materials are of biological origin and biocompatible. Further, the 

application of bioactive molecules and even the inclusion of living cells or cell aggregates are 

desirable (1). An important aspect of biofabrication techniques is to adequately mimic the 

conditions of the native tissues and organ structures (2). This is can be achieved by creating a 

biocompatible scaffold, which allows for the proliferation of cells and the transport of 

nutrients, but also shows biodegradability (3). A common approach for this is a technology 

called bioprinting. Hereby, a substance called bioink is processed to form scaffold structures 

for cells to thrive in. A bioink essentially entails a mixture of compounds that can be processed 

by an automated biofabrication technology, that is containing cells and optionally biologically 

active components (4). Although this has been done in a two-dimensional scale, the 

fabrication processes for three-dimensional structures with appropriate conditions remain to 

be developed and refined (2). To fabricate these three-dimensional structures, bioprinting is 

combining the principles of tissue engineering and 3D-printing. The most common 

understanding of the process of 3D-printing is the extrusion-based additive layer-by-layer 

processes. An example of these processes is inkjet-printing [Figure 1A], where single droplets 

of bioink are dispensed on a building platform and subsequently crosslinked. This method 

requires the bioink to have a lower viscosity than other extrusion-based processes. Li et al. 

used alginate as a basic material for their inkjet-printing bioink and could refine this process 

to reach a drop size of just tens of micrometers (5). Another extrusion-based layer-by-layer 

method is microextrusion [Figure 1B]. Microextrusion comprises a steady bioink flow using 

air pressure, piston- or screw-assisted extrusion systems. Like inkjet-printing, microextrusion 

requires the bioink to have a low viscosity. However, Kim et al. developed a printing strategy 

to apply low-viscosity bioink, based on fibrinogen, in a high resolution by printing on a micro 

structured substrate to hold the bioink in place during printing (6). A printing process using a 

laser to apply bioink on a surface in a layer-by-fashion is laser-assisted bioprinting [Figure 1C]. 

Hereby, the building material is applied on a substrate surface by projecting a laser beam onto 

an energy absorbing layer. This causes the absorbing layer to evaporate, resulting in high-

pressure bubbles of microscopic scale between the side of the absorbing layer, which faces 

the bioink, and the substrate surface. These microscopic high-pressure bubbles create a jet 

of material towards the substrate surface (7). Unlike other 3D-printing methods, laser-

assisted bioprinting requires a high-viscosity bioink. As stated by Dou et al., laser-assisted 
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bioprinting can print with a high resolution up to the scale of microns. Commonly used bioinks 

for laser-assisted bioprinting are based on gelatin (8).  

 

 
Figure 1: 4.1 Biofabrication – Schematic of layer-by-layer methods of 3-Dimensional printing. A: Inkjet printing, B: 

Microextrusion based printing, C: Laser-assisted printing and D: Stereolithography (7). 

Next to the application method of the bioink, the mechanism of how the bioink is 

crosslinked plays an important role in the process development, as it does not only determine 

the mechanical properties of the bioink, but also the impact on the cells, encapsulated within 

the bioink. Examples of crosslinking mechanisms is thermal gelation, pH, ionic, enzyme-based 

crosslinking or photopolymerization (2). A special crosslinking method to be mentioned is 

photopolymerization (light-induced crosslinking) as it allows for a clean spatially and 

temporally controlled crosslinking. The commonly used spectrum of light ranges from ultra 

violet to visible light. However, using visible light shows to have a higher cell compatibility and 

results in more uniform structures, since it has a higher penetration depth. To make use of 

this crosslinking mechanism, the bioink has to contain a photo-initiator (PI) or has to be based 

on a photoresponsive polymer. Upon the impact of light, the PI generated free radicals by 

homolytic bond cleavage, which induces the bioinks respective polymerization mechanism 

(9).  A layer-by-layer process, making use of such a photo crosslinking mechanism is 

stereolithography [Figure 1D]. During this printing process, a printing platform is submerged 

into the bioink and a complete layer crosslinked onto the platform/previous layer. This is 

achieved by projecting light into the printer’s polymerization plane within the bioink with a 

projector, inducing the crosslinking of a new layer onto the platform/previous layer. A 

problem of this process is the unwanted mixing of materials, when switching between 

different bioinks. To overcome this, Grigoryan et al. developed a multi-material printer 

minimizing the mixing of materials. An example of bioinks, Grigoryan et al. used, is 

methacrylated hyaluronic acid mixed with the photo-initiator Lithium Arylphosphinate (LAP) 

(10). 

However, all of the printing techniques mentioned above show significant 

disadvantages. Extrusion-based methods show a significant shear stress, applied on the 

bioink, reducing cell viability (11). Another limitation of the fabrication of biologically 

functional products with layer-by-layer methods is the slow pace of the process. A slow 

printing process results is a high stress for the cells within the bioink during printing. 

Therefore, the size-scalability of printable constructs with cell-laden bioinks is limited, as the 

printing time exceeds 1 hour or more, when printing in a scale of just centimeters (12). These 
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limitations show the necessity and requirements for a more suitable, rapid and cell conserving 

printing method. 

 

 

4.2 Volumetric bioprinting 

A nozzle-free method to fabricate whole structures instantly is Volumetric bioprinting 

(VBP). VBP surmounts the disadvantages of common layer-by-layer methods, as the bioink is 

not applied through a nozzle, therefore bypassing shear-forces. The technology allows for a 

rapid printing process of high spatial precision, resulting in an exceptionally high cell viability. 

Hence, VBP is a promising approach revolutionize future medicine. As an example, Gehlen et 

al. printed centimeter scaled constructs with micrometer scaled resolution within printing 

times of under 1 minute. Additionally, these constructs showed a high cell viability, proving 

the enormous potential of this technology (13). The method makes use of radical-induced 

photopolymerization in the visible light spectrum as a crosslinking mechanism. During the 

printing process, the bioink is placed in a rotating container [Figure 2]. A laser projects a DLP-

modulated set of 2-Dimensional images of the construct to be printed into the rotating vial, 

containing the bioink. The set of 2-Dimensional images comprises of individual images of a 3-

Dimensional object from different angles. The consecutive sequence of 2-Dimensional images 

results in rotating 3-Dimensional image being projected into the bioink. The rotation speed of 

the 3-Dimensional image matches the speed of the rotating vial with the bioink. This 

emanates in a spatial accumulation of light impact, where crosslinking is desired. If the 

accumulated light dose exceeds a certain threshold, the polymerization process starts. An 

overexposure leads to polymerization processes in undesired spatial regions, making the light 

dose an essential component of this method. The printing process can be observed with a 

camera, which is facing the rotating vial in a 90° angle from the projection (12). 

 

 
Figure 2: 4.2 Volumetric bioprinting – Schematic of the volumetric printing method. A modulated laser input is 

projected into a rotating resin container, inducing the polymerization process. The process can be observed with a camera 
(14). 
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To ensure the processability of a bioink, it needs to contain a substance that serves as a matrix 

for the cells after the printing process. A commonly used substance for this purpose is 

methacrylate modified gelatin (GelMA), as it closely mimics the extracellular matrix (ECM). 

GelMA is synthesized by reacting gelatin with methacrylic anhydride, resulting in the 

substitution of the reactive amine and hydroxyl groups of the gelatin with methacrylol groups 

[Figure 3](15). 

 

 
Figure 3: 4.2 Volumetric bioprinting - Schematic of GelMA synthesis reaction. Reactive amine and hydroxyl groups 

on the backbone of the gelatin react with methacrylic anhydride at 50°C and form GelMA (15). 

GelMA can be printed with negative and/or positive features in a high resolution and 

with the addition of certain substances to the bioink, a high concentration of living cells can 

be added to the bioink during the printing process without reducing the printing resolution. 

Bernal et al. give a good example of such a tuning process of GelMA. Bernal and her team 

faced the problem of light scattering, caused by the cells/organoids within the bioink, leading 

to reduced printing resolution. By adding the biocompatible compound iodixanol to the 

bioink, Bernal et al. adjusted the refractive index of the GelMA based bioink to match the 

refractive index of the embedded cells/organoids. This drastically reduced the light scattering, 

while maintaining a high cell viability (16).  

Despite all these promising features, GelMA shows limitations. The crosslinking 

mechanism of GelMA is free-radical chain growth and, as all radical induced growth 

mechanisms, susceptible to oxygen inhibition (17). In short, the crosslinking process starts 

with the initiation step: the light exposure induces the dissociation of the PI into radicals, 

causing the methacrylol groups of the GelMA to form radicals. The following is the 

propagation step: The methacrylol radicals react with each other by forming a covalent bond 

and thereby building a network. The reaction is eliminated by 2 radicals reacting with each 

other or the depletion of PI (18). The inhibition mechanism is caused by the high affinity of 

molecular oxygen to the radical activated methacrylol groups of the GelMA (19). Oxygen 

inhibition can cause various effects on the bioink, such as slowing down polymerization rates 

and prolonging induction periods (20). Another harmful effect is the formation of reactive 

oxygen species (ROS), which has a negative impact on the viability of the encapsulated cells 
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in the bioink (21). Further on, GelMA doesn’t allow for further modification after the printing 

process, such as the application of bioactive molecules. This is due to the depletion of reactive 

groups during the crosslinking process. Another limiting factor of GelMA is the lack of control 

over the hydrogel stiffness and mechanical properties. As many advantages volumetric 

bioprinting with GelMA holds, as many limitations it has when it is to be used for the 

fabrication of complex structures and tissues. To overcome these limitations and to further 

propel the advancement of (volumetric) bioprinting, a higher diversity in the selection of 

biomaterials is essential (22). 
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4.3 GelNOR 

A promising candidate for overcoming the limitations of GelMA is norbornene modified 

gelatin (GelNOR). The reaction of the GelNOR synthesis is based on the gelatin’s primary 

amines, functioning as a nucleophile for the carbic anhydride. This SN2 nucleophilic 

substitution reaction results into an amide bond between the norbornene moiety and the 

gelatin derived backbone of the polymer [Figure 4]. The degree of norbornene 

functionalization of the lysine count in the gelatin can be modified by adjusting the pH, the 

amount of carbic anhydride, the temperature of the reaction solution, or the time of the 

reaction (23). 

 

 
Figure 4: 4.3 GelNOR – Schematic of GelNOR synthesis reaction. Gelatin reacts with carbic anhydride at 50°C and pH 7.5 

and forms GelNOR in a nucleophilic substitution reaction. 

 

The crosslinking mechanism of GelNOR is based on a radical-mediated step-growth 

thiol-norbornene photoclick reaction. The initiation step during this process is the exposure 

of a PI to visible light, causing the generation of free radicals [Figure 5A]. These radicals cause 

the radicalization of a thiol-containing molecule [Figure 5B]. This thiol-radical reacts with the 

C=C bond of a norbornene modified gelatin or another macromer, resulting in a covalent thiol-

bridge. The radical character causes the radical formation of another thiol-group, thereby 

propagating the reaction. The elimination mechanism is the same as for GelMA (24). 
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Figure 5: 4.3 GelNOR – Schematic of the radical-mediated step-growth thiol-norbornene photoclick reaction mechanism. 

A: Visible light induces the disintegration of the PI (LAP in this schematic) into radicals. B: The PI radical causes the 
radicalization of a thiol, which forms a covalent bond with a c-c double bond involved carbon atom of the norbornene group. 
This causes the other carbon atom of the c-c double bond to have a radical character, which causes another thiol to radicalize 
(24). 

 

The step-growth crosslinking mechanism of GelNOR has several advantages over the 

chain-growth mechanism of GelMA. The reactions fast pace leads to a significantly lower 

sensitivity to oxygen inhibition (21). GelNOR can be used in lower polymer concentrations 

what causes the printed construct to be more permissive. Another advantage is the high 

efficiency of the crosslinking, reducing the needed amount of modified groups within the 

gelatin, hence preserving its native character. Furthermore, the mechanical properties can be 

easily controlled by the choice and amount of crosslinker added to the bioink. In addition, 

GelNOR allows for the formation of homogeneous networks with reduced shrinkage and 

mechanical stress. The biggest advantage of GelNOR over GelMA is most likely the possible 

application of bioactive molecules into the hydrogel. This is possible, as the crosslinking 

mechanism of GelNOR allows for preserving reactive groups within the hydrogel, providing 

them for further modification (25). 

As all radical induced crosslinking mechanisms, the crosslinking of GelNOR can be 

controlled by the addition of an inhibiting substance to the bioink in order to prevent fast 

polymerization in unwanted regions and therefore increase the printing resolution, as 

described by Rizzo et al. (25). An example for these inhibiting substances is ascorbic acid and 

they serve the purpose of scavenging the radicals, therefore providing a higher tunability of 

the polymerization process (26). The crosslinking reaction kinetics of GelNOR show a high 

level of controllability by varying the degree, of which the gelatins primary amines have been 

substituted with norbornene groups during the synthesis (Degree Of Functionalization, DOF). 
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The DOF correlates directly with the hydrogel stiffness, where a higher DOF makes for a stiffer 

hydrogel. The structure of the thiolated crosslinkers also plays a role in the pore-size and 

stiffness of the printed GelNOR constructs (25). For this report, the thiol containing molecule 

in the bioink is Dithiothreitol (DTT) [Figure 6]. As it contains two thiol groups, the DTT in the 

bioink reacts with two norbornene groups and thereby serves as a bridge between 

macromers during the crosslinking.  

 

 
Figure 6: 4.3 GelNOR – Schematic of the used crosslinker molecule DTT (27) 

 

Another factor of the GelNOR hydrogels properties is the ratio of thiol-groups to 

norbornene-groups in the bioink. A thiol-norbornene ratio of 1:1 result in the stiffest 

hydrogels. However, as indicated by Rizzo et al., a different ratio gives the possibility of further 

functionalization steps (25). The theory here is to utilize a free cysteine rest (thiol-group) of 

an amino acid within a protein to bind it onto the norbornene groups of GelNOR, which did 

not react during the crosslinking. The reaction mechanism is the same as the crosslinking 

process of the GelNOR, whereby the LAP radical promotes the forming of a thiol-bond 

between a norbornene group of the hydrogel and the cysteine rest of a protein. To have free 

norbornene groups within the hydrogels, we crosslinked the cylinders with a DTT 

concentration of approximately 70% saturation of norbornene groups. This would immensely 

widen the applications of GelNOR, as it would enable the application of e.g., growth factors 

into hydrogels. The spatially controlled application of growth factors into hydrogels could give 

way for the controlled differentiation of stem cells within the bioink, resulting in a complex 

tissue comprising various types of different cells. 

Rizzo et al. conducted thorough research on GelNOR in a large set of experiments, 

where they could characterize the correlation between the mechanical properties of the 

GelNOR constructs and varying DOFs, different crosslinkers and GelNOR concentration. These 

results showed, that the higher the DOF, the amount of thiol groups within a crosslinker 

molecule and the GelNOR concentration, the stiffer the GelNOR print. Further on, they could 

prove the printability of GelNOR constructs with a high shape fidelity in centimeter-scale as 

well as in micrometer-scale [Figure 7] (25). 

 



 16 

 
Figure 7: 4.3 GelNOR – Illustrations of GelNOR constructs fabricated by Rizzo et al. Top: a set of chess figures printed 

with 5% w/v GelNOR; scalebar: 2mm. Bottom: two spiral like constructs, printed with 2.5% w/v GelNOR; scalebar: 2mm (25). 

The research on GelNOR by Greene et al. showed a high cell viability under similar 

fabrication conditions. The difference in the experimental settings is the crosslinker molecule. 

Greene et al. utilized poly(ethylene glycol)-tetra-thiol (PEG4SH) [Figure 8] (28). 

 

 
Figure 8: 4.3 GelNOR – Schematic of poly(ethylene glycol)-tetra-thiol, the crosslinker used by Greene et al. to assess the 

cell viability of GelNOR (28) 
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A study by Göckler et al. utilized a second gelatin macromer as a crosslinker to fabricate 

GelNOR hydrogels. The second gelatin macromer was modified by chemically attaching thiol 

groups onto the gelatin’s backbone. The utilization of such a crosslinker resulted in an 

incredibly rapid polymerization process within 1-2 seconds (29). By utilizing a lithography-

based 3D-ptinting method, Dobos et al. fabricated GelNOR hydrogels with a high resolution 

in the range of micrometers (30) showing the versatility of this material. 

 

 

4.4 Aims of the report 

This report aims to explore the possibilities of GelNOR in order to widen the possible 

applications for this bioink. Therefore, this report is divided into several segments: The first 

experiments aim to synthesize and characterize GelNOR and to test the functionality by 

analyzing the polymerization properties and the DOF after synthesis in a higher DOF than in 

previously published works. Because of the higher DOF the GelNOR will be better suited for 

engrafting possibilities and variation in crosslinker densities, utilizing the versatility of the 

material. The second part of this report is focused on the crosslinking process of GelNOR and 

the optimization if its printing conditions by testing various compositions of the GelNOR 

bioink, printing conditions and the addition of a photo inhibitor in order to modulate the 

polymerization process. In the third part, the focus will be on the grafting of biological 

molecules into crosslinked GelNOR constructs by utilizing free norbornene groups and the 

optimization of this process. This step will lay the foundations of the spatially controlled 

printing of specialized tissue, thereby giving control over the tissues biological function, 

causing a paradigm shift within biofabrication and VBP. 
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5 Materials and methods 

The used gelatin (Porcine type A) was purchased from Rousselot. Carbic anhydride was 

purchased at Acros Organics. DTT, 2,2,6,6-tetramethyl-1-piperidinyloxyl (TEMPO), 2,4,6-

Trinitrobenzene Sulfonic Acid (TNBSA-Reagent) and the cellulose membrane dialysis tube 

(cutoff = 12 kDa) were purchased from Sigma-Aldrich. Glycine, sodium bicarbonate and LAP 

was purchased from Merck. Albumin from Bovine Serum-Tetramethylrhodamine conjugate 

(Fluorescent BSA) was purchased at Thermo-Fisher. The freeze-drying device Alpha 1-4 

LSCbasic was purchased from Christ. The volumetric 3D-printer Tomolite was purchased from 

Readily3D. The microscope BX51 was purchased from Olympus. The Thunder microscope was 

purchased from Leica. 

 

The used methods are listed under each experiment individually. 
 

5.1 Synthesis and characterization of GelNOR 

5.1.1 Gelatine norbornene synthesis 

Porcine gelatin type A (10g) was dissolved in preheated 50°C PBS (90 mL). The mixture 

was stirred at 50°C until the gelatin was completely dissolved. Subsequently, carbic anhydride 

(18 g, 109.6 mmol) was slowly added to the reaction mixture. 5 M NaOH was added to the 

reaction mixture to assure the dissolvement of carbic anhydride. Afterwards the pH of the 

mixture was stabilized to 7.5 with 5 M NaOH and 6 M HCl. The reaction mixture was left 

stirring at 50°C for 24 h in the dark.  

Next, PBS (180 mL) was added to the reaction mixture. The mixture was centrifuged at 

4000 rpm for 5 minutes at room temperature. The combined supernatant was dialyzed 

against deionized water for 7 days at 4°C, changing the deionized water twice a day. 

Subsequently, the solution was sterile filtered with 0.22 µm filter, frozen at -80°C and 

lyophilized. The dried GelNOR was stored at -20°C. 

 

 

5.1.2 TNBS Assay 

As calibration curve, a Glycine stock solution (c = 10 mM) was prepared in the reaction 

buffer (0.1 M Sodium Bicarbonate [NaHCO3] pH=8.5). A serial dilution of the glycine stock (c 

= 10 mM) provides the calibration solutions of the following concentrations: 0.5 mM, 0.3 mM, 

0.25 mM, 0.2 mM, 0.15 mM, 0.1 mM, and 0.05 mM. The standard curve for calibration was 

measured in duplicates.  For the GelNOR and gelatin stock solutions the materials were 

dissolved in reaction buffer at a concentration of 1 w/v%. The sample and reference stock 

solution were diluted with reaction buffer to provide the following concentrations: 0.09 

w/v%, 0.06 w/v% and 0.045 w/v%. The GelNOR and gelatin measurements were performed 
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in triplicates. The TNBSA Reagent (c = 5 w/v% in H2O) was diluted with Milli-Q water to a 

concentration of 0.01 w/v%. Each stock solution (300 l) was mixed with the TNBSA reagent 

(200 l) in a 96-Well plate and incubated for 30 minutes at room temperature protected from 

light. Afterwards the absorbance was measured in a UV-Vis plate reader at =335 nm. 

 

 

5.1.3 Hydrogel casting 

For this experiment, a 10 w/v% GelNOR solution containing 0.05 w/v% LAP and 10 mM 

DTT were casted in a silicone mold, forming biconvex lenses of approximately 4 mm in 

diameter and crosslinked in an UV-oven for 10 minutes (λ = 365 nm). Subsequently, the discs 

were optically assessed and the rigidity tested with a spatula.  

 

 

5.2 Optimization of the printing conditions 

For this experiment, a solution of 10 w/v% GelNOR, containing 0.05 w/v% LAP, was 

produced with varying concentrations of DTT and the photo inhibitor Ascorbic Acid Phosphate 

(ASAP) [Table 1]. The bioink was loaded into the printing vial and subsequently placed in an 

ice bath, protected from light, to ensure thermal gelation of the gelatin-based bioink. 

Afterwards, a 3-Dimensional structure was printed with the bioink in the volumetric printer, 

forming a hydrogel complex. The printing conditions varied for each hydrogel in time of light 

exposure (dose = mJ/cm2) and light intensity (mW/cm2) [Table 1]. After the printing process, 

the vial was washed with 37°C PBS to remove the non-crosslinked hydrogel. Subsequently the 

channel in the printed hydrogel was flushed with air using a pipette. Every material or reagent 

was dissolved in PBS unless stated differently.  
 

Hydrogel 
number 

Concentration 

DTT mM 

Concentration ASAP 

w/v% 

Time of light 

exposure s 

Light intensity 

mw/cm2 

1 8 0 120 5.8 
2 8 0 112 4 
3 8 0 110.5 4 
4 8 0.01 112 4 

5 8 0.01 118.5 4 
6 8 0.001 118.5 4 
7 8 0.005 118.5 4 
8 8 0.005 110.5 4 
9 8 0.001 110.5 4 

10 8 0.005 114.5 4 

11 6 0.001 110.5 4 
12 6 0 91 5 
13 6 0 92 5 
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Table 1: 5.2 Optimization of the printing conditions - Overview of the different hydrogel compositions and 

printing conditions. All hydrogels had a GelNOR concentration of 10% w/v and 0.05% w/v LAP. 

 

5.3 Grafting of biological molecules into GelNOR 

10.7 mg of 2,2,6,6-tetramethyl-1-piperidinyloxy (TEMPO) was dissolved in 2675 µl 

ethanol to reach a 0.4 w/v% TEMPO stock solution. For the stock solution of the modified 

Fluorescent-BSA, 5 mg was dissolved in 2.6 ml PBS. To produce the stock solution of 0.1 w/v% 

modified Polyethylene Glycol (PEG-Cy3)(5 kDa), bound to a fluorescent dye and a Thiol-group, 

50 mg of PEG-Cy3 was solved in 50 ml PBS. For the 2.5 w/v% stock solution of LAP, 375 mg of 

LAP was dissolved in 15 ml PBS. All materials or reagents were dissolved in PBS unless stated 

differently. 

A Solution of 5 w/v% GelNOR was crosslinked with 4.2 mM DTT and 0.05 w/v% LAP for 

15 minutes in an UV-oven into cylinders with a diameter of 8.1 mm. Subsequently, the 

cylinders were cut to a length of 2.9 cm and washed in PBS for 12 hours at 4°C. These GelNOR 

cylinders were used in the following experiments. 

 

5.3.1 Grafting feasibility 

 
6 GelNOR cylinders were infused with variations of an infusion mix (1.25 ml), containing 

TEMPO, LAP, BSA and PBS. The infusion mix had a concentration of 0.19 w/v% BSA (equals a 

concentration of approximately 0.03 mM), with concentrations of 0.5 and 1 w/v% LAP, and 0, 

0.006 and 0.012 w/v% TEMPO [Table 2]. 

  

Cylinder number Concentration LAP w/v% Concentration TEMPO w/v% 

1 0 0 
2 0.5 0 
3 1.0 0 

4 0.5 0.006 
5 1.0 0.006 
6 0.5 0.012 
7 1.0 0.012 

Table 2: 3.3.1 Disc printing – Overview of the different infusion conditions of the GelNOR cylinders for the grafting 
feasibility experiment. The cylinders had a GelNOR concentration of 5% w/v and were infused with an infusion mix, containing 
0.19% w/v fluorescent BSA.  

A cylinder without LAP and TEMPO was prepared as a blank. The infusion process took 

place for 90 minutes in the dark at 4°C. After the infusion, the cylinders were loaded in a 

printing vial and placed in a volumetric printer. Subsequently, discs of 6 mm in diameter and 

1 mm in height were projected into the GelNOR cylinders. The light dose of the discs was 150-

, 200-, 250-, 300-, and 350 mJ/cm2 from bottom to top (vertically) for each cylinder [Figure 9].  
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Figure 9: 5.3.1 Grafting feasibility – Schematic of the grafted discs (brown, 6mm in diameter) within the GelNOR 

cylinders and their corresponding light doses. The light dose, used to graft the discs into the GelNOR cylinder with fluorescent 
BSA, decreased from top to bottom. 

 

After the printing process and washing the cylinders for 24 hours in PBS at 4°C in the 

dark, the cylinders were frozen at -20°C for 15 minutes. Following, the vertical central cross-

section, with a thickness of 1.3 mm, was cut out the cylinders and analyzed under the 

microscope. The assessment of the cross-sections was performed with an Olympus IX53 

fluorescent microscope under the exposure of green light (=560 nm).  

 
 

5.3.2 Grafting optimization 

 
In the following experiments, PEG-Cy3 was used as a fluorescent dye for the infusion 

mix with a concentration of 0.05 w/v%. The infusion- and printing conditions of the GelNOR 

cylinders are listed under each experiment individually. The infusion process for the following 

experiments took 90 minutes at 4°C in the dark. The infused cylinders were loaded into 

printing vials and the various structures printed. Subsequently, the GelNOR cylinders were 

washed in PBS (4°C) for 24 hours in the dark. After the washing, the cylinders were shock 

frozen in liquid Nitrogen for approximately 20 seconds and the vertical cross-sections were 

cut out to reach a thickness of 1.3 mm. The pictures, acquired with the Thunder microscope, 

were later on analyzed with ImageJ. 



 22 

The cylinders for the first experiment were infused with a concentration of 0.6, 0.8 and 

1.0 w/v% LAP and 0.006, 0.008 and 0.010 w/v% TEMPO [Table 3]. 

 

Cylinder number Concentration LAP w/v% Concentration TEMPO w/v% 

1 0 0 
2 0.6 0.006 
3 0.6 0.008 
4 0.6 0.010 
5 0.8 0.006 
6 0.8 0.008 
7 0.8 0.010 
8 1.0 0.006 
9 1.0 0.008 

10 1.0 0.010 

Table 3: 3.3.1 Disc printing – Overview of the different infusion conditions of the GelNOR cylinders for the grafting 

optimisation. The cylinders had a GelNOR concentration of 5% w/v and were infused with an infusion mix, containing 0.05% 
w/v PEG-Cy3. 

The printed constructs, discs of 6 mm in diameter and 1 mm in height, were printed in each 
cylinder with a light dose of 750-, 1000-, 1250-, 1500-, 1750-, and 2000 mJ/cm2 in a volumetric 
printer [Figure 10]. 
 

 
Figure 10: 5.3.2 Grafting optimization - Schematic of the grafted discs (brown, 6mm in diameter) within the GelNOR 

cylinders and their corresponding light doses. The light dose, used to graft the discs into the GelNOR cylinder with PEG-Cy3, 
decreased from top to bottom. 
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In the following experiment, the infusion mix had a concentration of 0.8 and 1.0 w/v% 

LAP and 0.007, 0.008 and 0.009 w/v% TEMPO [Table 4]. 
 

Cylinder number Concentration LAP w/v% Concentration TEMPO w/v% 

1 0.8 0.007 
2 0.8 0.008 
3 0.8 0.009 
4 1.0 0.007 

5 1.0 0.008 
6 1.0 0.009 

Table 4: 3.3.2 Two dimensional fractals - Overview of the different infusion conditions of the GelNOR cylinders for 

the fractal printing. The cylinders had a GelNOR concentration of 5% w/v and were infused with an infusion mix, containing 
0.05% w/v PEG-Cy3. The fractals were grafted with a light dose of 2000 mJ/cm2. 

 

Two fractals were printed above each other with a light dose of 2000 mJ/cm2 for the 

lower and 4000 mJ/cm2 for the upper fractal in a volumetric printer. 

 

In the following, a three-dimensional object was grafted into GelNOR cylinders after 

infusing the hydrogel cylinders with a concentration of 1.0 w/v% LAP and 0.008 w/v% TEMPO. 

The object was printed with a light dose of 2000 mJ/cm2 in a volumetric printer. After the 

printing process and washing the cylinders for 24 hours in PBS at 4°C in the dark, the hydrogel 

cylinders were stored in the dark in PBS, containing 0.05 w/v% sodium azide until image 

acquisition. The acquisition of the images was not performed in our laboratory. 

 

  



 24 

6 Results and discussion 

6.1 Synthesis and characterization of GelNOR 

6.1.1 Gelatin norbornene synthesis 

Optically, the synthesis protocol resulted in a white substance with a stiff, foam like 

structure. This was the case throughout all the produced batches of GelNOR. However, 

further testing of the crosslinking properties of the synthesized GelNOR indicated the 

necessity of a second dialysis step, caused by the presence of carbic anhydride in the 

synthesized material. This will be further investigated and discussed in the following 

experiment sections. Nevertheless, the synthesis was successful for every batch. 

 

6.1.2 TNBS Assay 

The TNBSA Assay was performed to determine the DOF of the synthesized gelatin 

norbornene material. With this assay, the amount of free amine groups is measured, where 

the gelatin stock, used in the synthesis of the material, is utilized as a reference for the gelatin 

norbornene material. The assays principle is the binding of the TNBSA reagent onto the free 

amine groups of the gelatin’s lysine, forming an orange complex which is measured in an 

UV/VIS-Photometer [Figure 11].  

 

 
Figure 11: 6.1.2 TNBS Assay – Schematic of the TNBS Assay detection principle. The free amine group of a lysine reacts 

with the TNBSA agent and forms an orange-colored product that can be measured in a UV/Vis-plate reader (31). 
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The calibration curve for the TNBS assay was determined by a linear regression of the 

arithmetic means for the duplicates and their corresponding concentration. Hereby, the x-

axis plots the glycine concentration and the y-axis the absorbance. 

To calculate the amount of lysine groups in the gelatin reference and GelNOR samples, 

the arithmetic means of the triplicates for each sample’s concentration was divided by the 

calibration curve’s slope and subtracted by the calibration curve’s offset [Equation 1]. 

 
Equation 1: 6.1.2 TNBS Assay – Formula to calculate the Lysin concentration based on absorbance 

𝑐(𝐿𝑦𝑠𝑖𝑛) 𝑚𝑀 =  
𝐴𝑟𝑖𝑡ℎ𝑚𝑒𝑡𝑖𝑐 𝑚𝑒𝑎𝑛 𝑜𝑓 𝐴𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒 𝑡𝑟𝑖𝑝𝑙𝑖𝑐𝑎𝑡𝑒

𝑆𝑙𝑜𝑝𝑒
− 𝑂𝑓𝑓𝑠𝑒𝑡 

 
 
 

The final calculation for this experiment was to assess the degree of functionalization. 

Therefore, the ratio between the lysin concentration of the GelNOR and the gelatin reference 

is subtracted from 1 and multiplied by 100 (32) [Equation 2]. 

 
Equation 2: 6.1.2 TNBS Assay – Formula to calculate the degree of functionalisation 

𝐷𝑒𝑔𝑟𝑒𝑒 𝑜𝑓 𝑓𝑢𝑛𝑐𝑡𝑖𝑜𝑛𝑎𝑙𝑖𝑠𝑎𝑡𝑖𝑜𝑛 % = (1 − 
𝑐(𝐿𝑦𝑠𝑖𝑛)𝐺𝑒𝑙𝑁𝑂𝑅

𝑐(𝐿𝑦𝑠𝑖𝑛)𝐺𝑒𝑙𝑎𝑡𝑖𝑛
) ∗ 100 

 
The calculated values for DOFs can be seen in Table 5. The average value for the DOF of 

the synthesized batches is 87.8% with a relative standard deviation of 4.2%. Despite the 

sample size being rather low (n = 4), the synthesis protocol with a relative standard deviation 

of below 5% can be considered reproduceable. 

 

 
GelNOR 
Batch1 

GelNOR 
Batch2 

GelNOR 
Batch3 

GelNOR 
Batch4 

Degree of 
functionalization 

% 
92.2 90.7 84.3 84.0 

Table 5: 6.1.2 TNBS Assay – Calculated DOFs for the synthesized GelNOR batches. The calculations are based on the 

data, retrieved with the UV/Vis-plate reader during the TNBS assay. 

To calculate the concentration of norbornene groups of the GelNOR, the lysin 

concentration of each GelNOR sample was subtracted from the lysin concentration of the 

corresponding gelatin reference [Equation 3]. The necessary data for these calculations were 

acquired with the TNBSA assay. 

 
Equation 3: 6.1.2 TNBS Assay – Formula to calculate Norbornene groups of GelNOR 

𝑐(𝑁𝑜𝑟𝑏𝑜𝑟𝑛𝑒𝑛𝑒 𝑔𝑟𝑜𝑢𝑝𝑠)𝑚𝑀 = 𝑐(𝐿𝑦𝑠𝑖𝑛)𝐺𝑒𝑙𝑎𝑡𝑖𝑛 − 𝑐(𝐿𝑦𝑠𝑖𝑛)𝐺𝑒𝑙𝑁𝑂𝑅 
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We expected the DOF to be around 40-50%, since the experiments, carried out by 

Mũnoz et al., 2014 under similar conditions, gave results in this range of DOF (23). The 

mentioned synthesis experiments by Mũnoz had almost identical concentrations of chemicals 

to the synthesis protocol of this report. The only concentration difference was the 

concentration of gelatin (10% w/t for the Mũnoz protocol and 11.1% w/t in this report). 

Mũnoz and his team had a range of conditions for the synthesis in terms of pH and reaction 

time, ranging from pH 8 to 9 and reaction times between 2 and 70 hours. However, the 

reaction time in this protocol was well within the tested range by Mũnoz et al. and the pH of 

the reaction solution did not differ significantly. We therefore expected the DOF to be within 

the same range. The reason for the big difference in DOF remains to be determined. However, 

Göckler et al. were able to synthesize GelNOR with a DOF >95%, using a different synthesis 

protocol. Göckler and his team used 5-Norbornene-2-carboxylic acid as a source of 

norbornene groups and converted it into a succinimidyl ester before starting the substitution 

reaction with the gelatins lysin groups (29). This procedure might be applicable for a 

modification of the synthesis protocol in this report to further increase the DOF. 

 A possible way to reevaluate the DOF could be a second assay with a higher 

concentration of the GelNOR samples, as the absorbances of these samples were below the 

general linear range of photometers of 0.1 – 1 (33). Another method to confirm the DOF is 

nuclear magnetic resonance spectroscopy (NMR). This process utilizes the nuclei of the 

sample’s hydrogen atoms to assess their neighboring atoms, revealing the sample’s molecular 

structure (34). Subsequently, through comparison between the spectra of the GelNOR sample 

and the gelatin used for the synthesis, the DOF can be calculated. This method was not 

utilized, as the required device was not available in the laboratory. 

 

 

6.1.3 Hydrogel casting 

The GelNOR material was tested by casted discs of approximately 4 mm in diameter and 

2 mm in height in a silicone mold in the UV oven, in order to quickly see the possibility of 

polymerization. In this report, the PI used is LAP[Figure 5A], as it is highly soluble in water 

(25). We expected the formation of solid, yet flexible Hydrogel discs with a high degree of 

polymerization. Approximately half of the synthesized GelNOR batches resulted in soft, 

instable discs. It was plausible that there was a remaining excess of carbic anhydride which 

inhibits the polymerization reaction of the material with the thiolated crosslinkers. The 

inhibition mechanism is the same as the crosslinking mechanism, namely the hydrothiolation 

of the C=C bond of the carbic anhydride, resulting in the excess carbic anhydride competing 

with the GelNORs functional groups for the crosslinkers thiol groups. Due to this, an additional 

dialysis step was performed with the GelNOR material to purify it from the excess carbic 

anhydride. Hereinafter, the test printing was performed again. Illustrated in the GelNOR discs 

before the additional dialysis step on the left, and the discs, made with two times dialyzed 
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GelNOR, on the right [Figure 12]. The three spheres on the left showed a low stability and a 

high content of fluid material on the sides, whereas the four spheres on the right appeared 

to be stronger and no fluid material was present. We interpret this as a confirmation of our 

theory, that the presence of excess carbic anhydride inhibits the crosslinking mechanism. A 

modification of the synthesis protocol might be beneficial. This can be done by prolonging the 

default time of the dialysis or performing this step at room temperature or up to 40°C. 

However, dialyzing the material at higher temperatures might also increase the risk of 

microbial infections (35). Another possible adjustment for the synthesis protocol might be the 

sequential addition of carbic anhydride and pH adjustment according to Rizzo et al., as it 

results in a 20-fold reduced amount of required reagent and drastically reduces the reaction 

time (25). This was not done in this report, since the experiments were carried out before the 

publication of results by Rizzo et al. 

 

 
Figure 12: 6.1.3 Hydrogel casting – Comparison of the GelNOR discs before (left) and after the second dialysis (right). 

The hydrogels were casted in with a GelNOR concentration of 10% w/v, containing 0.05% w/v LAP and 10mM DTT in an UV-
oven for 10 minutes (λ = 365 nm). 

 
 

6.2 Optimization of the printing conditions 

Following the synthesis and the analysis of the GelNOR, the conditions for the 

volumetric printing process of GelNOR were assessed. The purpose of these experiments was 

to find suitable volumetric printing conditions, under which the GelNOR can be printed in an 

acceptable resolution to print complex structures with small features. The channel in the 

printed constructs resembles a (blood) vessel and has a diameter of 1.5 mm [Figure 13].  
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Figure 13: 6.2 Optimization of the printing conditions – Illustration of the structure to optimize the printing 

conditions of GelNOR. The oval shaped construct shows a hollow channel, which splits in two circular tubes and merges again, 
forming an outlet. The channel has a diameter of 1.5 mm and resembles a blood vessel. 

 

The printing process in this experiment and the underlying chemical reaction has several 

possible points of adjustment. One of these is DTT, which functions as a crosslinker between 

two norbornene groups in the hydrogel, thus has influence on the stiffness of the crosslinked 

construct. The concentration of crosslinker can determine the stiffness of the GelNOR 

constructs, whereby a higher crosslinker concentration results in a stiffer gel, as stated by 

Rizzo et al. Another determining factor for the hydrogels properties is the used concentration 

of GelNOR, which was kept constant throughout this experiment (25). ASAP has the function 

of capturing radicals and is therefore used to specifically slow down the crosslinking reaction.  

The exposure time [s] and light intensity [mW/cm2] determine the number of radicals 

produced during the printing process. Hence, the longer the time of exposure and the higher 

the light intensity, the higher the degree of polymerization. The principle of the volumetric 

printing process is to reach the degree of polymerization, where the printed object shows the 

desired structures and a certain stability, but is not over polymerized in unwanted regions 

(12). The structure can then be washed and subsequently stabilized in a post-curing process, 

where it is infused with LAP and a crosslinker and crosslinked in a UV-oven. The time of light 

exposure and light intensity can be summarized by calculating their product, resulting in the 

light dose, the hydrogel was exposed to [Equation 4]. 

 
Equation 4: 6.2 Optimization of the printing conditions – Formula to calculate the light dose of the volumetric 

printing 

𝐸𝑥𝑝𝑜𝑠𝑢𝑟𝑒 𝑡𝑖𝑚𝑒 𝑠 ∗ 𝐿𝑖𝑔ℎ𝑡 𝑖𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦 
mW

𝑐𝑚2
 = 𝐿𝑖𝑔ℎ𝑡 𝑑𝑜𝑠𝑒 

mJ

𝑐𝑚2
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This experiment was carried out by printing one hydrogel after the other and adjusting 

the printing conditions and hydrogel compositions based on the results of the previous. Gel 1 

(light dose 696 mJ/cm2) was not roundly shaped and no channels were inside the construct 

[Figure 14]. Furthermore, the gel was very stiff. It is plausible, that the gel was over 

polymerized and the light dose should be lowered or ASAP should be used. Gel 2, being 

printed without ASAP, but a lower light dose of 448 mJ/cm2 had the intended round outer 

shape, but no channels were present in the hydrogel. This is interpreted as an overly 

crosslinked gel and the light dose was lowered for the following gel to 442 mJ/cm2. Gel 3 had 

a round shape, but not uniformly with no sharp edges, what is interpreted as underly 

crosslinked hydrogel. Additionally, no channels were inside the hydrogel. Therefore, the 

consecutive gel was printed with a higher light dose of 448 mJ/cm2, but also containing 0.01% 

w/v ASAP. Gel 4 dissolved in the printing vial during the washing process with warm PBS. This 

suggests a weak crosslinking and the printing conditions for gel 5 were adjusted by increasing 

the light dose to 474 mJ/cm2. Gel 5 was not shaped uniformly and showed no channels. It is 

likely, that the concentration of ASAP was too high and was therefore lowered its 

concentration to a tenth (0.001% w/v). This resulted in gel 6 having a uniformly round shape 

without channels being present. This is interpreted as a slight over-crosslinking and the 

amount of ASAP was therefore increased to 0.005% w/v for the next hydrogel. Despite using 

more ASAP to inhibit the crosslinking reaction, gel 7 showed a higher degree of over-

crosslinking. This was manifested in the absence of channels in the gel and the construct being 

bigger than the used printing template. To overcome this, gel 8 was printed with the same 

ASAP concentration, but with a lower light dose of 442 mJ/cm2. Gel 8 dissolved in the printing 

vial during the washing process with warm PBS, what is interpreted as a low degree of 

crosslinking.  
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Figure 14: 6.2 Optimization of the printing conditions – Pictures of gel 1,2,3,5,6, and 7. All gels were printed in 

a volumetric printer with a GelNOR concentration of 10% w/v and 0.05% w/v LAP. The varying factors between the gels were 
the concentration of DTT and ASAP in the hydrogel and the light dose during the printing process. 

Gel 9, printed with a lower concentration of ASAP compared to the previous gel (0.001% 

w/v), had a round outer shape and the channel inlet started forming [Figure 15]. The gel 

seemed to be over crosslinked and the ASAP concentration and the light dose was increased 

for the next gel to 0.005% w/v ASAP and a light dose of 458 mJ/cm2. Gel 10 had a uniformly 

round shape, but also no channels present. To circumvent this over crosslinking, the light dose 

and the ASAP concentration was reduced (0.001% w/v ASAP and 442 mJ/cm2). Additionally, 

the concentration of DTT in the hydrogel was reduced from 8mM to 6mM. This resulted in gel 

11 dissolving in the printing vial during the washing process with warm PBS. Accordingly, the 

light dose was increased to 455 mJ/cm2 for the following printing process and there was no 

ASAP added to the hydrogel. Gel 12 partially dissolved during the washing process in the 

printing vial with warm PBS, hence showed an irregular outer shape. Despite the outer shape 

not being uniformly, gel 12 had channels within the hydrogel which could be flooded with air. 

This can be seen as an improvement over the previous gels. To prevent the dissolving of the 

outer parts of the gel, the light dose for the following print was increased to 460 mJ/cm2. Gel 

13 had a round outer shape, but no channels present, what is interpreted this as an over 

crosslinking of the gel.  
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Figure 15: 6.2 Optimization of the printing conditions – Pictures of gel 9,10,12, and 13. All gels were printed in 

a volumetric printer with a GelNOR concentration of 10% w/v and 0.05% w/v LAP. The varying factors between the gels were 
the concentration of DTT and ASAP in the hydrogel and the light dose during the printing process. 

These experiments were stopped due to high batch to batch variations of the used 

GelNOR. Comparing these results with Rizzo et al. [Figure 7] it is obvious, that the printing 

times in the experiments by Rizzo et al. were significantly shorter. The printing time in this 

report ranged from 1.5 – 2 minutes, whereas Rizzo et al. printed GelNOR constructs within 

10-11 seconds. This is also the case for the used light doses, used during the printing process, 

being 80-90 mJ/cm2 used by Rizzo et al. and a minimum of 442 mJ/cm2 in this report. 

Furthermore, Rizzo et al. were able to print in a higher resolution of approximately 200 m. 

This can be explained by the fact, that Rizzo et al. used a different crosslinker molecule, 

namely PEG4SH [Figure 8]. With PEG4SH having four thiol groups, the crosslinking is 

significantly stronger and faster, compared to the crosslinking with DTT as a crosslinker, only 

having two thiol groups. This is due to the fact, that one crosslinker molecule of PEG4SH 

crosslinks 4 norbornene groups of GelNOR, instead of only 2 for DTT. Further, Rizzo et al. had 

a norbornene to thiol ratio of 1:1, meaning the concentration of thiol groups within the bioink 

matched the norbornene group’s concentration, resulting in a rapid and strong crosslinking 

(25). However, the experiments in this report were deliberately performed with a lower 

degree of norbornene saturation, as it was aimed to spare functional norbornene groups 

within the hydrogel for further modification. This experiment could have been improved by 

incubating the crosslinked constructs in 37°C PBS on an orbital shaker for 24 h to thoroughly 

remove all the un-crosslinked material. 
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6.3 Grafting of biological molecules into GelNOR 

The purpose of the grafting experiments is to find suitable conditions to graft biological 

molecules into an already crosslinked construct of GelNOR in a spatially controlled way. One 

molecule of DTT reacts with two norbornene groups during the crosslinking process. 

Therefore, the DTT concentration has to be 35% of the concentration of norbornene groups 

in the hydrogel in order to reach a saturation of 70%. The GelNOR batch, used for the 

production of hydrogel cylinders in the following experiments, was used in a concentration of 

5% w/v. This corresponds with a norbornene group concentration of 12mM. Accordingly, the 

concentration of DTT for the crosslinking was 4.2mM to reach a saturation of norbornene 

groups of approximately 70%. 

With ascorbate being one of the most effective water-soluble antioxidants (radical 

scavenger), the addition of ASAP to the infusion mix might not be beneficial for the modularity 

of the grafting process (36). Therefore, TEMPO was used to modulate the grafting process, as 

it mediates the concentration of radicals by a reversible termination step with its low bond 

dissociation energy (37). 

 

6.3.1 Grafting feasibility 

To prove the possibility of grafting biological molecules onto GelNOR, we chose the 

modified BSA as a grafting material. We expected the BSA to be suitable, because it has an 

odd number of cysteine groups, hence at least one cysteine rest is not involved in as disulfide 

bridge (38).  

Some of the gels were damaged during the cutting process, resulting in amorphous 

slices. The exposure time of the camera was adjusted automatically by the camera. Hence, 

the colors and therefore the intensity of the gels differ. The pictures were taken of the part 

of the cylinder, where the printing was performed and the grafting was expected. The sides 

of each cylinder showed a higher intensity. This is interpreted as being a refraction of the 

light, the cylinders were exposed with. The cylinders showed a high background signal. It is 

plausible, that the washing process after the grafting is not efficient due to the large molecule 

weight of the BSA (approximately 66.5 kDa). The following images [Figure 16 & Figure 17] 

were captured with a normal camera through the eyepiece of the microscope. Therefore, the 

gels differ in color intensity, as the camera’s shutter speed was set automatically. 

Cylinder 1, just being infused with BSA without LAP and TEMPO, underwent no printing 

process. The color of the gel was transparent by the eye, but changed to homogeneously 

orange under the exposure of green light under the microscope and bubbles were inside the 

Gel [Figure 16]. The color homogeneity is interpreted as BSA residues without a specific 

binding to the material, but merely due to adsorption to the hydrogel. Therefore, the 

following gels were expected to have a similar background color. An additional washing step 

could reduce the background signal. 
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Figure 16: 6.3.1 Grafting feasibility – Picture of cylinder 1, a reference infused with no LAP or TEMPO and no grafting. 

The hydrogel cylinder had a concentration of 5% w/v GelNOR and were crosslinked with 4.2mM DTT and 0.05% w/v LAP in 
an UV-Oven for 10 minutes. The fluorescent dye in this cylinder is the modified BSA. 

 

Cylinder 2 was deformed during the cutting process [Figure 17]. Nevertheless, it showed 

3 horizontal bands, where the discs were printed with the highest light doses. The bands 

intensity was the highest in the cylinders center. Cylinder 3 was infused with twice the amount 

of LAP and showed 5 clear bands, of which the top 3 showed a higher intensity in their center. 

The bottom 3 bands were not entirely straight. The intensity of the bands seemed to increase 

from the top band to the second and to constantly decrease from there on in the lower bands. 

Cylinder 4, again infused with only 0.5% w/v LAP but also 0.006% w/v TEMPO, showed 4 

curved bands with an increasing intensity from top to bottom. The intensity of the bands in 

cylinder 4 was lower compared to the cylinders without TEMPO. Cylinder 5 was infused with 

the same amount of TEMPO as cylinder 4, but a concentration of LAP of 1% w/v. This resulted 

in 5 distinct bands, decreasing in intensity from top to bottom. The top 3 bands were ruptured 

at the left third of the band and bent downwards. These bands also showed a higher intensity 

in their center. Compared to cylinder 4, cylinder 5 showed bands of higher intensity, with the 

only difference in the infusion conditions being a higher concentration of LAP. Cylinder 6 was 

deformed during the cutting process and shows no bands. Cylinder 6 was infused with the 

highest TEMPO concentration (0.0012% w/v) and the lowest LAP concentration (0.5% w/v). 
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Cylinder 7, infused with the same TEMPO concentration as cylinder 6 but a higher LAP 

concentration of 1% w/v, was also deformed during the cutting process and showed 2 full 

bands throughout the gel. Below the 2 bands is a grafted structure in the center of the gel. 

The bands are interpreted as fluorescent activity of the modified BSA, being grafted into 

the GelNOR cylinders. Thereby, the principle of grafting biological molecules into GelNOR was 

proven to be feasible. We expected the grafted areas to be smaller, since the printed discs 

had a smaller diameter than the cylinder. This was probably due to an overexposure of light, 

leading to an unspecific grafting process. The different intensities of the bands within the 

same cylinders make it seem plausible, that the amount of grafted material is depending on 

the light dose, as it is the only varying factor between the printed discs within the same 

cylinder. Another striking fact is the higher intensity of bands in cylinders with higher LAP 

concentrations, but the same amount of TEMPO (2&3, 4&5 and 6&7). It can therefore be 

concluded, that the concentration of LAP in the infusion solution has an impact on the amount 

of dye being grafted into the hydrogel. Another phenomenon spectated is the decreasing 

intensity of bands, that corresponds with an increasing amount of TEMPO in the infusion 

solution. This is likely the inhibiting effect of TEMPO, which captures the LAP radicals and 

therefore slows down the reaction. Even though the grafting of molecules into hydrogels has 

been achieved by research groups, such as by Broguiere et al., who used two-photon 

patterning to engraft fluorescein modified biomolecules into matrices of hydrogels based on 

fibrin, collagen, hyaluronic acid and matrigel, this has never been done with GelNOR in a 

volumetric printing process in a spatially controlled way (39). This is a breakthrough in VBP, 

as the process combines the fast process pace of the volumetric printing with the high 

versatility of GelNOR as a printing material. A possible way to improve this experiment would 

be a faster freezing process in liquid nitrogen, as it was performed for the following 

experiments. The faster freezing process minimized the occurring of bubbles within the 

hydrogels. Another crucial step in the cutting process is to dip the blades in PBS to prevent 

the gel slice from sticking to it. This would have prevented the slices from deforming during 

the cutting process.  
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Figure 17: 6.3.1 Grafting feasibility – Picture of cylinder 2 to 7. The hydrogel cylinder had a concentration of 5% w/v 

GelNOR and were crosslinked with 4.2mM DTT and 0.05% w/v LAP in an UV-Oven for 10 minutes. The fluorescent dye in this 
cylinder is the modified BSA. The varying conditions between the cylinders were concentration of LAP and TEMPO, the 
cylinders were infused with. The light dose, used to graft the discs, decreases with each band within the gel. 

 

6.3.2 Grafting optimization 

 

After proving the possibility of grafting and finding mechanisms to influence the 

process, a follow up experiment was designed to find suitable infusing and printing conditions 

to graft with a resolution. The grafting material for this and the following experiments was 

PEG-Cy3 [Figure 18], as it is a smaller molecule (5kDa) than the BSA (66.5kDa) and therefore 

faster to infuse the hydrogel with and to wash it out of it.  
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Figure 18: 6.3.2 Grafting optimization – Schematic of the used grafting material PEG-Cy3 (40). 

 

The thiol group, coated to the PEG was expected to serve the same function as the 

cysteine group in the albumin by building a thiol bond with the norbornene groups within the 

GelNOR. The cylinders’ images [Figure 19, Figure 20, Figure 21] consist of squares, which is 

due to the raster-imaging method of the microscope. The printed discs were located in the 

middle or the right/left third of the cylinder and were decreasing in intensity from the top to 

the bottom (see the materials and methods section). The varying localization of the discs can 

be explained by the placement of the cylinders within the printing vial, whereby a non-

concentrical placement resulted in the discs not being grafted in the middle of the cylinder. 

Placing the cylinder in the center more thoroughly can prevent this phenomenon.  Each disc 

had bands on each side and their intensity is also decreasing from top to bottom. The 

presence of discs and bands indicates a successful grafting process with PEG-Cy3. The 

distinctness between the discs and their respective bands provides evidence of a controlled 

grafting process with minor occurrence of unspecific grafting. The high contrast between the 

background signal and the printed discs confirms the theory of PEG-Cy3 being easier/faster 

to wash out of the hydrogel. A post acquisition processing of the pictures by the microscope’s 

software would have removed the squares by merging the raster-imaged pictures, hence 

improved the quality of the pictures and the data, that was derived from it. 
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Figure 19: 6.3.2 Grafting optimization – Collage of the cylinders 2-4 to assess optimal grafting conditions. The 

hydrogel cylinder had a concentration of 5% w/v GelNOR and were crosslinked with 4.2mM DTT and 0.05% w/v LAP in an UV-
Oven for 10 minutes. PEG-Cy3 was used as a fluorescent dye. The varying conditions between the cylinders were concentration 
of LAP and TEMPO, the cylinders were infused with. The light dose, used to graft the discs, decreases with each band within 
the gel. 

 

 
Figure 20: 6.3.2 Grafting optimization – Collage of the cylinders 5-7 to assess optimal grafting conditions. The 
hydrogel cylinder had a concentration of 5% w/v GelNOR and were crosslinked with 4.2mM DTT and 0.05% w/v LAP in an UV-
Oven for 10 minutes. PEG-Cy3 was used as a fluorescent dye. The varying conditions between the cylinders were concentration 
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of LAP and TEMPO, the cylinders were infused with. The light dose, used to graft the discs, decreases with each band within 
the gel. 

 
Figure 21: 6.3.2 Grafting optimization – Collage of the cylinders 8-10 to assess optimal grafting conditions. The 

hydrogel cylinder had a concentration of 5% w/v GelNOR and were crosslinked with 4.2mM DTT and 0.05% w/v LAP in an UV-
Oven for 10 minutes. PEG-Cy3 was used as a fluorescent dye. The varying conditions between the cylinders were concentration 
of LAP and TEMPO, the cylinders were infused with. The light dose, used to graft the discs, decreases with each band within 
the gel. 

 

To further analyze the grafted hydrogels, the acquired pictures of each hydrogel were 

analyzed with ImageJ in order to quantify the grafting resolution. By analyzing the average 

intensity of the printed discs, the average intensity next to the discs and the average intensity 

of the background of the cross-section, 3 different ratios were calculated. The first ratio 

(Ratio1) is the ratio between the average disc intensity and the average intensity of the 

section next to the respective disc [Equation 5]. 

 
Equation 5: 6.3.2 Grafting optimization – Formula to calculate Ratio1 

𝑅𝑎𝑡𝑖𝑜1 =  
𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑖𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦 𝑑𝑖𝑠𝑐

𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑖𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦 𝑠𝑖𝑑𝑒𝑠
 

 
The second ratio (Ratio2) is the ratio between the section next to the analyzed disc and 

the average intensity of the background [Equation 6]. 

 
Equation 6: 6.3.2 Grafting optimization – Formula to calculate Ratio2 

𝑅𝑎𝑡𝑖𝑜2 =  
𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑖𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦 𝑠𝑖𝑑𝑒𝑠

𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑖𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦 𝑏𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑
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Ratio1 serves the purpose of creating a sharp distinction between the disc and the 

unspecific grafting to its sides. Therefore, a cutoff value with a lower limit was chosen, since 

the difference of the values is desired to be as big as possible. The limit for Ratio1 in this 

experiment is >2.300 and was generated by slowly decreasing the cutoff value, until several 

valued were withing the cutoff value. Ratio2 was calculated to minimize the difference 

between the unspecific grafting on the sides of the discs and the background, hence 

minimizing the unspecific grafting. Therefore, a cutoff value with an upper limit was selected, 

since the difference of the values should be as low as possible. The limit for Ratio2 in this 

experiment is <1.500. Analogue to Ratio1, this cutoff value was obtained by gradually 

decreasing the value, until values were above the cutoff limit. 

To further improve the selection process, a third ratio (Ratio3) was calculated by 

dividing Ratio1 by Ratio2. The formula can be seen in Equation 7. 

 
Equation 7: 6.3.2 Grafting optimization – Formula to calculate Ratio3 

𝑅𝑎𝑡𝑖𝑜3 =  
𝑅𝑎𝑡𝑖𝑜1

𝑅𝑎𝑡𝑖𝑜2
 

 
 

As it is desirable for Ratio1 to be as big and Ratio2 to be as small as possible, a cutoff 

value with a lower limit for Ratio3 was implemented to further improve the analysis. The 

cutoff value for Ratio3 in this experiment was >1.950 and the value obtained in the same way 

as for Ratio2. 

All discs, which fulfilled the ratio criteria (Disc 1 of gel 3, 5 and 9), were printed with a 

light dose of 2000 mJ/cm2[Table 6]. This makes it plausible, that the grafting process is slower 

than the crosslinking of GelNOR or has a higher threshold for the reaction to start, since the 

crosslinking takes a significantly lower light dose. This is a desirable feature of the grafting 

process, as a slower mechanism allows for a controlled grafting process with relatively high 

resolution, considering the fast pace of the crosslinking reaction. Another possible 

explanation for this phenomenon is, that the PEG-Cy3 needs to be grafted into the GelNOR in 

higher concentrations to be detected, than the number of crosslinks necessary for a stable 

crosslinking. This seems plausible, since 70% of the hydrogels norbornene groups were 

occupied after the crosslinking. The experiment’s entire range of LAP concentrations can be 

found among the valid discs, making it likely, that even though the concentration of LAP plays 

a role in the grafting, the whole range used in the experiment is suitable. Concentrations of 

TEMPO at 0.01 w/v% did not seem suitable for grafting with resolution. This is interpreted as 

TEMPO inhibiting the grafting reaction too much by capturing the LAP radicals. The proportion 

of LAP and TEMPO also seems to play a significant role in the grafting process. Disc1 of gel 3 

had a proportion of 75/1 for LAP to TEMPO and gave significantly lower results for Ratio1 and 

Ratio2, whereas Disc1 of gel5 and Disc1 of gel9 both had a LAP to TEMPO proportion of 100/1 



 40 

and 125/1, resulting in significantly higher Ratio1 and Ratio2 values. This suggests that a lower 

proportion of LAP compared to TEMPO reduces the intensity of the intended disc in 

comparison to its sides. This was surprising, since the intended use of TEMPO is to reduce the 

unspecific grafting. Additionally, the lower proportion of LAP to TEMPO seems to lower the 

difference between the sides of the discs compared to the background signal. This seems 

logical, since the higher TEMPO concentration in comparison to LAP blocks the general 

grafting mechanism, whereas the background signal is caused by simple residues of dye and 

is not affected by the LAP and TEMPO concentration. Considering these insights, the following 

experiments were carried out with a LAP to TEMPO proportion of >75/1. 

The values of all discs for ratio1 give an average value of 1.7964 with a relative standard 

deviation of 23.5%. Ratio2 has an average value of 1.2584 and a relative standard deviation 

of 16.8%. The results of Ratio3 average at 1.4447, showing a relative standard deviation of 

21.7%. The average values for ratio1 and ratio3 were not within the specified limits, indicating 

that the average value for the varying parameters remain to be optimized. All three ratios 

gave a relatively high relative standard deviation. This could be improved by narrowing the 

range of the varying experimental parameters.  

 

 Disc LAP w/v% TEMPO w/v% Light dose mJ/cm2 Ratio1 Ratio2 Ratio3 

Gel2 1 0.6 0.006 2000 2.1991 1.1268 1.9516 
Gel2 2 0.6 0.006 1750 1.8667 1.0976 1.7007 
Gel2 3 0.6 0.006 1500 1.5070 1.0488 1.4369 
Gel2 4 0.6 0.006 1250 1.3287 1.0537 1.2610 
Gel2 5 0.6 0.006 1000 1.2677 0.9659 1.3125 
Gel2 6 0.6 0.006 750 1.2443 0.8585 1.4493 
Gel3 1 0.6 0.008 2000 2.3959 1.1893 2.0145 

Gel3 2 0.6 0.008 1750 2.1564 1.1796 1.8280 
Gel3 3 0.6 0.008 1500 1.8913 1.1165 1.6940 
Gel3 4 0.6 0.008 1250 1.8717 1.0971 1.7060 
Gel3 5 0.6 0.008 1000 1.6473 1.0874 1.5149 

Gel3 6 0.6 0.008 750 1.5503 0.9175 1.6897 
Gel4 1 0.6 0.010 2000 2.2393 1.1196 2.0001 
Gel4 2 0.6 0.010 1750 2.0676 1.0622 1.9465 
Gel4 3 0.6 0.010 1500 1.7356 0.9952 1.7439 

Gel4 4 0.6 0.010 1250 1.7512 0.9809 1.7854 
Gel4 5 0.6 0.010 1000 1.4513 0.9330 1.5555 
Gel4 6 0.6 0.010 750 1.3631 0.8565 1.5916 
Gel5 1 0.8 0.006 2000 2.8597 1.4632 1.9545 
Gel5 2 0.8 0.006 1750 2.3564 1.4474 1.6280 

Gel5 3 0.8 0.006 1500 1.9960 1.3158 1.5170 
Gel5 4 0.8 0.006 1250 1.6932 1.3895 1.2186 

Gel5 5 0.8 0.006 1000 1.6045 1.1579 1.3857 
Gel5 6 0.8 0.006 750 1.3632 1.0579 1.2886 

Gel6 1 0.8 0.008 2000 1.6537 1.4150 1.1687 
Gel6 2 0.8 0.008 1750 1.6318 1.4800 1.1025 
Gel6 3 0.8 0.008 1500 1.5552 1.4500 1.0725 

Gel6 4 0.8 0.008 1250 1.5368 1.4250 1.0785 
Gel6 5 0.8 0.008 1000 1.4478 1.3400 1.0804 
Gel6 6 0.8 0.008 750 1.2958 1.2000 1.0799 
Gel7 1 0.8 0.010 2000 2.2825 1.6042 1.4228 
Gel7 2 0.8 0.010 1750 2.1927 1.4323 1.5309 
Gel7 3 0.8 0.010 1500 2.0769 1.3542 1.5337 

Gel7 4 0.8 0.010 1250 1.8871 1.2917 1.4610 
Gel7 5 0.8 0.010 1000 1.5682 1.1458 1.3686 
Gel7 6 0.8 0.010 750 1.3858 1.0260 1.3506 
Gel8 1 1.0 0.006 2000 2.2432 1.7264 1.2993 
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Gel8 2 1.0 0.006 1750 2.2397 1.7123 1.3080 
Gel8 3 1.0 0.006 1500 1.8716 1.5425 1.2134 
Gel8 4 1.0 0.006 1250 1.7810 1.4434 1.2339 
Gel8 5 1.0 0.006 1000 1.4657 1.3066 1.1218 
Gel8 6 1.0 0.006 750 1.1434 1.1840 0.9658 

Gel9 1 1.0 0.008 2000 2.8253 1.4106 2.0029 
Gel9 2 1.0 0.008 1750 2.7254 1.4251 1.9124 
Gel9 3 1.0 0.008 1500 2.3718 1.3382 1.7725 

Gel9 4 1.0 0.008 1250 2.3700 1.3188 1.7970 
Gel9 5 1.0 0.008 1000 1.8452 1.2174 1.5157 
Gel9 6 1.0 0.008 750 1.4279 1.1063 1.2908 

Gel10 1 1.0 0.010 2000 1.6007 1.5421 1.0380 
Gel10 2 1.0 0.010 1750 1.4698 1.4789 0.9938 
Gel10 3 1.0 0.010 1500 1.4926 1.4211 1.0503 

Gel10 4 1.0 0.010 1250 1.5204 1.4158 1.0739 
Gel10 5 1.0 0.010 1000 1.4886 1.3895 1.0714 
Gel10 6 1.0 0.010 750 1.2033 1.2947 0.9293 

Table 6: 6.3.2 Grafting optimization – Calculated values for ratio1-3 and the respective grafting conditions of the 

discs for the disc grafting experiment to optimize the grafting conditions. The hydrogel cylinders had a concentration of 5% 
w/v GelNOR and were crosslinked with 4.2mM DTT and 0.05% w/v LAP in an UV-Oven for 10 minutes. PEG-Cy3 was used as 
a fluorescent dye. The varying conditions between the cylinders were concentration of LAP and TEMPO, the cylinders were 
infused with and the light dose, used to graft the discs. 

 

For a more detailed analysis of the values above, the average value for Ratio1-3 for the 

discs within the same gel was calculated, as the variation of discs (light dose) within each gel 

was the same and can therefore be neglected [Table 7]. The average values for ratio1 of each 

gel do not seem to correspond with the amount of LAP the gel has been infused with. This 

can be explained with the fact, that regardless of the concentration of LAP, the grafting 

reaction is triggered after passing the light dose threshold. This is the case for the intended 

grafting area, as well as in the unintended, especially in the horizontal plane, since discs were 

projected into the hydrogel from a horizontal plane. A possible cause for this phenomenon 

could be a light scattering effect of the PEG-Cy3. If this is the case, a series of experiments, 

analogue to experiments carried out by Bernal et al., who added substances to their bioink in 

order to adjust the bioinks refractive index to the scattering components within it, could solve 

this issue (16). The intended use of TEMPO is to provide a certain threshold, in order to 

prevent the unspecific grafting process, but allow the grafting process in intended areas, 

thereby increasing the grafting resolution. Why this is not the case remains to be determined. 

A subsequent experiment with a different concentration range of TEMPO might be beneficial 

to find a suitable concentration. Additionally, the substitution of TEMPO in the bioink with a 

fainter photo inhibitor could allow for a higher degree of modification and thereby a higher 

resolution of the grafting process. However, the values of Ratio2 show a strong correlation 

with the concentration of LAP in the infusion solution. This seems plausible, as a higher 

amount of LAP radicals also promotes the unspecific grafting next to the intended discs, but 

not the background signal. Ratio3 does not seemingly correspond with the concentration 

within the infusion mix. This can be explained with the fact, that it is calculated by the division 

of Ratio1 and Ratio2. As Ratio1 does not correspond with the infusion conditions, it 

mathematically logical, that Ratio3 does not correspond as well. 
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Gel LAP w/v% TEMPO w/v% Average Ratio1 Average Ratio2 Average Ratio3 

2 0.6 0.006 1.5689 1.0252 1.5187 
3 0.6 0.008 1.9188 1.0979 1.7412 
4 0.6 0.010 1.7680 0.9912 1.7705 

5 0.8 0.006 1.9788 1.3053 1.4987 
6 0.8 0.008 1.5202 1.3850 1.0971 
7 0.8 0.010 1.8989 1.3090 1.4446 
8 1.0 0.006 1.7908 1.4859 1.1904 
9 1.0 0.008 2.2609 1.3027 1.7152 

10 1.0 0.010 1.4626 1.4237 1.0261 

Table 7: 6.3.2 Grafting optimization – Average values of ratio1-3 for each gel and the corresponding grafting 

conditions for the disc grafting experiment to optimize the grafting conditions. 

 

 

The following graphs give an illustration of ratio1-3 of each disc in each gel [Figure 22]. 

The blue bars correspond with ratio1 for each disc, the orange bar with ratio2 and the grey 

bar with ratio3. The x-axis of each graph shows the various discs of each gel and the values 

for each ratio is plotted on the y-axis. Ratio1 shows a high variation with the light dose, which 

was used to graft the discs. Throughout every gel, the value for ratio1 decreases with the light 

doses being lowered. This makes the theory plausible, that the grafting reaction has a higher 

threshold than the crosslinking reaction, since a higher light dose has a higher effect on the 

specific grafting than it has on the unspecific. In consequence, this means that the grafting 

process can be tuned by the light dose, giving control over the process and its resolution. 

Ratio2 gives mostly stable results throughout each gel and only slightly decreases with lower 

light doses for each disc. This means, that neither the background signal, nor the signal of the 

unspecific grafting areas is depending on the light dose, used for the grafting process. This 

makes the theory plausible, that the background signal is merely depending on the washing 

step after the grafting process. This ultimately means, that by adding an additional washing 

step to the experiment, the background signal would be reduced, resulting in an increase in 

the values for Ratio2. This would cause the necessity of setting a new cutoff value for Ratio2 

and ultimately Ratio3. With Ratio3 being calculated with Ratio1 and Ratio2, it seems logical 

for Ratio3 to be seemingly half as much depending on the light dose as ratio1. As it is desirable 

for the values of Ratio3 to be as high as possible, conditions resulting in a high value for Ratio1 

should be selected, what can be achieved by using a high light dose for the grafting. Similarly, 

infusion conditions causing a low value for Ratio2 are to be aimed at. This is possible by using 

lower concentrations of LAP. 

A further improvement of this experiment could be achieved by adjusting the formula 

of Ratio2 by dividing the intensity of the background signal by the intensity of the unspecific 

grafting on the side of the discs. The desired value for this new Ratio2 would be 1, as this 

would be the result for Ratio2 if the intensities would be the same. That would mean, that 

there was no occurrence of unspecific grafting, which is highly desirable. This was not done 

in this report, as the experiments and their evaluation were performed after this finding. 
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Figure 22: 6.3.2 Grafting optimization – Graphical illustration of the data retrieved from picture analysis of the 

disc grafting experiment. The blue bars depict ratio1 for each gel. Analogically, ratio2 is portrayed by the orange bar and 
ratio3 by the grey. The hydrogel cylinder had a concentration of 5% w/v GelNOR and were crosslinked with 4.2mM DTT and 
0.05% w/v LAP in an UV-Oven for 10 minutes. PEG-Cy3 was used as a fluorescent dye. The varying conditions between the 
cylinders were concentration of LAP and TEMPO, the cylinders were infused with and the light dose, used to graft the discs. 

 
In the subsequent experiment, a two-dimensional fractal was printed under several 

conditions to refine the grafting conditions, based on the results of the previous experiments. 

We chose the fractal structure as a grafting template, as it is significantly more complex than 

the previously printed discs. The fractal had a width of 7mm, a thickness of 1mm and a total 

height of 17mm [Figure 23]. 
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Figure 23: 6.3.2 Grafting optimization – Template of the two-dimensional fractal, used to optimize the grafting 

conditions. The fractals thickness is 1mm, its width 7mm and the total height is 17mm. PEG-Cy3 was used as a fluorescent 
dye and the fractals grafted with a light dose of 2000 mJ/cm2. 

 

A two-dimensional structure was the logical step to further assess the grafting 

resolution, since it was possible to analyze in the laboratory, as the facilities were not 

equipped with a possibility to analyze a three dimensionally grafted structure. In this 

experiment was crucial to find the correct plane within the cylinder to cut the central cross-

section. This is due to the fact, that the two-dimensional fractal was grafted into a three-

dimensional hydrogel cylinder and to detect the grafted area it is vital to cut out the correct 

plane of the cylinder. In order to do so, the copy of the fractal structure was printed above 

the initial one to possibly see the grafted dye with the bare eye under normal light. This was 

not possible for every cylinder, hence some of the fractals appear to be blurry. Some cylinders 

broke during the cutting process. However, every fractal could be recovered and an image 

acquired. Cylinder 3 broke apart during the cutting process [Figure 24]. All of the 3 gels (gel 

1-3) showed blurry fractals, what were interpret as the central cross section not being 

optimally cut out of the cylinder in the right plane. Nevertheless, the fractals’ structure can 

be recognized in each of the gels. A repetition of these gels with the correct plane of cutting 

the cylinder might give better results. 
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Figure 24: 6.3.2 Grafting optimization – Picture of gel 1,2 and 3 of the fractal grafting experiment to optimize the 

grafting conditions. The hydrogel cylinders had a concentration of 5% w/v GelNOR and were crosslinked with 4.2mM DTT and 
0.05% w/v LAP in an UV-Oven for 10 minutes. PEG-Cy3 was used as a fluorescent dye. The varying conditions between the 
cylinders were concentration of LAP and TEMPO, the cylinders were infused with. The lower fractals were printed with a light 
dose of 2000 mJ/cm2. The upper fractals were printed with a light dose of 4000 mJ/cm2 and solely serve the purpose of the 
identification of the correct cutting plane. 

 

The fractal in cylinder 4 showed a blurry structure without sharp forms [Figure 25]. This 

is likely to be the effect of choosing the wrong plane to cut the cross section out of the 

hydrogel cylinder. The data retrieved from this cylinder can be seen as invalid and a repetition 

of the experiment for this cylinder might be needed. Cylinder 5, however, showed a clear 

structure of the fractals being grafted into the hydrogel. The upper fractal shows areas of high 

intensity in the signal in the first circular structure. This is not surprising, as the upper fractal 

was printed with a light dose 4000 mJ/cm2 and solely served the purpose of identifying the 

correct plane to cut the central cross section out of the hydrogel cylinder. The lower fractal, 

on the other hand, shows a clear structure of the intended grafting template. Even the 

smallest triangle on the top can be recognized including the central hole. This triangle had a 

size of 0.875 mm. Horizontal bands can be seen going through the cylinder. This was the case 
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where the printed structure shows a certain width and therefore, the lowest parts of the 

triangles and the lower parts of the holes in the structures did not show these bands. This is 

interpreted as unspecific grafting, where the width of the fractal surpasses a certain 

threshold. Cylinder 6 showed a similarly grafted fractal, but with areas of high signal in the 

first 2 fractal planes (from bottom to top). The smallest triangle in the top middle was also 

present, as well as the horizontal bands of unspecific grafting. Therefore, the grafting 

resolution can be seen to be in the range of approximately 875 m. Comparing this grafting 

resolution with the previously mentioned two photon patterning process by Broguiere et al., 

who could patternize fluorescein with a resolution of 2-40 m into various hydrogel matrices, 

this resolution seemingly falls behind. However, the constructs grafted by Broguiere et al. just 

had a size of <1mm and therefore no significant size scalability fitting the means of a medical 

application (39). Additionally, these experiments served as a proof of concept for the grafting 

of bioactive molecules into GelNOR hydrogels in a spatially controlled fashion, which is proven 

to be possible. Further research will certainly improve the resolution of the grafting process, 

which will propel the advancements of VBP, due to its fast pace and manifold application 

possibilities. 
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Figure 25: 6.3.2 Grafting optimization – Picture of gel 4,5 and 6 of the fractal grafting experiment to optimize the 

grafting conditions. The hydrogel cylinders had a concentration of 5% w/v GelNOR and were crosslinked with 4.2mM DTT and 
0.05% w/v LAP in an UV-Oven for 10 minutes. PEG-Cy3 was used as a fluorescent dye. The varying conditions between the 
cylinders were concentration of LAP and TEMPO, the cylinders were infused with. The lower fractals were printed with a light 
dose of 2000 mJ/cm2. The upper fractals were printed with a light dose of 4000 mJ/cm2 and solely serve the purpose of the 
identification of the correct cutting plane. 

 

To further assess the resolution of the grafted fractals, Ratio1-3 for the grafted fractals 

were calculated [Table 8]. In these calculations, the average signal intensity of the bottom 

triangle (without the hole) was used as a value instead of the disc intensity, the average 

intensity of the hole of the bottom triangle as the intensity of the sides, and finally the average 

intensity of the section below the central crossbar between the fractals as background. Ratio1 

shows an average value of 2.1335 with a relative standard deviation of 44.5%. Ratio2 has an 

average value of 1.1565 and a relative standard deviation of 12.0%. The results of Ratio3 

average at 1.8219, showing a relative standard deviation of 39.4%. With big parts of the 

underlying data being invalid, the statistical analysis lacks meaningfulness. With the repetition 

of the experiment and the acquisition of valid data, the statistical analysis would gain 

expressiveness. 
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Gel LAP w/v% TEMPO w/v% Light dose mJ/cm2 Ratio1 Ratio2 Ratio3 

1 0.8 0.007 2000 1.3372 0.9149 1.4616 
2 0.8 0.008 2000 1.4554 1.1609 1.2537 

3 0.8 0.009 2000 1.9368 1.0795 1.7941 
4 1.0 0.007 2000 1.3333 1.2152 1.0972 
5 1.0 0.008 2000 2.8333 1.3684 2.0705 
6 1.0 0.009 2000 3.9048 1.2000 3.2540 

Table 8: 6.3.2 Grafting optimization – Calculated values for ratio1-3 and the respective grafting conditions of the 

fractals for the fractal grafting experiment to optimize the grafting conditions. The hydrogel cylinders had a concentration of 
5% w/v GelNOR and were crosslinked with 4.2mM DTT and 0.05% w/v LAP in an UV-Oven for 10 minutes. PEG-Cy3 was used 
as a fluorescent dye. The varying conditions between the cylinders were concentration of LAP and TEMPO, the cylinders were 
infused with. The light dose, used to graft the fractals, was 2000 mJ/cm2. 

 
Despite being grafted under similar conditions, the fractals of gel 5 and 6 gave 

significantly different results for Ratio1-3. This can be explained by the fact, that the fractal 

of gel 6 had a significantly lower signal intensity in the triangles hole. This is interpreted to be 

an effect of the higher concentration of TEMPO. Due to this, the values for Ratio1-3 differ a 

lot between the two fractals. However, the grafting resolution for both cylinders are 

considered to be good. A repetition of gel 1 to 4 should be carried out to further improve the 

results of this experiment. 

 
 

7 Conclusion 

This work described the synthesis and analysis of GelNOR with a high DOF of 88% in 

average, in order to utilize it for further modification. Furthermore, the bioinks printing 

properties were assessed, including the identification of printing parameters, influencing the 

printing resolution. The most influencing parameters on the printing resolution identified are 

the concentration of PI, the crosslinking molecule and the photo inhibitor in the bioink, as 

well as the light dose used during the printing process. Most importantly, a method to graft 

biological molecules into GelNOR hydrogels in a volumetric printing process was not only 

proven to be feasible, but also characterized by identifying parameters, responsible for the 

spatially controlled grafting with resolution. Similar to the printing of GelNOR, the grafting 

resolution was mostly correlated to the concentration of the PI and a photo inhibitor in 

addition to the light dose. There is no evidence, that this method of grafting has been 

characterized or even done by research groups before, providing novelty to this work. This 

work lays the foundations for the printing of specialized tissue with GelNOR, thereby 

representing a quantum leap for biofabrication and especially volumetric bioprinting. 
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8 Future work 

After this first assessment of the properties, possibilities and limits of GelNOR, a set of 

subsequent experiments would help to further characterize this material: 

A question, not answered by this report, is the rigidity and elasticity of the hydrogels. 

Therefore, rheological measurements with various concentrations of GelNOR, LAP and DTT 

can be performed, to further assess the physical properties of the hydrogel. Similar 

experiments were carried out by Rizzo et al. (25). However, the synthesized GelNOR by Rizzo 

et al. had a lower DOF than the material in this report. This difference in combination with a 

lower saturation degree of norbornene groups with thiol groups and the use of DTT as a 

crosslinker will most likely result in a different hydrogel stiffness. It is to expect, that a 

significantly higher DOF, in combination with a weaker crosslinker (DTT instead of PEG4SH) 

and a lower degree of norbornene saturation, will result in similar physical properties. But of 

course, this remains to be tested. 

An experiment of this report, that was carried out to test the grafting resolution on a 

three-dimensional structure [Figure 26], was based on the results of the previous experiments 

of the fractal grafting.  

 

 
Figure 26: 8 Future work – Three-dimensional figure of Atlas holding the world used for the grafting experiment of a 

three-dimensional construct. The structures height is approximately 8mm. 

 

Unfortunately, the grafted hydrogel cylinders decayed during the storage before the 

image acquisition, despite being stored in PBS which contained sodium azide. If this was 

caused by a microbial infection or merely by a decay over time is yet to be determined. This 

experiment could not be repeated due to timely matters but would add crucial insights to this 

report. 
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A possibility to increase the properties and possibilities of GelNOR is to substitute DTT 

with other molecules with two or even more thiol groups as a crosslinker. These molecules 

could have a smaller or larger distance between their thiol groups in order to control the 

hydrogel’s mesh size. Analogue to Rizzo et al. and Greene et al., PEG4SH [Figure 8] could be 

used as a crosslinker, but with the same norbornene saturation degree of 70% (25,28). It is 

plausible, that this would result in hydrogels with a higher shape fidelity, as one crosslinker 

molecule serves as a junction knot for 4 norbornene groups (25). Thereby, stronger gels can 

be printed, while simultaneously retaining a certain amount of norbornene groups for further 

modification. Additionally, it could be possible to attach one or more functional groups to 

these new crosslinkers to add a whole variety of possibilities to them. 

Another essential component of a hydrogel for volumetric bioprinting is the 

cytocompatibility. Do cells survive the printing process, is the material cytotoxic, does the 

hydrogel allow cell attachment and can cells proliferate in the material? As mentioned above, 

Greene et al. conducted a set of experiments, in which they could prove the high 

cytocompatibility of GelNOR (28). What is still to be researched is the cytocompatibility of 

hydrogels with a norbornene saturation of below 100%. A set of experiments entailing the 

printing of GelNOR with a saturation degree of approximately 70%, containing cells and the 

following cultivation of the hydrogel could give insights to these questions. 

After proving the concept of grafting biological molecules (BSA) into a GelNOR hydrogel, 

the questions of their biological activity, remains. A possible way to assess the biological 

activity of the grafted molecules is the grafting of chemokines onto one half of a hydrogel and 

later incubating leukocytes on the gel. Chemokines are a group of proteins, that promote the 

migration of leukocytes as an inflammatory response (41). In case of the grafted chemokines 

still being biologically active, the leukocytes would migrate to the grafted side of the hydrogel. 

A possible candidate for the grafting is the chemokine Macrophage Inflammatory Protein 1 

(MIP-1), as it promotes the migration of monocytes (42). 

A further set of experiments to massively widen the possible applications of GelNOR 

could be the development of a method, that allows the grafting of molecules without a free 

thiol-group. This could be achieved by developing a peptide linker, that can be linked to a 

protein. An essential component for this peptide sequence is a grafting region containing 

cysteines, in order to enable the grafting of the modified molecule. A question that goes along 

with such experiments is the functionality of these modified molecules. Another possible 

feature of the peptide linker could be a “cleavable” region, allowing the cells within the 

hydrogel to detach and ingest the grafted molecules. Obviously, the question of those 

modified molecules’ activity after the cellular ingestion remains to be investigated too. Similar 

experiments have been carried out by Batalov et al. who were able to crosslink fluorescent 

proteins into hydrogels based on collagen and fibrin, by modifying the proteins C terminus 

with a reactive carbonyl group (43). The possibility of grafting all kinds of proteins or other 

molecules into GelNOR would increase its usefulness even further. 
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