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Abstract 
One of the main challenges of current biomedical research and drug development is 

the lack of available physiological in vitro models. Traditionally in vitro research was 

performed using two-dimensional cell culture methods. However, there has been an 

increasing evidence that culturing cells under planar conditions do not recapitulate the 

complexity of the three-dimensional (3D) environment cells experience in the body, 

which often results in increased drug response at preclinical research phase. Multiple 

different approaches have been developed over the last decades to introduce 3D 

microenvironments for cells, either by “bottom up” or “top down” technologies. In the 

bottom up method, the cells self-assemble without any mechanical support and form 

aggregates (spheroids), while the top down production of 3D cell cultures involves the 

use of scaffolds which later on can be seeded with cells.   

Two photon-polymerization (2PP) is a high-definition 3D printing approach, where the 

absorption of femtosecond-pulsed laser radiation leads to localized cross-linking of 

photosensitive materials within the focal volume enabling the direct embedding of cells 

inside photosensitive hydrogels at high structural resolution in accordance to a 

computer assisted designs. Structures can be printed within the bulk of the material 

eradicating the need of a layer-by-layer deposition, which is required in other 3D 

printing technologies.  

One of the main bottlenecks of using 2PP for biofabrication is the lack available 

biocompatible photoinitiators and bioinks. The aim of the thesis is to establish the 

printing conditions and material compositions which allows the embedding of cells 

directly into the bioink, while maintaining cell viability. Several different materials can 

be employed as bioinks for 2PP including natural and synthetic photopolymers. One of 

the main advantages of natural hydrogels is that they are often derived from the non-

cellular compartment of the tissues, the extracellular matrix, therefore they contain the 

necessary biological and mechanical cues the cells require. The ultimate goal of this 

thesis is to use 2PP platform to create biomimetic tissue models and disease models 

and study cell behaviour in complex 3D environment. 
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1 Introduction 
The chapter “Introduction” is based on and contains text from Marshall Plan Foundation 

Grant Report titled “3D Printed Blood-Brain Barrier-on-a-Chip”.  
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The overall probability of success of any drug entering clinical trials ranges between 

3.4% and 33.4% with the lowest success rate presented in oncology drug 

development.1 Although animals have been used as primary models for preclinical 

studies, there is growing evidence that their use in drug development is often hindered 

due to their limitation to imitate human conditions efficiently.2,3 Furthermore, due to 

ethical concerns, the 3R principle as in to reduce, replace and refine animal testing to 

provide a more humane research environment has been introduced in the last few 

decades encouraging researchers to reach out towards other alternatives.4 

Traditionally in vitro research has been performed using two-dimensional (2D) planar 

cell culture. However, recent studies showed that culturing cells in 2D often fails to 

recapitulate the complexity of the physiological conditions.5–7 Additionally, using 2D 

cell culture models for drug testing often results in increased drug response compared 

the three-dimensional (3D) cell culture which could lead to an overestimation of the 

efficiency.8,9 Multiple different ways have been introduced to create 3D cell culture. The 

two main approaches are often being referred to as bottom up and top down tissue 

engineering. Bottom up tissue engineering employs the capacity of the cells to self-

assemble into aggregates (spheroids) without any mechanical support using non-

adhesive (agarose or coated) plates or hanging drop cultures, etc. Top down tissue 

engineering is based on the use of scaffolds to provide mechanical support and 

architecture for the cells.10–17 

Additive manufacturing technologies (AMTs) and bioprinting are emerging new 

technologies that could provide a useful tool to create complex 3D tissue architectures 

in a controllable manner.18–20 In traditional extrusion based bioprinting the 3D structure 

is created by the layer by layer deposition of materials onto a substrate. Cells can be 

incorporated into a biocompatible bioink formulation and can be deposited via 

extrusion, inkjet or laser-assisted strategies.21–24 While this approach can provide high 

initial cell numbers and control over spatial distribution of cells, shear stress could 

compromise cell viability and the resolution which could be achieved is limited.25,26 

Stereolithography employs light of a certain wavelength ( ultraviolet (UV) light) to cure 

a photosensitive resin according to a computer assisted design (CAD) layer by layer 

by moving a motorized stage.27,28 Two-photon polymerization (2PP) is a high-definition 

(HD) bioprinting method, based on the nonlinear absorption of a tightly focused, 

femtosecond (fs) near infrared (NIR) laser pulse into photosensitive materials to induce 
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crosslinking of the material within the focal volume with feature sizes from less than 

100 nm.29–33 Structures can be directly printed within the bulk of the material according 

to a CAD.  

Several different materials can be employed as bioinks for 2PP and other AMTs 

including natural and synthetic polymers.34–36 In general, synthetic polymers have a 

wide medical applications range, such as implants and intraocular lenses among many 

others.37,38 Some of the main advantages of such materials are that they exhibit high 

reproducibility between batches and the chemical composition of them can be easily 

modified to introduce new functionalities and material properties. However, the 

disadvantages of synthetic materials include they often lack of cell-responsive moieties 

and biodegradation, and they could be cytotoxic.38 Natural polymers often perform 

better in terms of biocompatibility and biodegradability, but they often lack control over 

mechanical properties and they could trigger immune responses in some cases.39 The 

non-cellular component of all tissues is the extracellular matrix (ECM), which provides 

not only the necessary biological cues needed for cell signalling, tissue development, 

differentiation, proliferation, and migration but also the desired mechanical support 

including elasticity, tensile and compressive strength.40,41  

Hydrogels are polymer networks which are capable of up taking large quantities of 

water. The crosslinking of hydrogels can occur through a variety of mechanisms to 

form either a physically or chemically crosslinked hydrogel.42–44 During physical 

(reversible) crosslinking the polymer is formed by secondary forces such as hydrogen-

, or ionic bonds, hydrophilic or hydrophobic forces, π-π stacking, or entanglements. 

One of the main advantages of these hydrogels is that they can be formed without any 

crosslinking additives which are often cytotoxic. On the other hand chemically 

crosslinked hydrogels are stabilized by covalent bonds. The chemical crosslinking of 

the polymer could be driven by free radicals, enzymes, Diels-Alder click reaction, 

Michael type addition and Schiff base formation among others.45  

Photopolymerization is driven by different reactive species (radicals, cations or 

anions).46 Photoinitiators (PIs) are substances which generate reactive species upon 

irradiation. Based on their mechanism of action they can be either type I or type II. The 

type I initiators cleave to produce two radicals upon irradiation, while type II initiators 

undergo a bimolecular process in which the first step is abstract an electron or 
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hydrogen atom from a second molecule (co-initiator) and in turn this molecule then 

reacts to initiate polymerization.47–51 There are several biocompatible PIs such as 

Irgacure 2959 and lithium phenyl-2,4,6-trimethylbenzoylphosphinate (Li-TPO-L). 

These PIs have a good absorption in the UV region (250-370 nm), however they often 

have poor performance in two-photon setting. There are a few water soluble two-

photon PIs (2PIs) reported in literature, however only a very few of them presented as 

biocompatible for biological applications.52,53 Once the polymerization process is 

initiated by the PI, the polymer network formation can occur either via chain-growth or 

step growth mechanism. In chain growth polymerization, the process is introduced by 

an initiation step followed by a propagation period where the monomer only reacts at 

the end of the growing polymer chain, and the monomer concentration is decreasing 

throughout the reaction, and finally a chain termination occurs. One of the most well-

known chain growth polymers used in tissue engineering approaches is gelatin-

methacrylamide (GelMOD).54,55 Traditional photopolymerization of polymers with 

(meth)acrylate functionalities have been largely employed in medical and biological 

applications.56 GelMOD hydrogels are an inexpensive, biocompatible platforms for 3D 

cell culture applications, where the mechanical properties of the material can be fine-

tuned by changing the polymer concentration.54 In step-growth polymerization the 

monomers first form dimers, then trimers, longer oligomers and ultimately long chain 

polymers. Thiol-ene click reaction is based on the orthogonal reaction of thiols with 

carbon-carbon double bonds.57,58 The network formation proceeds by repeated 

addition of thiyl radicals to double bonds and chain transfer reactions by hydrogen 

abstraction.59 
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2 Bioinks and Biocompatible Two-
Photon Initiators  

 

2.1 A biocompatible diazosulfonate initiator for 

direct encapsulation of human stem cells via two-

photon polymerization  
This chapter is published and contains text from the following publications   

Tromayer M*, Dobos A*, Gruber P, Ajami A, Dedic R, Ovsianikov A and Liska R 2018 

A biocompatible diazosulfonate initiator for direct encapsulation of human stem cells 

via two-photon polymerization Polym. Chem. 9 3108–17 with permission from Royal 

Society of Chemistry. 

DOI: 10.1039/c8py00278a 

* equal contribution  

 

And 

 

Dobos A, Van Hoorick J, Steiger W, Gruber P, Markovic M, Andriotis O G, Rohatschek 

A, Dubruel P, Thurner P J, Van Vlierberghe S, Baudis S and Ovsianikov A 2019 Thiol–

Gelatin–Norbornene Bioink for Laser‐Based High‐Definition Bioprinting Adv. Healthc. 

Mater. 1900752 

DOI:10.1002/adhm.201900752 

 

The synthesis of the photoinitiator DAS was carried out by M. Tromayer (TU Wien).  
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2.1.1 Introduction  

3D cell encapsulation is a powerful tool for tissue engineering, not only offering the 

benefits of cellular environments mimicking physiological tissues closer than classical 

2D culture models, but also being advantageous to the general approach of seeding 

cells on porous prefabricated scaffolds.6,60,61 Compared to the latter method, direct 

encapsulation within the scaffold is a desirable alternative providing high initial cell 

loading, uniform cell distribution and more intimate cell–matrix contact.62 Furthermore, 

the concomitant presence of cells during scaffold fabrication allows for high throughput, 

streamlining the process towards automated tissue fabrication.27  

2PP has been employed using rose bengal as photosensitizer to fabricate micropillars 

from bovine serum albumin as artificial stem cell niches, as well as cross-linking 

cytoplasmic proteins inside live starfish oocytes to create barriers and channels 

isolating different intracellular regions, with the aim of conducting functional 

studies.63,64 Direct 3D encapsulation of polymicrobial bacterial communities via 2PP 

has also been achieved.65 However, there is still a lack of studies demonstrating more 

sensitive cell types kept viable after successful 2PP encapsulation. This is in part due 

to the limitations associated with currently available photosensitizers and 

photoinitiators (PIs) used to start the covalent cross-linking processes, such as free 

radical polymerization. 

Classical UV-encapsulation of cells has made use of commercial PIs such as Irgacure 

2959, VA-086 and Li-TPO-L, which generate initiating radicals by homolytic bond 

cleavage upon photoexcitation.62,66–68 Due to their relatively small conjugated π-

systems, classical PIs generally have low two photon absorption cross section (σ2PA) 

and tend to suffer from poor performance and low achievable writing speeds in 

2PP.69,70 Thus, specialized water-soluble 2PIs such as the  benzylidene 

cycloketone-based 2PI P2CK have been developed and proved highly efficient in the 

microfabrication of 3D hydrogel structures.71 Nonetheless, these 2PI systems exhibit 

significant cytotoxicity above certain concentrations and can cause extensive 

photodamage to cells after laser irradiation.72 Since aforementioned cleavable 

commercial PIs have shown good cytocompatibility in UV-encapsulation of cells, we 

hypothesize that generation of polymerization initiating radicals by rapid, unimolecular 
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2PI cleavage could help minimize unwanted side-processes associated with 

bimolecular initiation mechanisms of conventional 2PIs during long lived triplet state. 

Aryl diazosulfones cleave under formation of phenyl- and sulfonyl-based radicals as 

well as molecular nitrogen, and have been used for thermally induced free radical 

polymerization.73 Their use in 2PP has not been previously reported in literature, but 

they exhibit strong absorption in the visible range that was suspected to also be excited 

by two-photon absorption (2PA) at 800 nm.  

2.1.2 Aim  

The objective of the present study was to develop a water-soluble, cleavable aryl 

diazosulfonate 2PI tetrapotassium 4,4'-(1,2-ethenediyl)bis[2-(3 sulfophenyl)diazene-

sulfonate] (DAS) with excellent cytocompatibility, transcending the limitations of state-

of-the-art materials. The 2PP structuring threshold and swelling behaviour of cross-

linked hydrogel structures were analyzed. 2D and 3D in vitro biocompatibility was 

evaluated by using immortalized adipose-derived stem cells (ASC/TERT1) in cell 

viability assays both in the absence of light and after direct cell encapsulation via 2PP. 

 

2.1.3 Experimental  

2.1.3.1 Mode of practice for photosensitive compounds 

The preparation and analysis of the photosensitive compounds and formulations was 

conducted in an orange light lab. The windows and fluorescent lamps were covered 

with foil filters or filter coatings so that light with a wavelength <520 nm was cut off. 

 

2.1.3.2 ASC/TERT1 cell culture 

ASC/TERT1 (Evercyte, Vienna, Austria) were cultured and maintained in Endothelial 

Cell Growth Medium-2 EGM-2 media (Lonza, Basel, Switzerland) supplemented with 

foetal bovine serum (FBS) to a final concentration of 10%. Cells were incubated in a 

humidified atmosphere with 5% CO2 at 37°C. At 80% confluence the cells were 

detached using 0.5% trypsin-EDTA solution (Gibco, Waltham, MA, USA) and after the 

cells detached trypsin inhibitor was added (Gibco, Waltham, MA, USA), the cells were 
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resuspended in media and centrifuged at 170 g for 5 min before seeding onto T75 

flasks.  

 

2.1.3.3 Cell viability  

Cell viability was measured using PrestoBlue Assay (Invitrogen, Carlsbad, CA, USA). 

Briefly, cells were seeded in 96-well culture plates. 0.5-4 mM DAS and P2CK solution 

in EGM-2 (10% FBS) media was added to the wells (followed by a 10 min UV irradiation 

on one plate) and the plates were incubated for 3 h at 37 °C. Afterwards the cells were 

washed with Dulbecco’s Phosphate Buffered Saline PBS (Sigma-Aldrich, Saint Louis, 

MO, USA) twice before fresh media was added and the cells were left to recover 

overnight. After 24 h PrestoBlue assay was performed, by diluting the reagent 1:10 

with EGM-2 media and the plates were incubated for 1 h. The absorbance was 

measured in a plate reader (Synergy H1, BioTeck) at an excitation wavelength of 560 

nm and the emission was recorded at 590 nm. Data were analyzed with GraphPad 

Prism software using one-way ANOVA with Kruskal–Wallis test followed by Dunn’s 

multiple comparisons post-hoc. 

 

2.1.3.4 DNA Quantification  

FlouReporter Blue Fluorometric dsDNA Quantitation Kit (Thermo-Fisher, Waltham, 

MA, USA) was used to measure the DNA content of the samples after treatment with 

the photoinitiators. The plates on which PrestoBlue assay was applied were frozen for 

5 days at -80°C and Hoechst assay was preformed following the instructions of the 

manufacturer. Briefly, the plates were thawed at room temperature and 100 μL distilled 

water was added and the plates were incubated at 37°C for 1 h. Afterwards, Hoechst 

33258 staining was diluted to 1:400 with TNA buffer (10 mM Tris, 2 M NaCl, 1 mM 

EDTA, 2 mM sodium azide), 100 μL of the reagent was added to the wells and the 

fluorescence was measured using excitation and emission filters at 369 nm and 460 

nm, respectively.  
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2.1.3.5 2PP setup 

For 2PP structuring, a femtosecond NIR-laser (MaiTai eHP DeepSee, Spectra-

Physics) was used at 800 nm, with a repetition rate of 80 MHz and a pulse duration of 

70 fs after the microscope objective (Plan-Apochromat 10x/0.3, Zeiss). The peak 

intensity for these parameters at 1 mW average power is 7 GW/cm2 in the focal plane 

of the objective and the spectral width of the used laser system at 800 nm is 9.6 nm. 

To facilitate high-speed structuring a combination of sample positioning via a motorized 

stage and a galvo-scanner was used for laser beam positioning within the sample. The 

in-house developed software controls the complete setup. The structuring process was 

monitored in real time with a CMOS-camera mounted behind the dichroic mirror in the 

beam path. 

 

2.1.3.6 Methacrylation of glass surfaces  

To ensure proper attachment of the 3D printed hydrogel structures to the substrate, 

the glass surfaces were modified with methacrylate functionalities following a 

silanization procedure using 3-(trimethoxysilyl)propyl methacrylate prior to the 

structuring. All structures were printed in glass bottom dishes (IBIDI 35 mm diameter 

with glass bottom, high version, Ibidi GmbH, Martinsried, Germany). The glass 

surfaces were plasma treated (Harrick plasma, Ithaca, USA) for 10 min prior to the 

addition of the methacrylation solution (49.9 % deionized water, 47.9 % ethanol, 0.3 % 

acetic acid, and 1.9 % of 3-(trimethoxysilyl)propyl-methacrylate) for 45 min. Afterwards, 

the glass dishes were washed with deionized water and dried at room temperature. 

 

2.1.3.7 Structuring Threshold  

In order to evaluate the structuring threshold of the hydrogels, 10% gelatin 

methacrylamide hydrogel (GelMOD) with a substitution rate of 95%, (provided by 

Ghent University) was dissolved in EGM-2 media supplemented with 1 mM or 2 mM 

P2CK or DAS. Cubes with a side length of 100 µm were printed on methacrylated glass 

using the previously mentioned 2PP setup, with different writing speeds (100-1000 

mm∙s-1), different powers (45-100 mW), and hatching with 0.5 µm line and 0.5 µm layer 

spacing. The threshold was defined as the minimal power needed for stable structures. 
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2.1.3.8 Swelling  

The swelling ratio of samples (10% GelMOD with 1 mM P2CK or 2 mM DAS) was 

addressed by measuring the changes in perimeter of the samples using ImageJ FIJI 

software. 100 µm cubes were printed using parameters above the structuring 

threshold. The printed structures were immersed in PBS for 48 h until they reached the 

swelling equilibrium. The swelling ratio (Q) was calculated using Equation 1: 

𝑄 = 𝑃𝑡 − 𝑃𝑏𝑃𝑏 ∗ 100 

where, Pt is the perimeter of the cubes on the top, Pb is the perimeter of the sample 

on the bottom. 

 

2.1.3.9 Cell encapsulation  

ASC/TERT1 cells were trypsinized and resuspended in 10% GelMOD solution 

supplemented with either 1 mM P2CK or 2 mM DAS at a concentration of 2×106 

cells/mL. The cell-containing hydrogel precursor solution was applied to methacrylated 

µ-dishes (35 mm diameter with glass bottom, high version, Ibidi GmbH, Martinsried, 

Germany). The structures were printed with the above mentioned 2PP setup, using 0.5 

µm line and 0.5 µm layer spacing. In order to assess the changes in cell numbers, 

larger cubes of 300 µm sides were printed, using 1000 mm∙s-1 writing speed. For 

demonstration TU logos were printed with a writing speed of 250 mm∙s-1. The viability 

of cells was assessed with Calcein AM/Propidium iodide staining (Sigma-Aldrich, St. 

Luis, USA). The samples were incubated for 20 min before the images were captured 

by confocal laser scanning microscope (LSM700 Zeiss, Germany). 

 

2.1.4 Results and Discussion  

The 2PA cross section of DAS is around 40 Goeppert-Mayer Unit (GM) at the 2PP 

structuring wavelength used (800 nm), while P2CK has a more than three times higher 

cross section of about 140 GM.53 However, the resulting lower 2PP structuring 

efficiency of DAS can be sufficiently compensated by using a concentration of 2 mM, 

versus 1 mM for P2CK, to obtain good 2PP processing results.  

(1) 
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PrestoBlue mitochondrial activity assay was used to address the viability of 

ASC/TERT1 in 2D. PrestoBlue reagent is a resazurin-based, cell-permeant solution 

that uses the reducing power of mitochondrial enzymes of living cells to quantitatively 

measure proliferation.74 24 h after stimulation with different concentrations of 2PIs the 

cells exhibited normal metabolic activity in case of DAS, while P2CK treatment led to 

significant decrease of cell viability above 0.5 mM (Figure 1a). These results were in 

accordance with DNA quantification using Hoechst 33258 staining, a dye that stains 

double stranded DNA, and therefore corresponds to the actual cell number of the 

sample and it showed no statistical significance between the treated samples 

compared to the control (Figure 2a).75 The drawback of this method is that partial 

precipitation of P2CK in the samples interferes with the measurement of fluorescence 

intensity at the required wavelengths leading to unreliable results. Therefore, this 

method of DNA quantification could only be used for the DAS samples. In a further 

experiment, a plate containing 2PIs was irradiated at 365 nm in order to mimic the 

photoinitiation process. The UV irradiation resulted in significantly lower survival of 

cells, however even at 3 mM and 4 mM DAS samples the cell survival reached 60% 

compared to the untreated control (Figure 1b). The DNA quantification also 

corresponded with the experienced results shown in (Figure 2b). On the other hand, 

these conditions led to cell death in all samples treated with any concentrations of 

P2CK (not plotted).  

 

Figure 1. Quantification of cell viability of ASC/TERT1 cells 24 h after treatment with 2PIs DAS and 
P2CK. Presto blue assay was used to evaluate the metabolic activity of the cells. (a) DAS was well 
tolerated in the analyzed range (0.5-4 mM), while all concentrations of P2CK above 0.5 mM affected 
cell viability significantly. (b) When the cells were irradiated with UV to model the initiation of the 
2PIs, cell viability was maintained up to 2 mM DAS concentration. The statistical significance was 
addressed by ANOVA with Kruskal–Wallis test followed by Dunn’s multiple comparisons test. n = 6; 
**p < 0.01; ***p < 0.001 ; **** p < 0.0001 

a)                                                       b) 
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Figure 2. Quantification of DNA content. The drawback of this method is that partial precipitation 
of P2CK in the samples interfere with the measurement of fluorescence intensity at the required 
wavelengths leading to unreliable results. Therefore, this method of DNA quantification could only 
be used for the DAS samples (a) DNA content of the samples treated with DAS. (b) DNA content of 
the samples that were UV treated in order to mimic the activation of DAS. 

DAS was tested in 2PP processing and compared to the well-established 2PI P2CK.  

In order to investigate the laser power threshold for structuring, a 10% GelMOD 

hydrogel supplemented with 1 mM or 2 mM P2CK and DAS was prepared and 100 µm 

cubes were printed at 45-100 mW and up to 1 m∙s-1 writing speed. The applied 2PI 

concentrations were kept as low as possible, while still reaching fabrication threshold 

at an acceptable laser power. Figure 3a shows that although 1 mM P2CK needs an 

average 15 mW less power at every given writing speed to reach the threshold limit, it 

is possible to use 2 mM DAS as a suitable alternative to P2CK for 2PP application. 

The swelling profile of a hydrogel demonstrates its ability to absorb water, which is 

related to the crosslinking density of the material, hence the more crosslinked the gel 

is, the less it swells. It could affect not only the diffusion rate of nutrients and 

metabolites in the hydrogel, but also the migration and stretching of cells. Besides the 

2PI and hydrogel polymer concentrations, the laser power and writing speed affect the 

number of crosslinks within the gel. In order to study the swelling of the samples, a set 

of 100 µm cubes were fabricated with different writing speeds and powers, using 10% 

GelMOD supplemented with either 1 mM P2CK or 2 mM DAS. After the samples 

reached equilibrium swelling state (approximately after 48 h) their dimensions were 

recorded.  

Both the writing speed and the laser power influenced the swelling behavior of the 

hydrogels as expected (Figure 3b). Increased speed and decreased power led to more 
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extensive swelling regardless of the 2PI used, and both 2PIs led to similar results under 

these circumstances. For this reason, 2 mM of DAS can be used as a substitute for 1 

mM P2CK to reach the similar cross-linking density of material.  

 

Figure 3. 2PP processing of hydrogels. (a) Structuring threshold of 2PIs. At all tested writing speeds 
it was possible to structure in the gels using either 2PI. P2CK (red) required less laser power in 
comparison to DAS (green). (b) Swelling of hydrogels fabricated at different writing speeds of 100 
mm∙s-1 and 500 mm∙s-1. The swelling was power and speed dependent and comparable in both 
cases. 

 

In order to evaluate the biocompatibility of the 2PIs in 2PP processing, ASC/TERT1 

cells were encapsulated in 10% GelMOD-95 hydrogel using 1 mM P2CK or 2 mM DAS 

and followed through the course of 5 days. To facilitate high throughput, relatively high 

powers (80-110 mW) were chosen to allow a writing speed as fast as 1 m∙s-1. The cells 

were stained with Calcein-AM and Propidium Iodide and were automatically counted 

using ImageJ FIJI software with an automatic object counting. Although the same 

number of cells were encapsulated in both cases, P2CK samples resulted in average 

75% less cell survival on day 1, and led to more decrease over the course of time at 

laser powers above 80 mW. By using DAS, the proliferation of the cells reached up to 

140% after 5 days when laser powers below 100 mW were used. However, at higher 

powers cell numbers decreased, possibly due to too tightly crosslinked hydrogels 

which did not support the long-term proliferation of ASC/TER1 cells. The survival of 

the cells was dose dependent and reached up to 140% relative cell number compared 

to day 1 when laser powers under 100 mW were used. (Figure 4a).  

To further demonstrate the capacities of DAS as a biocompatible 2PI, ASC/TERT1 

cells were encapsulated in a structure containing not only crosslinked, but also non-

polymerized sections (Figure 4b), and were stained on day 1 and day 5, using 

a)                                                 b) 
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CalceinAM/Propidium iodide live/dead staining. In the P2CK samples, the auto-

fluorescence of the 2PI makes the visualization of dead cells challenging, however the 

cells were only proliferating in the void areas (Figure 4d). On the other hand in DAS 

samples no auto-fluorescence was detected, the encapsulated cells were expanding 

in the gel as well and still responded to the live stain after 5 days (Figure 4c). 

 

Figure 4. Survival and proliferation of ASC/TERT1 cells in 2PP-produced GelMOD hydrogel 
constructs. (a) Number of cells within the 3D printed hydrogel cubes at day 1 and day 5. The 

 
(DAS) 

(DAS) 
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application of DAS as 2PI resulted in higher initial higher cell survival and increased proliferation 
when compared to P2CK. (b) CAD image of printed TU Wien logos, dimensions 500x500x125 µm 
(c1) TU Wien logo produced at 80 mW using 2 mM DAS 24 h after 2PP structuring (c2) TU Wien logo 
structured with 2 mM DAS after 5 days, with high survival and expanded morphology of the cells 
(d1) TU Wien logo structured with 1 mM P2CK 24h after fabrication (d2) TU Wien logo structured 
with 1 mM P2CK after 5 days. Cells were only growing in the void, while cells in the gel were not 
viable after 5 days. 

 

 

2.1.5 Conclusion  

A novel water-soluble diazosulfonate two-photon initiator DAS was compared to the 

well-established initiator P2CK as a reference. Due to its lower two-photon absorption 

cross-section, DAS had to be used at double concentration of P2CK for 2PP 

structuring. At this concentration DAS supports exceedingly high writing speeds up to 

1 m∙s-1 and a performance generally similar to P2CK, as indicated by laser power 

threshold and hydrogel swelling experiments. 2D cell viability assays and 3D cell 

encapsulation via 2PP using adipose derived stem cells both demonstrated the 

biocompatibility of DAS far exceeding the reference P2CK and its potential as superior 

material for cell-based biofabrication. 
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2.2 Alternative Strategies Towards Improving Cell 

Viability During Encapsulation  
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2.2.1 Introduction  

Directly embedding cells via 2PP is challenging due to several reasons. First, in order 

to achieve a stable structure, it is necessary to apply the appropriate photoinitiator and 

polymer concentration and relevant laser powers, although increasing these factors 

can create a hostile environment for the cells which in turn could lead to poor cell 

survival. There are several different approaches that could improve cell viability upon 

direct cell embedding. Some of the approaches, discussed in detail in chapter 2.1 and 

2.3, include the use highly biocompatible two-photon photoinitiators and hydrogels, 

which allow the processing of the bioink under mild conditions. The other approaches 

that were tested to improve the bioprinting efficacy are antioxidants, enzymes, co-

initiators and photosensitizers.  

Increased levels of reactive oxygen species (ROS) can induce apoptosis and necrosis 

in cells, and are thought to be one of the main pathogenic mediators in various 

diseases.76–79 By using antioxidants and enzymes, the cells could be protected from 

harmful ROS, however, their administration could be troublesome as it should not 

interfere with the reactive species needed primarily for structuring. Several different 

antioxidants and enzymes were tested. Ascorbic acid (Vitamin-C) and Trolox (soluble 

analogue of Vitamin E) are two of most well-known water soluble antioxidants that 

could decrease direct and indirect oxidative stress inside the cells.80–84 Previous study 

showed that pre-treatment with N-acetylcysteine (NAC) and reduced glutathione 

(GSH) prior to the UV encapsulation of MG63 cells could increase both proliferation 

and viability of the cells compared to the untreated cells.85 GSH is a small molecular 

weight thiol molecule in cells and it plays an important role in protecting the cells 

against ROS and also can act as a substrate to several other antioxidant 

enzymes.84,86,87 NAC on the other hand has the ability to act as a precursor of reduced 

GSH, also in some cases NAC can act as a direct antioxidant for some oxidant species 

such as NO2.88–90 Gallic acid (GA) is a phenolic compound that can be found in several 

plants. The treatment of human peripheral blood lymphocytes with 50 µM GA protected 

the cells from H2O2 induced lipid peroxidation and apoptosis, however when human 

promyeloid leukaemia cells were treated with 0.3 mM of the same substance the cells 

underwent apoptosis.91–93 The down-stream targets of heme oxygenases is bilirubin 

and biliverdin and they are known to have reducing properties and are recognized as 

potent antioxidants.94 Finally, catalase (CAT) is the most commonly used enzyme used 
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for the decomposition of H2O2 into water and oxygen, however previous study have 

shown that CAT could reduce proliferation of cells when non-toxic levels of ROS were 

present possible due to interfering with signalling cascade which rely on the regulation 

by H2O2 .95–97 

Another approach is to use co-initiators, crosslinkers or photosensitizers to improve 

the printing process by reducing the needed laser power or by increasing the possible 

writing speed and essentially increase the efficiency of the process. Co-initiators can 

be employed in photopolymerization when type II PI are used, as their mechanism of 

action involves the abstraction of an electron or hydrogen atom from a co-intiator and 

in turn this molecule is responsible for initiating the polymerization.98 Crosslinkers can 

also be introduced to the different hydrogel formulation as  their role is to form 

intermolecular links between the polymer chains. Photosensititizers energy is 

transferred from light to oxygen by the PS to generate ROS, which later on can be 

utilized for polymerization but these ROS can cause damage to the cells as well.99 

However, these substances could also have drawbacks as they are often cytotoxic 

which makes their application limited for cell encapsulation. 

2.2.2 Aim  

The aim of the following experiments was to test several different antioxidants, 

enzymes, co-initiators and photosensitizers on cell viability and on 2PP output.  

2.2.3 Experimental  

2.2.3.1 Cell Viability Assay  

The effect of the antioxidants and enzymes were tested using different cell lines 

including ASC/TER1, L929, MC3T3 and MG63 cells with their corresponding cell 

culture media (EGM-2 10% FCS for ASC/TERT1, and DMEM high glucose 10% FBS 

for the rest). For the cell viability assay, 5000 cells per well were seeded in a 96-well 

plate and were left to adhere overnight. The next day 100 µL substance/well was added 

in dark for different time points followed by a 10 min UV treatment in the case of light 

exposed samples. The UV irradiation was introduced approximately after 20 min of 

adding the substances unless stated otherwise. Afterwards the cells together with 

substances were placed back to the cell culture incubator for 24 h, unless it was stated 

otherwise. Finally, Presto Blue Assay was applied for 1 hour according to the 
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previously described protocol in Chapter 2.1.3.3. The relative fluorescence was 

measured by plate reader. (excitation: 560 nm, emission: 590 nm). The relative 

fluorescence of each sample is compared to the mean of relative fluorescence of 

control samples, ANOVA with Dunnett’s multiple comparisons test was performed 

(**p < 0.01; ***p < 0.001 ; **** p < 0.0001) The error bar stands for standard deviation 

(SD).  

2.2.4 Results and Discussion  

2.2.4.1 Ascorbic Acid 

Several different concentrations of ascorbic acid (0.5-2 mM) were tested in the 

presence or absence of Li-TPO-L and UV irradiation. The treatment of cells with 

ascorbic acid above the concentration of 0.5 mM lead to decreased cell survival even 

in the non-light treated samples. In the presence of the PI Li-TPO-L, the lower 

concentrations of ascorbic acid showed no significant improvement of cell viability after 

the addition of the PI, while 1 mM and 2 mM ascorbic acid further decreased the cell 

viability compared to the PI control (Figure 5). All concentrations of ascorbic acid 

showed improved cell viability upon UV treatment in the samples which did not contain 
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the PI compared to the only UV treated control, however it did not provide sufficient 

protection for the cells when 2.23 mM Li-TPO-L was added to the samples (Figure 6). 

   

Figure 5. MC3T3 cells treated with different concentrations of ascorbic acid with or without Li-TPO-
L. 
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Figure 6. MC3T3 cells treated with different concentrations of ascorbic acid with or without Li-TPO-
L followed by UV light irradiation for 10 min. The substances were then left for 24 h before 
PrestoBlue cell viability assay was performed.  

 

2.2.4.2 Trolox 

Different concentrations of Trolox were tested using MC3T3 mouse fibroblast cells in 

the presence of 2.23 mM Li-TPO-L concentration. The treatment time of the 

antioxidants were 24 h. The cells under normal conditions (not UV treated) showed 

increased metabolic activity under all measured conditions including the control cells 

treated only with Li-TPO-L. We hypnotise this could be due hyperactivity of the cells 

(Figure 7). However, all the applied concentrations of Trolox resulted in lower survival 

than the control when the cells were UV-treated. In the presence of the PI, Trolox did 

not improve cell viability (Figure 8).  
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Figure 7. MC3T3 cells treated with different concentrations of Trolox and Li-TPO-L. 
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Figure 8. MC3T3 cells treated with different concentrations of Trolox and Li-TPO-L followed by 10 
min UV treatment.  

 

2.2.4.3 NAC and GSH 

Human osteosarcoma cell line MG63 cells were pre-treated with different 

concentrations of NAC and GSH and the combinations of both for 20 min. Afterwards, 

the cells were washed and different concentrations of Li-TPO-L were added followed 

by UV treatment. The pH of the solutions was adjusted to 7.4 by sodium hydroxide. 

GSH treatment alone decreased cell survival in the samples without PI and did not 

improve viability of the cells when different concentrations of Li-TPO-L were added 

(Figure 9) and the same trend was visible for NAC (Figure 10). The combination 

treatment showed some improvement compared to the samples treated with the 

components alone, however it failed to significantly improve the cell viability (Figure 
11). 
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Figure 9. GSH pre-treatment of MG63 cells with different concentrations for 20 min followed by 10 
min UV treatment.  
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Figure 10. NAC pre-treatment of MG63 cells with different concentrations for 20 min followed by 10 
min UV treatment. 

 

Figure 11. Combination treatment of MG63 cells with different concentrations GSH and NAC for 20 
min followed by 10 min UV treatment. 
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2.2.4.4 Gallic Acid 

ASC/TERT1 cells were treated with several different concentrations of GA for 20 min 

followed by 10 min of UV irradiation on one plate without PI and the substances were 

removed after 3 h. GA was generally badly tolerated by cells above 1 µM concentration 

(Figure 12). However, the cells showed increased cell viability in the UV treated 

samples compared to dark conditions. We hypothesize that this could be due to 

capturing the ROS generated by the UV irradiation instead of interfering with 

intercellular ROS required for intercellular signalling and other cell mechanisms 

(Figure 13).  

 

Figure 12. ASC/TERT1 cells treated with different concentrations of GA.   
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Figure 13. ASC/TERT1 cells treated with different concentrations of GA followed by UV treatment.   

 

2.2.4.5 Catalase  

Different concentrations of CAT were tested on both MG63 and ASC/TERT1 cells and 

were left on the samples for 3 h. CAT significantly improved cell survival in both cases 

when cells were treated with 1.12 mM Li-TPO-L followed by a UV-treatment after 20 

min of addition (Figure 14 and Figure 15), however it failed to significantly improve 

cell survival when higher concentration of the PI was added. Furthermore, CAT at a 

concentration of 5 µM was also tested for 2PP in order to evaluate if the enzyme 

interferes with the radicals employed for the structuring. 100 x 100 x 100 µm cubes 

were printed using 10% Gel-MOD-97 hydrogel together with 1mM P2CK. The 
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structures were imaged with bright-field microscopy. The 5 µM CAT did not alter the 

structuring threshold of the hydrogel (Figure 16). 

 

Figure 14. ASC/TERT1 cells treated with different concentrations of CAT.  
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Figure 15. MG63 cells treated with different concentrations of CAT.  

  

Figure 16. Left image: Cubes produced using 10% GelMOD-97 supplemented with 1 mM P2CK, right 
image: Cubes produced with additional 5 µM CAT (Printing parameters:100x100 μm cubes, 1000 
mm/s, 10xNA0.3 objective, hatch: 0.3, dz:0.8, bottom to top, 100-50 mW)  

 

2.2.4.6 Crosslinkers and Co-Initiators  

The toxicity of different thiolated crosslinkers such as tri-thiol crosslinker, ethoxylated-

trimethylolpropane tri-3-mercaptopropionate (ETTMP), and di-thiol crosslinker DTT, 

100 mW    50 mW  100 mW         50 mW  
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co-initiator methyldiethanolamine (MDEA) and triethanolamine (TEA) were tested for 

both structuring and cell viability.  

ETTMP has been utilized as a crosslinker for the polymerization of thiol-acrylate 

polymers based on PEG, and other thiol-ene crosslinked networks.100,101 DTT has 

been successfully employed in numerous applications as a crosslinker, including the 

crosslinking of co-polymers of PEG and poly(ε‐caprolactone), norbornene-modified 

gelatin, modified-Pluronics among other.102–104 In one study a thiol-containing 

polyurethane was employed as photoinitiator together with MDEA and was used for 

the photopolymerization of trimethylolpropane triacrylate.105 TEA has been previously 

shown to be a sufficient co-initiator for safranine-T dye for the photopolymerization of 

acylamide.106 Furthermore, TEA has also been utilized to efficiently crosslink methyl 

methacrylate using the dye thionine, while when TEA was absent, the 

photopolymerization was unable to proceed.107 

MG63 cells were treated with the substances for 3 h at room temperature since the 

2PP process is performed at this temperature and the maximum printing time was set 

to never exceed 3 h. ETTMP was eminently toxic, while cells tolerated MDEA, TEA 

and DTT at much higher concentrations as well (Figure 17, Figure 18 and Figure 19). 
The highest biocompatible concentrations of each were tested for structuring with 10% 

GelMOD-95 with 1m M P2CK and 24 h after printing pictures were taken of the 

developed structures. The application of DTT resulted in increased structuring integrity 

and lower 2PP threshold compared to the control (Figure 20), while the MDEA and 

TEA did not show any improvement compared to the control (Figure 21).  
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Figure 17. MG63 cells treated with different concentrations of DTT and ETTMP. 

 

Figure 18. MG63 cells treated with different concentrations of DTT and ETTMP followed by 10 min 
UV irradiation.  
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Figure 19. MG63 cells treated with different concentrations of MDEA and TEA.  

 



Agnes Dobos  Bioinks and Biocompatible Two-Photon Initiators                        

48 
 

 

Figure 20. 100x100 μm cubes printed with or without 10 mM DTT (10x.0.3 objective, hatch: 0.3, 
dz:0.8, bottom to top). The power (in mW) needed to achieve the threshold at a certain writing speed 
is indicated at the right side of the picture.  
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Figure 21. Structuring with TEA and MDEA and co-initiators using the following parameters. 10% 
GelMOD-97 supplemented with 1 mM P2CK (100x100 μm cubes, 100 mm/s, 10xNA0.3 objective, 
hatch: 0.3, dz:0.8, bottom to top, 10-100mW)  

2.2.5 Conclusion  

Several different substances with known antioxidant properties were tested on different 

cell lines to evaluate their capacity to improve cell survival upon UV irradiation. 

Ascorbic acid improved the viability of the UV-treated cells compared to the control, 

however it failed to increase the metabolic activity when PI was introduced to the cells 

additionally to the light treatment. NAC, GSH and GA did not show any improvement 

in cell viability when applied together with Li-TPO-L and UV light. Catalase was the 

only tested substance which showed significant improvement in cell viability and it also 

did not affect the integrity of the structuring when it was tested in a 2PP setup. 

Additionally, several different crosslinkers and co-initiators were tested. DTT and TEA 

was well tolerated by cells up to 10 mM, MDEA up to 2.5 mM while even 0.18 mM 

ETTMP was toxic to the cells in the presence of UV light. However, when tested for 

structuring MDEA and TEA did not improve the printing threshold, while DTT 

decreased the 2PP threshold by 10 mW. 
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2.3 Thiol-Gelatin-Norbornene Bioink for Laser-

based High-Definition Bioprinting 
This chapter is published and contains text from publication  

Dobos A, Van Hoorick J, Steiger W, Gruber P, Markovic M, Andriotis O G, Rohatschek 

A, Dubruel P, Thurner P J, Van Vlierberghe S, Baudis S and Ovsianikov A 2019 Thiol–

Gelatin–Norbornene Bioink for Laser‐Based High‐Definition Bioprinting Adv. Healthc. 

Mater. 1900752 

DOI:10.1002/adhm.201900752 

 

 

The synthesis of Gel-NB was carried out by J. Van Hoorick (University of Ghent). 

The python-based degradation program was written by W. Steiger (TU Wien).  

The AFM measurement were carried out by O. Andriotis (TU Wien).  
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2.3.1 Introduction 

The field of 3D bioprinting has demonstrated a considerable progress within the recent 

decade, with new or refined technologies and materials reported 

constantly.18 However, until now, the low resolution of conventional technologies 

remained one of the main unconquered frontiers in 3D bioprinting.26,108 Indeed, since 

most of 3D bioprinting methods rely on depositing the material with the cells, their 

resolution is few tens of micrometres at best and thus is not sufficient to recreate 

complex geometries, intrinsic architecture of the ECM or to change the material 

properties on the subcellular level. Lithography‐based approaches can overcome this 

limitation by locally crosslinking the material containing living cells instead of depositing 

it to create 3D geometries.35 In particular, two‐photon polymerization (2PP) is capable 

of spatial resolution well into sub‐micrometre range. It is often incorrectly anticipated 

that 2PP has a limited throughput due to the hardware limitations resulting in an 

extremely low scanning speed in the order of tens to few hundred micrometres per 

second. However, already over 5 years ago our group has demonstrated that 2PP 

systems are capable of scanning as fast as 500–1000 mm s−1.109,110 When it comes to 

bioprinting, the main bottleneck for 2PP was availability of biocompatible and highly 

reactive material, supporting high‐speed processing of cell‐containing materials at 

moderate laser powers. 

Radical thiol-ene click reaction, based on the remarkably efficient reaction of thiols with 

non-homopolymerizable carbon-carbon double bonds, leads to a step-growth 

polymerization and network formation, via repeated addition of thiyl radials to double 

bonds and chain transfer reactions by hydrogen abstraction.59 Thiol-ene reactions can 

be performed under mild conditions and can result in a highly biocompatible hydrogel. 

Since no homo-polymerization occurs between the norbornene groups, it will only react 

with thiols in a stoichiometric ratio resulting in a single orthogonal covalent bond unlike 

(meth)-acrylate/amide-based hydrogels, which often form heterogeneous networks 

due to the formation of kinetic oligo(meth)acrylate chains.59 Both natural and synthetic 

polymers have been functionalized with either thiol or “ene” moieties, including 

hyaluronic acid (HA), gelatin and polyethylene glycol (PEG).58,103,111–114  

Direct embedding of human mesenchymal stem cells (hMSCs) into gelatin-norbornene 

hydrogels (Gel-NB) was reported previously via UV-polymerization and resulted in 
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higher cell survival when compared to standard GelMOD hydrogels.103 In another 

report, matrix metalloproteinase degradable poly(ethylene glycol)-based (PEG-based) 

thiol-ene hydrogels also proved useful for the encapsulation and differentiation of 

hMSCs into osteogenic, chondrogenic and adipogenic lineage.115 Thiol-ene click 

reactions can also be applied to alter the properties of the hydrogels after crosslinking 

without changing the base composition, as demonstrated by using unreacted 

norbornene functionalities on a partially crosslinked HA-norbornene gel to introduce 

secondary functionalities using thiol-ene photo-grafting, thereby either locally changing 

the mechanical properties of the hydrogel or introducing localized functionalities after 

polymerization.111 

Several different thiol/ene modified materials have been successfully employed with 

2PP, including thiol-ene modified poly(vinyl alcohol), gelatin vinyl ester and Gel-

NB.113,114,116 However, direct embedding of cells during 2PP processing while 

maintaining cell viability has only been achieved with GelMOD bioinks.53  

 

2.3.2 Aim  

The present work focuses on the characterization of 3D printed Gel-NB based bioinks 

and the direct embedding of cells via 2PP. After optimization of polymer, crosslinker 

and photoinitiator concentrations, the processing window for 2PP at 720 nm was 

established. 720 nm processing wavelength was chosen due to the better match to the 

absorption properties of the used 2PI DAS.53,117 The mechanical properties of the 

hydrogel were characterized via atomic force microscopy (AFM) cantilever-based 

microindentation, and the equilibrium swelling and enzymatic degradation by 

collagenase was also determined. Direct embedding of L929 mouse fibroblast cells 

was performed via 2PP for long-term 3D cell studies, during which cell viability, 

proliferation, morphology and migration of cells were addressed. In addition, the cell 

loading capacity of direct encapsulation into porous scaffolds with a variety of pore 

sizes was compared to conventional scaffold seeding. Finally, the cells were 

embedded within 3D structures characterized by a cross-linking density gradient and 

the morphology of cells within different regions was observed in the course of 3 week. 

To our best knowledge this is the first systematic study showing the possibility to 
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produce cell-embedding hydrogel constructs by 2PP technology at a relatively high 

throughput, paving the way to high-definition bioprinting.  

 

2.3.3 Experimental  

Unless stated otherwise, all chemicals and cell culture reagents were purchased from 

Sigma-Aldrich (St.Louis, MO, USA). All graphs were plotted using GraphPad Prism 6.  

 

2.3.3.1 Gel-NB Hydrogel Preparation 

Gel-NB with a degree of substitution of 53% was synthesized following a previously 

reported protocol.113 For the laser processing experiments Gel-NB was dissolved in 

PBS to obtain a final concentration of 7.5 wt% at 37 °C. After complete dissolution, 0.5 

mM of the 2PI DAS and the crosslinker DTT at an equimolar thiol-ene ratio were added. 

Next, 30 µL of the obtained solution was pipetted into a silicone mold with a diameter 

of 6 mm and height of 1 mm placed on the methacrylated glass bottom dishes.53 

2.3.3.2 Cell Culture  

L929 mouse fibroblast cells and L929 cells labelled with mCherry (provided by Ludwig-

Boltzmann Institute, Vienna, Austria) were cultivated at 37 °C and 5% CO2 in the 

incubator. The retroviral transfection of the cell line is described elsewhere.118 Cells 

were cultured in DMEM high glucose media supplemented with 1% penicillin-

streptomycin solution and 10% FBS. Upon 90% confluency, the cells were detached 

using 0.5% trypsin-EDTA solution and centrifuged at 170 g for 5 min followed by plating 

in T75 flasks (VWR, Radnor, USA) 

2.3.3.3 Laser Setup 

A tunable femtosecond laser with a repetition rate of 80 MHz (MaiTai eHP DeepSee, 

Spectra-Physics) was operated at 720 nm. A schematic of the printer is described at 
Figure 22.  
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Figure 22. Schematic design of the used 2PP setup. 

 

2.3.3.4 Methacrylation of Glass Slides  

To ensure proper attachment of the 3D printed hydrogel structures to the substrate, 

the glass surfaces were modified with methacrylate functionalities following a 

silanization procedure described in Chapter 2.1.3.6. 

Structuring threshold 

100 x 100 μm cubes were printed in the above-mentioned hydrogel formulation with 

different laser powers (10-100 mW) and scanning speeds ranging from 100-1000 mm 

s-1. Afterwards, the unpolymerized material was washed away with PBS at 37°C and 

the cubes were imaged using brightfield optical microscopy (Zeiss, Oberkochen, 

Germany). The threshold was defined as the minimal required laser power to yield a 

stable structure.  
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2.3.3.5 Equilibrium Swelling 

The above-mentioned 100 x 100 μm cubes were printed followed by incubation at 37°C 

overnight. The swelling ratio of the hydrogels was obtained semi-quantitatively, by 

measuring the surface area of the top of the CAD image and comparing this to the 

surface area of the top slice of the printed cube. The swelling was calculated by the 

following formula (Equation 2).  

𝑄 = 𝐴𝑐𝑢𝑏𝑒 − 𝐴𝐶𝐴𝐷𝐴𝐶𝐴𝐷 ∗ 100 

Where Q is the swelling ratio, A is the surface area in µm².  

2.3.3.6 Degradation Scanner 

The degradation of the hydrogel was performed using collagenase from Clostridium 

histolyticum. To this end, 100 x 100 μm hydrogel cubes were structured at 1000 mm 

s-1 using 60, 80 or 100 mW and incubated in PBS overnight at 37 °C to reach 

equilibrium swelling. Afterwards, a 1 mg mL-1 2000 kDa FITC labelled dextran (TdB 

Consultancy AB, Uppsala, Sweden) was added to the collagenase solution to make 

fluorescent imaging possible. The collagenase solution was added to the samples at a 

final concentration of 0.25 CDU/mL and time lapse Z-stacks of the cubes were 

recorded every 5 min using confocal laser scanning microscopy (Zeiss, Oberkochen, 

Germany).  

The degradation scanner is an analytical tool that was developed to quantify the 

change in volume of a 3D structure. Using Z-stack images obtained from the LSM 

microscope, a python-based code reads the images for each layer. The image is 

separated into a grid which can be adjusted by the viewer. Translating the image data 

into an array of 8-bit values allows to determination of threshold intensity. This intensity 

value is used to discriminate between solid structures (dark areas in Figure 23) and 

surrounding liquid. For each region, the pixels which meet the criterion are summed 

up and multiplied using the image conversion factor (obtained with the image analysis 

tool from a reference structure). Knowing the surface (μm2) of a single pixel as well as 

the distance between each layer image allows the calculation of the volume of each 

structure. Adding the results for each area and each layer enables to do the calculation 

of the total volume of each structure at different time points until the structures were 

fully degraded. 

(2) 



Agnes Dobos  Bioinks and Biocompatible Two-Photon Initiators                        

56 
 

 

Figure 23. Visualization of the degradation scanner. Pixels below a given threshold (solid red line) 
are counted as volume pixels. Knowing the layer spacing dz and the μm2 of a single pixel allows 
the calculation of the total volume of each of the nine cubes. 

 

2.3.3.7 Atomic Force Microscopy  

AFM experiments were performed on a NanoWizard® ULTRA Speed AFM system 

(JPK Instruments AG, Berlin, Germany) equipped with an inverted optical microscope 

(Axio Observer.D1, ZEISS). Unless otherwise specified, AFM cantilever-based 

microindentation experiments were performed with the MSNL (0.01 N/m nominal 

spring constant, cantilever C) (Bruker, Billerica, MA, USA). Prior to mechanical 

assessment, the thermal noise method was used to determine the spring constant of 

the cantilever.119 The measured spring constant of the cantilever was 0.0062 N/m. 

Then the cantilever was furnished with a colloidal probe made of borosilicate 

glass.120,121 The radius of the colloidal probe was determined via atomic force 

microscopy imaging of a calibration grating (TGT1, NDTMT).120 AFM cantilever-based 

indentation experiments were performed in PBS (pH 7.5) on hydrated samples and in 

force control with a maximum applied load of 1 nN at room temperature. One to two 

force volume maps were recorded per sample with a 4 x 4-pixel resolution resulting in 

16 to 32 force-indentation curves per sample. The indentation modulus was estimated 

by analyzing the unloading part of the force-indentation curves as described previously 

using the Oliver-Pharr method.120,122 All force-indentation data were processed in a 
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custom built Matlab script (2015b, The MathWorks Inc., Natick, Massachusetts, United 

States.) 

2.3.3.8 Cell-containing hydrogels 

The cells were trypsinized and resuspended at 1 x 106 cells per mL in 7.5 % Gel-NB 

supplemented with 0.5 mM DAS and DTT at an equimolar thiol-ene ratio. The hydrogel 

precursor solution was pipetted into the aforementioned silicone mold in glass bottom 

methacrylated dishes.  

2.3.3.9 Cell viability  

In order to assess the cell viability after printing, L929 cells were embedded using the 

above-mentioned protocol in 200 x 200 x 200 µm3 cubes printed at 1000 mm s-1 writing 

speed and different laser powers (40-120 mW). After printing, the structures were 

immersed in cell culture medium at 37°C for 1 h to remove the non-polymerized 

material. Afterwards, the cells were stained with Calcein AM/Propidium iodide live-

dead staining according to the manufacturer’s protocol for 30 min before LSM images 

were taken. After imaging, the cell culture media were changed and the staining was 

repeated 24 h later. The number of dead and alive cells were counted manually.  

2.3.3.10 Ki-67 Immunostaining 

In order to address the effect of the different stiffnesses on proliferation, mCherry L929 

cells were embedded in the above-mentioned fashion in a cube with unidirectional 

channels printed with different laser powers. The cells were incubated in cell culture 

medium for 1 week before fixation using 4% Histofix (Carl Roth GmbH, Karlsruhe, 

Germany) for 1 h. Afterwards, the fixed structures were washed with PBS and 

permeabilized with 0.5 % Triton-X in 1 wt% bovine serum albumin dissolved in PBS 

(PBS-BSA) for 15 min. The non-specific absorption of the antibodies was blocked by 

incubation with PBS-BSA for 15 min prior to the addition of primary anti Ki-67 

antibodies (Abcam, Cambridge, United Kingdom) in a dilution of 1:200 overnight at 

4°C. Afterwards, the cells were washed three times for 5 min with PBS-BSA before the 

addition of the Goat anti-Rabbit IgG (H+L) Superclonal™ Secondary Antibody, Alexa 

Fluor 488 (Thermo-Fisher, Waltham, MA, USA) for 2 h. Next, the structures were 

washed again two times for 5 min with PBS-BSA before the addition of DAPI (Biotium 

Inc, Fremont, CA, USA) in a dilution of 1:200 in PBS-BSA for 1 h. The cells were 
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imaged using LSM and the number of proliferating cells and cell nuclei were counted 

both in the crosslinked hydrogel and in the channels. As control, cells growing on glass 

substrate were used.  

All structures were printed with a laser writing speed of 1000 mm s-1.  

2.3.3.11 Power distribution  

To assess the effect of material stiffness in the achievable range, a 500 x 500 x 200 

µm3 cube with an inverse gaussian power distribution with laser powers ranging from 

85 mW down to 45 mW was produced. The autofluorescence of the material was 

imaged using LSM. The fluorescence intensity of the cross-section of the cube was 

analysed using ImageJ. Afterwards, mCherry L929 cells were embedded in 7.5% Gel-

NB hydrogels using the above-mentioned protocol and the inverse gaussian cube was 

structured. The cell morphology was assessed by imaging the cells in the different 

regions of the cube over 3 weeks.  

2.3.3.12 Scaffold seeding and direct cell encapsulation 

Gel-NB scaffolds with different pore sizes (10-40 µm) were produced using 7.5% Gel-

NB supplemented with 0.5 mM DAS and an equimolar thiol/ene ratio of DTT. The 

constructs were developed in cell culture media and incubated overnight before the 

seeding of mCherry L929 cells at a concentration of 1 x 106 cells per mL. The cells 

were left to sediment and attach for the same time as the direct encapsulation takes 

(approximately 1 h). The same porous structures and concentration of cells were used 

for direct encapsulation using the above-mentioned protocol. After printing, the 

constructs were immersed in cell culture media. All structures, both for direct 

encapsulation and seeded scaffolds, were printed using 90 mW laser power and 1000 

mm s-1 writing speed.  Images were taken using LSM. The cells in the structure were 

counted manually. All cells which attached to the top and to the sides of the structures 

were disregarded.  

 

2.3.4 Results and Discussion  

A concentration of 7.5 wt% Gel-NB supplemented with 0.5 mM cleavable 

biocompatible diazosulfonate photoinitiator (DAS) in PBS was sufficient for producing 

stable structures at high writing speeds. The bifunctional low-molecular-weight 
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dithiothreitol (DTT) was used as crosslinker.113 The concentration of thiol groups using 

DTT was chosen to be equimolar in respect to the norbornene functionalities present 

on the gelatin, since in an ideal network an excessive amount of thiols results in a 

higher ratio of mono-reacted thiol-groups while a lower amount results in unreacted 

norbornene functionalities, leading to incomplete network formation.  

To establish a processing window, different laser powers and writing speeds were 

tested on the hydrogel formulation. The schematic design of the 2PP setup used is 

depicted in Figure 22. An array of cubes was produced with writing speeds ranging 

from 100 mm s-1 to 1000 mm s-1 and the minimal power needed to obtain stable 

structures, also referred to as 2PP threshold, was established for each speed. With 

increasing speed, the structuring threshold increased from 15 mW to 40 mW (Figure 
24a).Remarkably high speeds can be achieved with considerably lower laser powers 

when compared to similar material formulations using GelMOD together with DAS or 

other chain-growth based gelatin derivatives.53,123  

In an ideal case, if there are no irregularities in the hydrogel network due to unreacted 

functional groups and primary cycles (i.e. linking of different functionalities on the same 

gelatin chain to each other), the equilibrium swelling ratio should reach a constant 

value at a fixed monomer concentration.57 Since the light dose has an effect on the 

crosslinking density, the equilibrium swelling of the samples as a function of writing 

speed and laser power was established. At the lower laser powers, which are close to 

the polymerization threshold, the swelling was higher due to a lower degree of 

crosslinking. In the upper average laser power range (60-100mW), the equilibrium 

swelling of the cubes corresponded to the expected behaviour of an ideal step-growth 

hydrogel network, hence the swelling ratio showed little variation between different 

writing speeds and powers (Figure 24b). Previous reports addressing the UV 

crosslinking showed full conversion at a thiol-ene ratio of 1:1 with Gel-NB – DTT 

systems, whereas gels with a 0.5:1 ratio exhibited increased swelling and decreased 

stiffness.113 However, our results at 100 mm s-1 (and to a lesser extent at 500 mm s-1) 

indicate an increase in swelling towards higher laser powers. Furthermore, at 100 mm 

s-1 the swelling ratio was higher in every case compared to 500 and 1000 mm s-1. We 

hypothesize that this behaviour is the consequence of localized thermal effects, since 

at lower scanning speeds more energy is supplied per unit of time. It is known that the 

stability of DTT decreases drastically at increased temperatures.124 Consequently, at 
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100 mm s-1 and at high laser intensities, the thiol/ene ratio will no longer remain 

equimolar due to degradation of the crosslinker. Secondly, due to the high irradiation 

energy, a large number of DTT molecules can be coupled to the norbornene 

functionality very fast, resulting in a drastic increase of viscosity. Hence, the diffusion 

of unreacted DTT molecules towards unreacted norbornene sites would be limited, 

resulting in weaker network formation.114,125  Finally, at high energy doses, the number 

of thiol radicals can be so high, that termination occurs due to combination of two thiol 

radicals resulting in concurrent disulfide formation, thereby again resulting in non-

equimolar thiol-ene ratios.  

Gelatin naturally contains amino acid sequences cleavable by matrix 

metalloproteinases (MMPs).126 The degradation of the hydrogel caused by MMPs are 

mostly local events due to the short-range action of proteases. When exogenous 

collagenase is added at the concentration of 0.25 collagen digestion units (CDU) mL-

1, surface erosion is expected to be the main process. However, proteases can also 

diffuse into the hydrogel causing bulk degradation to some degree as well.29,58,127 To 

assess this enzymatic degradability, hydrogel cubes printed at 1000 mm s-1 writing 

speed with three different laser powers were exposed to a collagenase enzyme and 

monitored using 3D laser scanning microscopy (LSM) every 5 min. An image analysis 

program developed in-house was used to determine the decrease of the volume of the 

structures over time (Figure 23) independently of the mechanism of the degradation. 

By changing the laser power from 60 mW to 100 mW, the hydrogel degradation time 

increased substantially from 10 min to 30 min, despite observing similar structure 

swelling behaviour and mechanical properties in this structuring range (Figure 24c).  

Due to the small dimensions of the 2PP-produced hydrogel structures, characterization 

of their mechanical properties is not a trivial task. However, AFM allows estimation of 

the indentation modulus (E) of relatively soft hydrogels on a microscale by employing 

cantilever-based microindentation.120 The AFM results exhibited a close correlation 

between the stiffness of the 2PP-produced cubes and the hydrogel swelling. Structures 

produced at higher writing speeds (1000 mm s-1) and lower laser powers (under 60 

mW) were the softest (0.2-0.4 kPa). The maximum E indentation modulus was reached 

at 70 mW (0.7 kPa for 100 mm s-1) before decreasing again at higher laser powers. 

With the faster writing speed of 1000 mm s-1 E stayed constant at ~0.5 kPa above 60 

mW (Figure 24d), indicating complete crosslinking. 
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Figure 24. Characterization of Gel-NB hydrogels. a) Structuring threshold of a 7.5 wt% Gel-NB 
hydrogel. Depending on the writing speed, different laser powers are needed to fabricate stable 
structures. By increasing the writing speed from 100 to 1000 mm s -1 the structuring threshold is 
increased by 25 mW. b) The swelling profile of the hydrogels shows low dependency on the writing 
speed or applied laser power indicating a fully crosslinked network. c) Different structuring powers 
(at 1000 mm/s) result in different degradation rates when exogenous collagenase (0.25 CDU mL -1) 
was added. By increasing the laser power by 40 mW the acquired time for full degradation was three 
times higher. d) Atomic force microscopy measurements of Gel-NB hydrogels, processed at 
different writing speeds. Stiffness of the hydrogels was light dose dependent, with elastic moduli 
ranging between 0.2 and 0.7 kPa.  

 

Directing cell alignment on a surface or in a 3D hydrogel construct has been reported 

in literature via several different approaches. Aligning cells in 2D has been performed 

via soft lithography or self-assembly to position pro-adhesive proteins on glass. 

However, most of the 2D methods involve micropatterning on rigid surfaces, which 

does not properly mimic in vivo conditions. Micro-engineered 3D matrices provide 

closer resemblance to the natural cell surrounding. Direct cell encapsulation via UV-

polymerization and scaffold-based approaches have both been employed in order to 

control cell alignment and morphology.128,129 One of the main disadvantages of 3D 

systems is the lack of spatial control during manufacturing. Additive manufacturing 

approaches could provide a possible alternative to overcome this issue.  

Due to the high resolution of 2PP a high-throughput production of hydrogel-cell 

constructs by this technology requires high scanning speeds. Using 1000 mm s-1 

writing speed, a 300 x 300 x 300 µm3 cube could be printed in less than 10 min. 
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Typically, high writing speeds require high photoinitiator concentrations or high laser 

powers which could damage the cells. However, by using the highly reactive thiol-ene 

photo-click chemistry it is possible to produce structures starting from 40 mW at a 

photoinitiator concentration of 0.5 mM. This is a substantial improvement compared to 

conventional materials based on chain growth polymerization where 2 mM of the same 

photoinitiator and approximate twice the light dose was needed to produce stable 

structures using higher monomer concentrations.53,123 The reproducibility of the 

structures was maintained at the higher scanning speeds as the produced structure 

corresponded well with the CAD model (Figure 25).  

 

Figure 25. mCherry labelled L929 cells embedded in 7.5% Gel-NB hydrogel cubes. The applied laser 
power did not cause damage of the cells in the irradiated regions. a) CAD image of the printed cube 
b) Bright field microcopy image of the hydrogel-cell constructs c) LSM Z-stack showing the viable 
cells in the printed cube. 

In order to validate the HD Bioprinting parameters and their effect on cell survival, 

cubes were printed from the material containing L929 mouse fibroblast cells using a 

laser power range from 40-120 mW. The cells were co-stained with Calcein AM / 

Propidium Iodide right after printing (post-printing) and after 24 h. The cell survival was 

close to 100 % in the structures produced using laser powers below 100 mW and not 

significantly different for the two time-points in the range of 40-100 mW (Figure 26a). 

However, above 100 mW a decrease of cell viability was observed and the cell survival 

dropped to 70 % at 120 mW.  

In order to demonstrate that the cells not only survive but also maintain their 

proliferative capacity, cubes with uni-directional channels were produced using laser 

powers ranging from 50 to 90 mW. In this respect, the cells, which are encapsulated 

in the structure (channels) but not directly exposed to laser radiation, can be compared 

to the cells embedded in the crosslinked material using different laser powers (Figure 
26b). After 1 week in culture, the cells were fixed and anti-Ki-67 antibody with a 

secondary antibody labelled with Alexa-488 was applied to image proliferating cells 

using LSM. Additionally, the cell nucleus was stained using a DAPI nuclear stain. Ki-
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67 is a frequently used marker which is present during all active phases of the cell 

cycle but absent in quiescent cells.130 The results demonstrated that 77% of the cells 

encapsulated in the structure channels were positive to the Ki-67 marker, which was 

not significantly different from the 2D control cells (83%). However, the cells embedded 

in the crosslinked region between 50 and 90 mW had a decreased proliferation, 

between 32 % and 40 % of the cells being in the active phases of the cell cycle (Figure 
26c). The laser power within this studied range did not result in any significant 

differences in observed cell proliferation. Although the number of proliferating cells 

embedded in the crosslinked hydrogel is approximately half of the control, the cells 

maintain the capacity to proliferate in 2PP produced constructs (Figure 26d). 

 

Figure 26. Direct encapsulation of L929 mouse fibroblasts in 7.5% Gel-NB hydrogels. a) 1 million 
per mL L929 cells were embedded using different laser powers (40-120 mW) at 1000 mm s-1. The 
cells were stained with Calcein AM/Propidium Iodide to address cell viability. Cell survival was only 
impaired above 110 mW. b) Proliferation of cells after 1 week of encapsulation. Cells embedded in 
cubes printed with different laser powers and stained with anti Ki-67 antibodies, visualized using 
an Alexa-488 labelled secondary antibody. The cells were co-stained with a DAPI nuclear stain. The 
cells in the non-irradiated regions (channels) were not significantly different from the 2D control. A 
drop in the proliferation to approximately 35 % can be seen after encapsulation. The studied laser 
power does not affect the proliferation rate in the studied regions. c) Ki-67 staining of cells. The 
control cells (2D) show a more extended morphology after 1 week with the vast majority of the cells 
stained positive to Ki-67. The embedded cells show a rounder morphology with approximately 35 
% of cells being in the active phase. The scale bar represents 100 µm. The statistical significance 
was addressed by one-way ANOVA followed by Bonferroni post-test. 
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Another important factor apart from cell viability and proliferation is the ability of the 

cells to migrate within their surrounding matrix. The morphology and migration of cells 

is highly dependent on the mechanical properties of their environment.131 By changing 

the laser power it was possible to tune the indentation modulus of the hydrogel 

between 0.2 to 0.6 kPa. In order to demonstrate the effect of stiffness on cell 

morphology and migration, cells were embedded in a cube produced using an inverse 

Gaussian power distribution with the highest power being 85 mW and the lowest 45 

mW at the centre of the cube corresponding to a stiffness of 0.6 kPa and 0.2 kPa, 

respectively (Figure 27a). The polymerized material exhibits some autofluorescence 

and its intensity corresponds to the applied laser power and concomitant network 

density (Figure 27b). The embedded mCherry labelled L929 cells exhibit a round 

morphology after one day of encapsulation. However, after 3 weeks of culture, the cells 

in the softest region (i.e. in the middle) are extended and start to migrate towards the 

stiffer outer regions, while the cells in the stiffer regions stay round even after 3 weeks 

(Figure 27c).  

 

Figure 27. Morphology and migration of embedded cells in a stiffness gradient cube. a) Cube 
printed with inverse gaussian power distribution between 45-85 mW. b) The autofluorescence of 

a)                                                  b) 
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the material was analysed using ImageJ and it corresponds to the expected power distribution. c) 
mCherry labelled L929 cells embedded in the power gradient cube. After day 1 all cells in the matrix 
show round morphology while after day 21, cells in the middle softer region are more extended and 
are migrating towards the stiffer areas as well. 

 

To further demonstrate the potency of the reported system, mCherry labelled L929 

cells were embedded in scaffolds with different pore sizes (10-40 µm). As a control, 

the scaffolds of identical design were printed and subsequently seeded with the same 

number of cells (1 million per mL). After printing, the cells were manually counted. The 

pore size did not affect initial cell numbers in direct encapsulation, and after 7 days the 

cell numbers increased in all cases. As we demonstrated earlier, cells encapsulated in 

the channels proliferate faster compared to cells embedded in crosslinked material. 

Therefore, the increase in cell numbers was more pronounced in the larger pore sized 

scaffolds (40 µm pore size, from 37 to 78 cells in average) in comparison to the small 

pore sized structures (10 µm, from 37 to 50 cells in average) due to the larger volume 

of the channels relative to the crosslinked material volume (Figure 28b). However, the 

cell seeding efficiency in the control group was highly dependent on the pore size: 10 

µm pore sized scaffolds had no cells inside the structures, whereas the 40 µm ones 

had approximately 18 cells per structure, corresponding to only half of the cells in the 

direct encapsulation experiments (Figure 28a).  
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Figure 28. Cell loading capacity of direct cell encapsulation compared to scaffold seeding. a) Cell 
numbers after seeding and 7 days. The smallest pore sized scaffold (10 µm) had no cells initially, 
while with increasing pore sizes the cell numbers increased as well (20 µm: 1 cell, 30 µm: 16 cells, 
40 µm: 18 cells in average) b) Cell numbers after seeding and 7 days in direct embedded samples. 
The initial cell numbers were not significantly different between different pore size samples (10 µm: 
37 cells, 20 µm: 40 cells, 30 µm: 36 cells, 40 µm: 37 cells in average).  

 

Finally, to study long term survival of cells, mCherry L929 cells were encapsulated in 

a Gel-NB hydrogel construct with an interconnected channel network (with a 20 µm 

pore size) and wall structure around the perimeter to seal off the channels. After the 

first week of culture, the cells in the construct remained round along the channels of 

the printed construct. By week 3, cells aligned along the channels and filled the 

available space provided by the interconnected network. By week 5, the cells also 

started to migrate in the crosslinked regions, possibly by partially degrading the 
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crosslinked material (Figure 29). To the best of our knowledge, this is the first time that 

structure degradation and controlled cell alignment is observed in structures produced 

via 2PP. Furthermore, the cells can be cultured at least up to 5 weeks in bioprinted 

Gel-NB hydrogel constructs, which makes long-term studies possible.  

 

Figure 29. mCherry labelled L929 fibroblast cells embedded in 7.5 wt% GelNB hydrogels. The top 
row shows the 3D Z-stack of the fabricated hydrogels, while the bottom row displays a single layer 
of the structures. After one week the cells exhibited a rounded morphology throughout the 
structure. By week 3, the cells aligned along the fabricated channels and filled up the available 
space. Finally, after 5 weeks, the cells partially degraded the hydrogel and migrated into the 
crosslinked sections of the hydrogel as well. 

 

2.3.5 Conclusion  

The use of Gel-NB hydrogels with an appropriate photoinitiator enabled high-definition 

bioprinting. Due to the quasi-ideal behaviour and associated fast crosslinking kinetics 

of this material, a wide range of processing parameters (laser power and writing speed) 

is supported without a strong variation the mechanical properties of the produced 

hydrogels. Nevertheless, the degradation of the produced hydrogel constructs can be 

fine-tuned by varying the applied laser power. Close to the structuring threshold the 

properties of the cross-linked material can be controlled by only slight variations of 

exposure dose. This allows to produce 3D structures with controlled swelling behaviour 
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and gradients of mechanical properties. Our results demonstrate that within the used 

laser power range of up to 100 mW viability and proliferation of the cells embedded in 

the hydrogel did not vary. Compared to scaffold seeding a more uniform cell loading 

and higher cell densities can be achieved via high definition bioprinting regardless the 

pore size. Decoupling the possibility to produce small pores and constructs with 

complex high-resolution features from the cell-loading efficiency allows to design and 

execute systematic experiments on cell-material and cell-cell interactions in 3D for both 

developmental studies and disease progression models.  
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3 Applications 

3.1 On-Chip High-Definition Bioprinting of 

Microvascular Structures 
This chapter is submitted for publication and contains text from manuscript titled:  

Dobos A, Gartner F, Markovic M, Van Hoorick J, Tytgat L, Van Vlierberghe S and 

Ovsianikov A On-Chip High-Definition Bioprinting of Microvascular Structures 

2020 Submitted to Biofabrication 

 

The voxel simulations were performed by F. Gartner (TU Wien). 
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3.1.1 Introduction  

3D cell culture models that have the capacity to recapitulate the biochemical 

functionalities, mechanical properties and the microarchitecture of organs have been 

gaining increasing attention in biomedical research. These systems could provide 

more insight into the pathological and physiological functions of tissues compared to 

2D cell cultures.128,132 “Organ-on-chip” devices which integrate 3D cell culture 

techniques with microfluidic approaches could deliver an important platform to further 

improve in vitro organ and disease models.133,134 

Several different polymers have been developed to home cells in 3D cell cultures, 

including nature-derived hydrogels and synthetic materials.39,128,135 Natural hydrogels 

are physically or chemically crosslinked polymer networks which are capable of the 

uptake of large quantities of water without dissolving.135,136 They are often derived from 

the non-cellular compartment of the tissues called the extracellular matrix.137 Some of 

the commonly used ECM derived hydrogels include collagen, gelatin and hyaluronic 

acid.15,54,62,66,112,138–141 The advantages of such materials include good biocompatibility, 

biodegradability and they often possess cell-responsive functionalities.39 However, one 

of the main challenges in the use of such materials for biofabrication purposes includes 

the lack of control over the material properties due to the absence of (photo-

)crosslinkable functional groups. Therefore, several different approaches have been 

developed to introduce reactive groups including (meth)acryloyl or thiol-ene 

functionalities  to create networks following a chain- or step-growth polymerization 

approach.54 Thiol-ene based step-growth polymerizations offer several advantages 

over the more traditional chain-growth hydrogels, such as the lack of oxygen inhibition 

and faster reaction kinetics enabling the  reproducible production of 3D printed 

structures with high structural integrity at low light intensities.142  

Although many different strategies have been developed to create biomimetic cell 

environments, one of the main challenges in tissue engineering and organ-on-chip 

devices remains the lack of vascularization in the fabricated 3D model.143,144 The vast 

majority of tissues in the body depend on blood vessels to supply nutrients and oxygen 

to the cells as the diffusion limit for oxygen is approximately 100–200 µm.145 

Microcirculation, based on the microvasculature, is the distal functional unit of the 

vascular system. The microvascular system consists of vessels with different 
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diameters including the arterioles (± 30µm), venules (± 20 µm) and capillaries (< 8 

µm).146,147 Capillaries and venules are formed only by endothelial cells while arterioles 

also contain an additional layer of smooth muscle cells.147 Tissues larger than a few 

hundred micrometres require the formation of new blood vessels by vasculogenesis 

and/or angiogenesis to supply the metabolic needs of the cells. Vasculogenesis is by 

definition the differentiation of a stem cell, precursor or angioblast while angiogenesis 

describes the process of remodelling and expansion where new vessels sprout from 

the already existing ones.148 

There are multiple different approaches which have been developed to increase the 

vascularization of a tissue construct. Previous studies showed that the scaffold design 

including the provided pore size and degradability is crucial for the formation of a 

neovascular network.149,150 The use of a supporting cell line co-cultured with 

endothelial cells also showed improved vascularization compared to a monoculture of 

endothelial cells. Supporting cells can be primary cells or cell lines including fibroblasts. 

Hepatocytes, adipose derived stem cells, mesenchymal stem cells or other cell 

types.151–155  

There are several different ways how 3D vascular structures could be created inside 

the microfluidic chips.156 One of the most widespread approaches are using a template 

(sacrificial) material, needles or rods during the channel production which could be 

removed at a later time point leaving a hollow channel to be seeded with endothelial 

cells.157,158 

Bioprinting can provide a valuable toolset to engineer vascularized tissue and organ-

on-chip models.159 These constructs can be fabricated using two main tissue 

engineering approaches either using a scaffold-based or bottom-up technology.160–163 

In scaffold-based bioprinting, cells are either seeded or printed in a bioink matrix, while 

in bottom-up bioprinting usually cell-spheroids are used without any scaffold support. 

Although these approaches can provide a promising strategy to form neovascularized 

tissue models, they often lack the resolution to create channels in the microvascular 

range (under 30 µm). To circumvent this drawback, high resolution additive 

manufacturing techniques including 2PP can be applied. The accuracy of the printed 

structures mainly depends on the voxels and their arrangement.164 
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3.1.2 Aim  

The present work focuses on 2PP of microvascular structures directly on-chip using 

thiol-ene photo-click gel consisting of thiolated gelatin (Gel-SH) and gelatin-

norbornene (Gel-NB). In order to demonstrate the ability of the employed material to 

support the spontaneous formation of vascular structures, a UV-induced (single-

photon) encapsulation co-culture of human umbilical vein endothelial cells (HUVEC) 

with adipose derived stem cells (AST/TERT1) was performed. This setting also allows 

to address the network forming capacity of the HUVECs spheroids compared to single 

cell suspension. In order to direct the alignment of HUVECs into vascular structures 

with various diameters resembling the diameters of the natural microvasculature, 

gelatin-based microvascular units were structured in the same material using 2PP. 

Two different approaches were explored; direct encapsulation of HUVECs spheroids 

into single microvascular units surrounded by the supporting cells, and the seeding of 

the endothelial cell spheroids into a microvascular barrier structure containing only the 

supporting cell line. The cell alignment was followed over 5 days via laser scanning 

confocal microscopy (LSM) in static and perfused culture and finally, the intercellular 

junctions were immunostained using an anti-VE-Cadherin stain.  

 

3.1.3 Experimental  

All chemicals, unless stated otherwise, were purchased from Sigma-Aldrich (Saint 

Luis, USA). The images were captured using a laser-scanning confocal microscope 

(LSM 800 Airyscan, Zeiss, Oberkochen, Germany).  

3.1.3.1 Cell Culture  

ASC/TERT1 adipose derived stem cells (Evercyte, Vienna, Austria) were cultured in 

EGM-2 cell culture media (Lonza Group AP, Basel, Switzerland) supplemented with 

an additional 8% foetal bovine serum (FBS) to achieve 10% final concentration of FBS. 

Human umbilical vein endothelial cells labelled with red fluorescent protein (RFP-

HUVEC) (PeloBiotech GmbH, Plantegg, Germany) were maintained in EGM-2 cell 

culture media supplemented with an additional 3% FBS to have a final concentration 

of 5%. All cell culture plastic flasks used for RFP-HUVECs were coated with quick 

coating solution (PeloBiotech GmbH) for 15 min before the seeding of cells. The cells 
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were sustained at 37 °C and 5% CO2 incubator. When cells reached 90 % confluency, 

0.5% Trypsin-EDTA was added for 3 min to detach the cells. The cells were then 

diluted with fresh cell culture media and placed in T75 flasks (Greiner Bio-1, 

Kremsmünster, Austria). RFP-HUVECs were used between passage 4 and 10.  

 

3.1.3.2 Two-Photon Polymerization Setup  

The setup is described in Chapter 2.1.3.5. 

 

3.1.3.3 Methylcellulose Preparation 

Methyl cellulose was sterilized by autoclaving before the addition of preheated EGM-2 

medium at 60°C in the concentration of 1.2 w/v%. The solution was stirred with a 

magnetic stirrer for 20-30 min at room temperature, then for 2 hours at 4°C. Afterwards, 

the solution was centrifuged for 2 hours at 5000 g at 4°C. The supernatant was 

transferred to a new falcon tube and stored at 4°C. For further application, a 20 V% 

methyl cellulose solution in EGM-2 containing 5% FBS was used. 

 

3.1.3.4 Endothelial Cell Spheroid Formation 

Microtissues 3D Petri Dish 81-well micro-molds were used to form endothelial 

spheroids. 1 wt% agarose solution was prepared in sterile water and heated until it 

dissolved. Once it dissolved, the microtissue molds were filled up with agarose and left 

until it solidified. Afterwards, the agarose molds were equilibrated in PBS for at least 2 

h in 12-well plates (Greiner-Bio, Kremsmünster, Austria) RFP-HUVECs were 

trypsinized with 0.5% Trypsin-EDTA to detach and centrifuged for 5 min at 170 g before 

resuspending it in 20% methylcellulose solution at a  concentration of 8.1 * 104 cells 

per 300 µL. 300 µL of cell solution was pipetted on top of each agarose mold and left 

to sediment for at least 15 min before the addition of 2 mL of 20% methylcellulose 

containing cell culture media. Spheroids were formed and used after 24 h.  
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3.1.3.5 Synthesis of Gel-NB and Gel-SH 

The synthesis of Gel-NB was performed via reaction of 5-norbornene-2-carboxylic acid 

the primary amines of gelatin type B (kindly supplied by Rousselot, Ghent,  Belgium) 

using EDC (1-ethyl-3-(3-dimethylaminopropyl)carbodiimide; NHS (n-

hydroxysuccinimide; Acros, Geel, Belgium) coupling chemistry according to a 

previously reported protocol yielding a degree of substitution (DS) of 90% . The 

thiolated gelatin was prepared via reaction of the primary amines with D,L-N-

acetylhomocysteine thiolactone yielding a DS of 63 % .112,113 

 

3.1.3.6 Functionalization of the high precision glass slides  

In order to improve the adhesion of the printed hydrogels on the chip, the 170 µm thick 

glass coverslips (IBIDI GmbH, Martinsried, Germany) were functionalised. To this end, 

they were plasma cleaned for 10 min. Subsequently, 10 vol% of (3-

mercaptopropyl)trimethoxysilane was mixed with 85.5% ethanol and 4.5% deionized 

water and the plasma cleaned coverslips were submerged for 3 h at room temperature. 

Afterwards, the glass slides were washed three times with ethanol on both sides and 

were dried under nitrogen gas. Finally, they were placed in a heating chamber at 110°C 

for 10 min. All functionalized coverslips were stored in ethanol until use. 

3.1.3.7 UV-Induced Cell Encapsulation  

Gel-SH and Gel-NB based hydrogels were prepared by dissolving them in phosphate 

buffered saline (PBS) in a 37 °C water bath. Once dissolved, the two components were 

mixed to achieve a final concentration of 5 wt% at an equimolar thiol/ene ratio. For the 

single cell suspension sample, RFP-HUVECs were trypsinized and resuspended in a 

final concentration of 8.1 x 105 cells per mL together with a single suspension of 

ASC/TERT1 cell at a 1:1 ratio in respect of the cell number. The cell suspension was 

added to the hydrogel precursor solution together with 0.3 mM Li-TPO photoinitiator 

and 30 µL of the hydrogel mixture was pipetted on functionalized glass bottom dishes 

(IBIDI IBIDI GmbH) followed by 1 J irradiation at 365 nm.165 For the spheroid 

experiments, RFP-HUVEC spheroids were removed from the mold and mixed with a 

single cell suspension of ASC/TERT1 cells in the above-mentioned concentration 

together with the hydrogel and 0.3 mM Li-TPO followed by 1 J irradiation at 365 nm. 
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Finally, EGM-2 5% FCS cell culture media was added to the hydrogel pellets. The 

hydrogel pellets were imaged for 5 days using LSM.  

 

3.1.3.8 Dextran-FITC Perfusion   

After 5 days, the cell pellets were cut in half with a scalpel and 0.5 mg mL-1 2000 kDa 

dextran-FITC (TdB Consultancy, Uppsala, Sweden) dissolved in cell culture media was 

added. The diffusion of the dextran was recorded using LSM 800 after 1 h of incubation 

at 37°C. 

 

3.1.3.9 Voxel Simulation 

Due to the nonlinear nature of 2PP, considerations regarding the shape and size of the 

voxel can be done with the help of the squared illumination point spread function, 

IPSF2(x,y,z), which describes the intensity distribution around the focus.166 To simulate 

the point-spread function IPSF2 for 2PP, the IPSF which describes one-photon 

absorption was first calculated with PSFLab.167 The simulations were done in the xz-

plane for an air objective (n1=1) with a numerical aperture of 0.4 illuminated with a 

Gaussian beam propagating in z-direction with light polarized along the x direction at 

a wavelength (λ) of 720 nm with a filling factor (ßG) of 1. The coverslip was 170 µm 

thick with a refractive index (RI) of 1.52 (n2). The simulated sample had a RI of 1.34 

(n3). The IPSF2 was simulated for three different depths in the material. To calculate 

the IPSF2, the value for each pixel of the resulting intensity profile was squared and 

plotted with an in-house developed python program.  

The full width half maximum (FWHM) of the IPSF2 was calculated with the values of 

the IPSF from the PSFLab simulations based on the FWHM of a gaussian function with 

Equation 3; 

𝐹𝑊𝐻𝑀𝐼𝑃𝑆𝐹2 =  𝐹𝑊𝐻𝑀𝐼𝑃𝑆𝐹 1√2 

 

To calculate the intensity in the focal plane (Ipeak), the laser pulse was assumed to be 

sech2 (squared hyperbolic secant) shaped and the peak intensity was calculated using 

Equation 4; 

(3) 
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𝐼𝑝𝑒𝑎𝑘 = 0.88 𝑃𝜋(𝑁𝐴)2𝑅𝜏𝑝𝜆2  

with the average laser power (P) acquired with a powermeter, the numerical 

aperture (NA) of the objective, repetition rate (R) and the pulse duration (τp). 

 

3.1.3.10 Refractive Index Mismatch 

Differences in the refractive index of the immersion medium and the fabrication 

material lead to a shift in the depth of the focal spot. In addition, the actual voxel size 

will deviate from the theoretical one depending on the depth inside the sample resulting 

in a different size of the fabricated structure as anticipated based on the applied design. 

To compensate for this effect, the layer spacing was multiplied with a correction factor 

(c) 

𝑐 = 𝑛𝑖𝑛𝑚 

with 𝑛𝑖 being the refractive index of the immersion medium and 𝑛𝑚 the refractive index 

of the material. 

 

3.1.3.11 High-definition Bioprinting of Cell-Containing Constructs  

After functionalization of the glass coverslips, a self-adhesive 6 channel slide (sticky-

Slide VI 0.4, IBIDI GmbH,) was mounted on the glass slide and was used immediately. 

The thiol-ene gelatin hydrogel was prepared by separately dissolving Gel-SH and Gel-

NB in PBS at 37 °C. Once dissolved, the two components were mixed to achieve a 

final gelatin concentration of 7.5 wt% (1:1 thiol-ene ratio). The RFP-HUVEC spheroids 

were removed from the mold by pipetting and mixed with a single suspension of 

ASC/TERT1 cells in a 1:1 ratio to have a final concentration of approximately 81 

spheroids and 8.1 * 105 cells per mL ASC/TER1. Finally, 0.5 mM biocompatible 

diazosulphonate two-photon photoinitiator DAS was added and the bioink was pipetted 

on the chip (approximately 30 µL).53 After printing, EGM-2 with 5 % FBS cell culture 

media was added to the vessel constructs and the unpolymerized material was 

removed. Two days after printing, the samples were perfused with cell culture medium 

using a syringe pump (PHD Ultra, Harvard Apparatus, Cambridge, MA, USA) at a 

speed of 5 µL min-1 for an additional 3 days before fixing the cells.  

(4) 
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3.1.3.12 Immunostaining 

At different time points after printing, the constructs were washed with PBS and fixed 

for 2 h with 4% Histofix (Carl Roth GmbH, Karlsruhe, Germany). Afterwards, the fixed 

structures were washed with PBS and permeabilized with 0.5% Triton-X in PBS for 10 

min. The non-specific absorption of the antibodies was blocked by incubation in 1 wt% 

bovine serum albumin dissolved in PBS (PBS-BSA) for 15 min before the addition of 

anti-VE Cadherin antibodies (Thermo-Fisher, Waltham, MA, USA) in a 1:500 dilution 

for 2h at room temperature. Afterwards, the constructs were washed for 15 min with 

PBS-BSA before the addition of the Goat anti-Rabbit IgG Superclonal Secondary 

Antibody, Alexa Fluor 488 (Thermo-Fisher, Waltham, MA, USA) in a dilution of 1:1000 

for 2 h. Next, the structures were washed again for 15 min with PBS-BSA before the 

addition of Hoechst 34850 (Invitrogen, Carlsbad, CA, USA) in a dilution of 1:100 in 

PBS-BSA for 1 h. The cells were imaged using the LSM 800.  

 

 

3.1.4 Results and Discussion  

Thiol-ene photo-click gelatin hydrogels already showed remarkably high processability, 

biocompatibility and supported the adhesion and proliferation of cells when used as a 

bioink for high definition bioprinting.142 In order to assess the capacity of RFP-HUVEC 

to form preliminary vascular networks in a Gel-NB-Gel-SH hydrogel, the cells were first 

encapsulated via UV-induced crosslinking. To this end, (ASC/TERT1) were used in a 

1:1 ratio to the HUVECs as supporting cells.  

Previous studies have highlighted the importance of high initial cell loading and cell-

cell contact for vascularization.168 Therefore, two different settings, namely a single cell 

suspension and a spheroid culture of RFP-HUVECs were compared to investigate the 

influence of spheroid culture on network formation. The spheroids were obtained 

overnight after seeding the cells onto non-adhesive agarose molds and were 

encapsulated via UV encapsulation in 5 wt% Gel-NB-Gel-SH hydrogels at an 

equimolar thiol/ene ratio in the presence of 0.3 mM UV PI (i.e. Li-TPO-L) and the 

supporting cells. After UV encapsulation, the cells were imaged at different time points 
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using LSM. Due to the red fluorescent label, the RFP-HUVECS are visible without 

staining, while the supporting cells are not interfering with the imaging of the network. 

In both cases, the thiol-ene photo-click gel-NB-gel-SH showed good biocompatibility 

and supported cell survival and adhesion. Although the cells were characterized by a 

uniform cell distribution and good cell viability immediately after encapsulation, the 

single cell suspension didn’t show any sign of interconnection between the cells after 

5 days despite the fact that the cells exhibited an elongated morphology. After 5 days, 

the cell pellets were incubated with 2000 kDa dextran-FITC for 1 h to address whether 

larger molecules are able to diffuse into the hydrogel. After 1 h the signal of the FITC-

dextran could only be detected up to 100 µm from the edge of the hydrogel pellet 

(Figure 30a). The spheroid co-culture however, presented a higher degree of 

sprouting after 5 days of co-culture with ASC/TERT1 cells. These cells exhibited an 

extended morphology as well. After incubation with the dextran-FITC dye, it was 

possible to trace the fluorescence up to 800 µm into the hydrogel pellet after 1 h 

(Figure 30b).  

 

Figure 30. UV encapsulation of RFP-HUVEC and ASC/TERT1 cells in 5% Gel-SH and Gel-NB 
hydrogels. A) Single suspension of RFP-HUVECs and unlabelled ASC/TERT cells encapsulated at 
1:1 ratio. The red fluorescent protein label allows the direct imaging of the cells without the need 
of further staining, while the ASC/TERT1 supporting cell line is only visible under bright field 
microscopy. After day 5 the RFP-HUVECs shows extended morphology, although the cells stayed 
as individual cells without the formation of a preliminary network. Upon incubation with 2000 kDa 
dextran-FITC, the dye was only able to diffuse into the the hdyrogel up to 100 µm after 1 h. B) RFP-
HUVECs spheroid co-culture with ASC/TERT1 supporting cells. After UV encapsulation the 
spheroids showed round morphology, however after 5 days the cells started to sprout from the 
shperoid towards each other showing a higher degree of interconnection within the hydrogel. When 
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incubating with 2000 kDA dextran-FITC the dye was able to penetrate the hydrogel up to 800 µm 
after 1 h. 

 

In order to fabricate reproducible organ- or tissue-on-chip models, having only 

microvascular network randomly distributed is often not satisfactory, as a precise 

positioning of the cells is also desired. However, most of the available biofabrication 

methods do not offer the resolution which allows the production of such small diameter 

round channels.26,108 The accuracy of high-definition 3D printing depends on several 

different parameters which could be of crucial importance when producing small 

diameter round channelled structures. 

In this respect, 2PP utilizes a femtosecond near infrared laser, where the dimensions 

of the polymerized volume pixel (voxel) have to be taken in account during the printing 

process. The shape of the voxel resembles a spinning ellipsoid with the z plane being 

larger than the x and y planes. The size of the voxel is dependent on the numerical 

aperture of the objective (NA), the refractive index of the material (RI) and the applied 

wavelength (𝜆) as described by equation 5 for the half-width-maximum (FWHM) of the 

voxel in the x,y-plane and equation 6 for the z-plane.166 Additionally, even a small 

difference between the RI of the (glass) substrate and the bioink can lead to spherical 

aberrations and which is mainly dependent on the difference in the refractive indices 

and the focusing depth.169 In turn, these aberrations result in a decrease of the peak 

intensity in the focal plane and therefore to an inhomogeneous structuring at different 

printing depths.  

 

𝐹𝑊𝐻𝑀𝑥,𝑦 = 0.32𝜆√2𝑁𝐴 2√ln 2 

 

𝐹𝑊𝐻𝑀𝑧 = 0.532𝜆√2 [ 1𝑅𝐼 − √𝑅𝐼2 − 𝑁𝐴2] 2√ln2 

 

The spherical aberration of the voxel during structuring was modelled using PSF lab 

with a custom-made algorithm. Figure 31A-C shows the simulation of the illumination 

point-spread function (IPSF2) at different focusing depths. When structuring deeper 

(5) 

(6) 
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into the material the IPSF2 gets distorted and its FWHM (Table 1) increases, showing 

a larger focus area which results in a lower peak intensity and photon density in the 

focal area.  

Table 1. FWHM for x and z (beam propagation)-direction of the IPSF² at different depths in the 
bioink. The FWHM increases with higher structuring depths due to aberrations that lead to the 
deformation of the IPSF². 

Depth [µm] FWHMxy 
[µm] 

FWHMz [µm] 

0 0.731 7.628 

100 0.734 7.856 

400 0.903 14.949 

 

During printing, the structures are formed by stacking of the voxels, therefore, their 

optimal arrangement is crucial for introducing high resolution features. The calculated 

voxel height of our setup is 8 µm when using a gelatin hydrogel (RI of unpolymerized 

material: 1.34, NA of the objective: 0.4, structuring wavelength: 720 nm). For the voxel 

height compensation, a cube containing several different sized channels with 

diameters ranging between 10 to 30 µm was designed (Figure 31D). This structure 

was either printed without voxel compensation (Figure 31E) or with a voxel 

compensation for 8 µm (Figure 31F). As the smallest feature size of the designed CAD 

is almost the same size as the voxel itself, additional parameters have to be included 

in the software to be able to print such fine details. When slicing the object, some of 

the voxels would overlap and therefore block the previously printed channels. 

Therefore, a ratio of 0.8 was chosen, meaning that every voxel which overlaps the 

channel by 0.2 will be left out when processing the material. By adding this factor alone, 
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it was possible to print high-definition channels within the 180 µm high cube. 
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Figure 31.The accuracy and optimization of HD printing of small channelled structures. A-
C) Simulation of the IPSF2 in the x,z plane for a NA=0.4 air objective (n1=1) illuminated with light 
polarized along the x direction of a wavelength of λ=720nm with a filling factor ßG=1. The coverslip 
is 170 µm thick with a RI of n2= 1.52. The sample has a RI of n3= 1.34. The IPSF2 was simulated for 
three different positions in the material to show its distortion for increased structuring depths 
leading to a broader writing voxel and higher FWHM values. A) IPSF2 at the interface between 
coverslip and sample material at B) 100 µm and C) 400 µm depth in the sample material.  D-F) Voxel 
compensation of the channelled structures of 180 µm height D) The designed CAD model 
containing round channels with different diameters ranging from 10-30 µm. E) Printed structure 
without voxel compensation F) with voxel compensation of 8 µm. G-H) Optimization of structures 
with a height of 420 µm G) Structures printed bottom-up, starting from the glass coverslip and H) 
same structures printed from top-down starting from the top of the microfluidic chip I-K) The effect 
of different layer spacings on the accuracy of the printed structure using 70 mW laser power and a 
voxel height of 8 µm I) with a layer spacing of 0.5 µm J) with a layer spacing of 3 µm K) layer spacing 
of 9 µm. 

Although, the influence of spherical aberrations on voxel dimensions is negligible in 

smaller objects, it is more defined in higher structures as described in Table 1. Several 

previous studies indicated that by forming a physical gel before processing can 

improve the mechanical stability and influence the properties of gelatin-based 

hydrogels.54,170 This phenomenon is attributed to an improved crosslinking efficiency, 

as upon physical gelation, interchain hydrogen bonds are formed in the gelatin 

backbone leading to semi-crystalline junction zones which can be partially locked by 

covalent crosslinks.123,171  

Additionally, by printing from the cover glass into the material (bottom-up), the objective 

has to focus through multiple different RI material as the RI of the polymerised material 

differs from the unpolymerized one leading to additional refraction and diffraction of the 

light and further spherical aberrations, which in turn can result in a mechanically 

weaker and distorted structure. Therefore, the two different printing modes, bottom-up 

and top-down (starting from the top of the structure and printing towards the 

coverglass) were tested on physically gelated hydrogels using a 430 µm channelled 

structure. Our results indicated that by printing top-down, the accuracy of the structures 

can be improved (Figure 31H) when compared to a bottom-up printing approach 

(Figure 31G), possibly due to less scattering of the light and additional optical 

aberrations due the refractive index mismatch and because of the physical gelation, 

un-crosslinked material can provide support to the structures, thereby allowing top 

down structuring as this is not possible in liquid materials.  

Previous studies has shown that the surface roughness and accuracy of the 2PP 

structures are highly dependent on the voxel overlap settings (layer spacing, dz).164 By 

increasing the overlap, surface roughness decreases thereby allowing the printing of 

well-defined features, however in turn it increases the structuring time and depending 
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on the material the density of the radicals in the focal point. By increasing the laser 

power, the voxel size also increases in all dimensions.172 In order to test the power 

dependency of the overlap setting, the previously mentioned cube with different sized 

channels was printed at different powers (45 mW, 70 mW and 100 mW) and with 

increasing layer spacing from 0.5 µm to 13 µm. The ability to perfuse the produced 

channels was set as a quality threshold in regard of over-polymerization and 

mechanical stability. Table 2 shows the used average powers (Pavg) with calculated 

peak intensities (Ipeak) and the layer spacing (dzth) at which the channels were first 

perfusable (not over-polymerized). Since the area within the FWHM is mainly 

contributing to induce 2PP 164, the simulated FWHMz value at 100 µm depth at which 

the intensity has fallen to half of its value, was used as reference value. For an intensity 

of 686 GW/cm2, z-distances between the voxels that were smaller than 25% of the 

FWHMz led to over-polymerization within the material, resulting in closed channels. 

This phenomenon was also observed at peak intensities of 1067 GW/cm2 and 1524 

GW/cm2 for layer spacings of less than 38% and 89% of the FWHMz. When choosing 

small layer spacings, the number of voxels that overlap is increased and the structuring 

area is illuminated more often with the highly effective area around the focal spot, 

generating a higher number of radicals. Further, when structuring with smaller layer 

spacing it is possible that parts of the voxel reach into the channels. We hypothesise 

that these two effects lead to over-polymerization of the material within in the channels. 

When increasing the intensity, the voxel area that induces polymerization and the 

overlap region are growing which makes it necessary to increase the layer spacing. 

Figure 2 shows an example of over-polymerization at 70 mW with different layer 

spacings is visualized in Figure31I – K with Figure31I at 0.5 µm, Figure31J at 3 µm 

and Figure31K at 9 µm overlap. By choosing the optimal layer spacing, the structuring 

time was reduced by 10-fold compared to previously reported protocols.53,142 With a 

layer spacing of 0.5 µm the CAD depicted of Figure 2D takes over 9 minutes to print, 

while when using a layer spacing of 5 µm the same design takes less than 50 seconds. 
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Table 2. Average powers, peak intensities, intensities at FWHMz and threshold layer spacings at 
different power settings.  

Pavg [mW] 45 70 100 

Ipeak [GW/cm2] 686 1067 1524 

IFWHM 
[GW/cm2] 

343 533 762 

dzth [µm] 2 3 7 

 

 

After optimization of the printing parameters of small channelled structures on chip, 

two different setups were created to test the vascular network formation of RFP-

HUVECs. In the first setup, the single unit vessels (Figure 32A), were produced by 

embedding both the supporting cells (ASC/TERT1) and the RFP-HUVECs in the bioink 

containing 7.5 wt% of the Gel-NB-gel-SH hydrogel crosslinked with 0.5 mM DAS 

photoinitiator. During the printing process, a cube with a height of 180 µm and an 

internal channel structure was fabricated around the spheroid, positioning it in close 

proximity to the channels (Figure 32B). Based on the previous experiments, the 

printing parameters were set at a laser power of 70 mW and a layer spacing of 5 µm. 

In the second setting, cubes with internal channels with a height of 400 µm were printed 

across the whole microfluidic channel thereby creating a barrier structure using the 

previously mentioned bioink formulation (Figure 32C). In this case, only the supporting 

cells were embedded in the structure during the printing process, as the spheroids in 

the bioink are randomly distributed. Consequently, positioning them close to the 

channels is not possible during the printing process. However, once the printed 

structure was developed by washing away the unpolymerized material, the RFP-

HUVECs spheroids were drop-seeded to the created barrier, thereby allowing the 

migration of the endothelial cells into the pre-created channels (Figure 32D).  
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Figure 32. The two different chip setups tested for the vascular network formation of RFP-HUVECs. 
A) CAD design of a single unit vessel with a height of 180 µm. B) The printed structure, where both 
the supporting cells and the RFP-HUVECs were embedded in the hydrogel. C) CAD design of a 
vessel barrier with a height of 400 µm. D) Only the supporting cells were embedded during the 
printing procedure and spheroids were added after developing the structure. The scale bars 
represent 100 µm. 

The printed structures were first incubated under static condition for two days before 

the samples were perfused using a syringe pump at a flow rate of 5 µL min-1 for an 

additional three days. Next, the samples were fixed and co-stained with Hoechst 34850 

and vascular endothelial cadherin (VE-Cadherin). Cell adhesion molecules are very 

important regulators in the initiation and maturation of neovascular networks during 

angiogenesis.173 They are responsible for the formation of intercellular junctions 

between the endothelial cells, which are crucial to control the diffusion and transport of 

molecules and the endothelial surface polarity.174 Previous studies have shown that 

VE-cadherin is the major endothelial specific cell adhesion molecule involved in 

vascular morphogenesis and growth control.175 Even after two days of culture, the 
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endothelial cells exhibited an extended morphology and were expressing VE-Cadherin 

at the barrier (Figure 33, first row) as well as the single unit structure (Figure 33, 
second row). As the endothelial cells were labelled with a red fluorescent protein, 

there was no need for further cell stains to visualize the cell body and morphology. The 

nuclear stain suggested cells both within the cube and also in the channels of the 3D 

printed constructs.  

After day 5, the static culture vessels showed less cells in both the barrier and single 

unit vessels, especially in the crosslinked regions when compared to the perfused 

culture according to the Hoechst staining, possibly due to the lack of constant nutrient 

supply and removal of metabolites. Additionally, the VE-Cadherin expression was 

more pronounced in the perfused culture as well, although the cell morphology 

remained extended in the static culture as well.  
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Figure 33. Immunostaining of vascular structures under different culturing conditions. The 
endothelial cells are visible via the red fluorescent protein label (RFP). The cells showed extended 
morphology even after two days post-printing. The endothelial vascular cadherin (VE-Cadherin) 
staining showed intercellular junction formation in all examined samples, however after 5 days it 
was more pronounced at the perfused culture compared to the static samples. The cell nucleus 
was stained with Hoechst 34850, showing higher number of cells in the perfused culture compared 
to the static ones. 
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3.1.5 Conclusion 

We have demonstrated the capacity of gel-NB-gel-SH thiol-ene photo-click hydrogels 

to support endothelial cell adhesion and proliferation both in a single cell suspension 

and spheroid culture via UV encapsulation. Due to the more pronounced cell-cell 

interactions, the spheroid culture proved to be more efficient in network formation 

compared to the single cell suspension approach. A wide range of processing 

parameters were tested on small diameter channel structures in order to improve both 

the accuracy and the throughput of the printing process. The spherical aberrations 

caused by the refractive index mismatch and the focusing depth was modelled by a 

custom-made algorithm, and the effect of the voxel compensation was demonstrated. 

Additionally, the two different printing modes, the top-down and bottom-up approach 

were compared to further optimize the resolution of high structures. Different voxel 

overlaps and their dependency on the applied laser powers were compared both in 

terms of accuracy and also for the improvement of the structuring time. Finally, the 

capacity of 2PP to create vascular structures within a microfluidic chip was tested with 

two different settings, first as a one-pot method, including both the supporting cells and 

the endothelial cell spheroids in the bioink, and as a supporting cell scaffold barrier to 

drop-seed the HUVECs spheroids after developing the structures. The functionality of 

the formed vessels was demonstrated with immunostaining of VE-Cadherin endothelial 

adhesion molecules in both static and perfused culture. This chip could provide a useful 

tool to further study vascularization and angiogenesis and could be used to improve 

our knowledge about microcirculation.  
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3.2 Gliobastoma-on Chip  
This chapter is based on and contains text from Marshall Plan Foundation Grant Report 

titled “3D Printed Blood-Brain Barrier-on-a-Chip”.  
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3.2.1 Introduction 

Glioblastoma multiforme (GBM), originated from glial cells in the brain, is the most 

frequent brain tumour (representing 80% of primary malignant central nervous system 

(CNS tumours) with high mortality and recurrence rate, and median overall survival 

rate of 12-18 months after diagnosis.176 The most commonly used therapy to treat GBM 

includes a surgical resection of the tumour with subsequent treatment with 

radiotherapy and chemotherapy using temozolomide (TMZ). However, this treatment 

scarcely increases the median survival rate as the removal of the primary tumour 

without damaging the brain is often not easy due to infiltrating cells in the healthy 

tissue.177 Some of the other possible treatments or approaches under development 

include targeted therapy of the cancer, immunotherapy, antiangiogenic drugs, 

nanotherapy, gene therapy and electromagnetic radiation.178 There are several 

challenges to face when developing more efficient treatments for GBM. There are only 

a very few available in vitro models of GBM to study the disease progression and 

develop new therapies.179 Most of the preclinical studies are carried out by using rodent 

models, which as discussed earlier, often does not represent the human conditions 

efficiently. Additionally, the drug delivery strategies need to be improved as the blood-

brain barrier (BBB) often poses a barrier, which prevents the intravenously or orally 

taken drugs to reach their target. BBB is a selectively permeable interface which 

separates the blood from the brain parenchyma. BBB is composed of brain endothelial 

cells in the cerebral microvasculature. The BBB is characterized by tight junction which 

leads to the formation of a capillaries which are up to 100 times tighter than peripheral 

microvessels. On the other side of the capillary different glial cells such as astrocytic 

glia cell and pericytes are present.180 Their influence on the BBB has been 

demonstrated by implanting astrocytes to other sites with leaky vessels and they 

induced the tightening of the endothelium.181 Between the endothelial cells and the 

astrocytes, a basement membrane with embedded pericytes can be found which 

consists of extracellular matrix elements such as collagen, elastin, laminin, fibronectin 

and proteoglycans.182  This barrier has an important role to protect the brain from 

possibly toxic substances while maintaining the exchange of nutrients, gases, and 

metabolites between the blood and brain. Small molecules can diffuse through the 

barrier without restrictions while larger molecules need to be transported across the 

membrane.183 Therefore the modelling of the BBB is highly important for screening 
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potential drug candidates for the treatment of diseases of the CNS including GBM and 

to study the in vitro drug transport across the BBB.184 The disruption of the BBB can 

be found in multiple diseases including stroke, multiple sclerosis, encephalitis, brain 

tumours, and Alzheimer’s Disease.185 

In vitro BBB models can provide valuable tools to study the physiological function and 

disease progression. These microfluidic based designs can implement physiologically 

relevant pressure and shear stress. Most of the chip designs used for BBB models in 

literature are based on polydimethylsiloxane PDMS devices incorporated with porous 

transwell membranes. Booth et al. used a co-culture of mouse endothelial cell line 

b.End3 together with C8-D1A astrocytes on a 10 µm thick polycarbonate membrane 

with 0.4 µm pore size, and they found that the trans-endothelial electrical resistance 

(TEER) exceeded the monoculture of endothelial cells when co-culture was used and 

the tight junction formation was clearly visible.186 Griep et al. used a similar PDMS 

device together with a transwell membrane with smaller pore size (8µm) coated with 

collagen and seeded with human brain endothelial cells (hCMEC/D3).187  Kim et al. 

presented a collagen-based microvasculature model using microneedles and 3D 

printed frames. The created hollow tubes were seeded with bEnd.3 mouse cell line to 

create the BBB. They were able to cultivate the cells for 14 days.188 A modular 

approach where the endothelial and the neuronal chambers can be cultivated 

separately and assemble at a later time point was demonstrated by Achyuta et al.189 

Ma et al. and co-workers fabricated BBB chips employing low-stress silicon nitride 

membranes with 400 µm pores produced by either a lithographic stepper or an electron 

beam lithography system and was further modified by spinning collagen type I onto the 

membrane to improve cell attachment. This membrane was later seeded with primary 

rat astrocytes on one side and immortalized brain capillary endothelial cell line SV-

HCEC on the other side to study the contribution of the different cells to the resistance 

of the fabricated membrane.190 Brown et al. has designed a NeuroVascular Unit (NVU) 

to recapitulate the function of the BBB. The NVU was produced by three PDMS layers 

separated with polycarbonate membrane with 0.2 µm pore size. The membranes were 

coated with laminin prior cell culture use. Primary human brain-derived microvascular 

endothelial cells (hBMVEC), primary astrocytes and pericytes and human induced 

pluripotent stem cells (hiPSCs) differentiated into human cortical glutamatergic 

neurons were used throughout the experiments. They were able to maintain cell 
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viability on the chip for over 2 weeks of culture. They compared the effect of different 

cell culture media and flow to improve to tight junction formation of the endothelial cell 

layer and examined the transport of different sized molecules across the membrane.191 

Deosarkar et al. has employed a PDMS device and replaced the standard 

polycarbonate membranes by producing a series of 3 μm pores along the vascular 

channels to create a dynamic neonatal BBB on a chip. Neonatal rat brain capillary 

endothelial cells (RBEC) and primary cultures of neonatal rat astrocytes were seeded 

on the fibronectin coated device and were cultured for 5 days. Their results showed 

that the permeability of their chip was significantly lower compared to conventional 

transwell BBB models.192 Wang et al. differentiated hiPSCs into microvascular 

endothelial cells and co-cultured them together with rat primary astrocytes. They have 

evaluated the transport of several different sized molecules and drugs such as caffeine, 

cimetidine, and doxorubicin.193 

Although there are multiple relevant BBB models available in literature to study drug 

transport through the BBB, only a very few GBM-on-chip devices were reported which 

could be used to evaluate the efficiency of the possible treatments. M. Akay and co-

workers have produced brain cancer chips using two U-87 and primary, tumour-

derived human GBM cells to create high throughput drug-screening platforms.194,195 

Ayoso et al. used U-251 GBM cells encapsulated into a collagen hydrogel inside a SU-

8 device resin via photolithography, however, these first approaches did not provide 

an endothelial layer to mimic the complexity of the BBB.196  A recently published GBM-

on-chip from Yi et al. employed bioprinting to create a highly biomimetic model. Patient-

derived GBM cells were used to form spheroids and were embedded in brain 

decellularized ECM (BdECM). After the GBM cells were printed, a vascular bioink 

containing HUVECs embedded in BdECM were printed around the GBM to establish 

a vessel barrier. They have found that the patient specific cells produced different 

responses to the different drugs and drug combinations.197 

3.2.2 Aim  

The goal of the project was to establish a physiologically relevant blood-brain-barrier 

model and create a glioblastoma-on-a-chip device. A microfluidic chip using a medical 

grade mold material and the printing of a biodegradable and biocompatible membrane 

via 2PP was established. Different cells, both on the “blood” and the “brain” 
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compartments of the chip can be drop-seeded and perfused with their corresponding 

media separately. The formation of an endothelial monolayer and the cell viability of 

the cells in the “blood” compartment was addressed using live/dead staining, and 

immunohistochemical stainings using vascular endothelial cadherin (VE-Cadherin) 

and zona occludin-1 (ZO-1) for the visualization of adherens and tight junctions. 

Additionally, the diffusion of different sized water-soluble molecules (FITC-albumin, 4 

kDa FITC-dextran, fluorescein and riboflavin) was tested on the 3D printed membrane 

additionally to the contribution of cells on the diffusion rate. The biocompatibility of 

different materials for GBM spheroid encapsulation was also tested. The spheroids 

were treated with different drugs and their viability was evaluated by live-dead, 

apoptosis and proliferation staining. The schematic representation of the chip is 

depicted in (Figure 34).  

 

Figure 34. GBM-on-chip. On the left side the schematic image of the setup with the different cell 
types. On the right side the created chip, the green arrows are pointing at the glioblastoma 
spheroids. 

3.2.3 Experimental 

All materials and chemicals are from Sigma Aldrich (St. Louis, Missouri, USA) unless 

stated otherwise.  Graphs were plotted using GraphPad Prism 6.  

3.2.3.1 Glass Functionalization 

The glass slides were functionalized with thiol groups according to the previously 

mentioned protocol described in Chapter 3.1.3.6.  
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3.2.3.2 Microfluidic Chip Production  

The microfluidic chip was produced by adhering two previously functionalized glass 

slides, one with a thickness of 1 mm and one high precision 170 µm thick (Ibidi GmbH, 

Martinsried, Germany) together with a double sided tape with two different heights 

(referred to as mold material) (Provided by the Lab-on-a-Chip Systems in Bioscience 

Technology group at TU Wien) (Adhesive Research, Glen Rock, Pennsylvania, USA). 

The glass slides were functionalized with thiol groups according to the previously 

mentioned protocol. The mold material is a medical grade double-sided pressure 

sensitive adhesive tape with the height of approximately 140 or 81 µm. The adhesive 

tape was cut according to the CAD to create the X shaped microfluidic chips using an 

XY plotter (Camm-1 GS-24, Roland DG, Hamamatsu, Japan).  The connections for the 

ports were created by drilling the holes into the thick glass cover slide prior to the chip 

assembly using a micro drill (TBM220 Typ 28128, Proxxon GmbH, Radingdorf, 

Germany). The protecting foil was removed from the adhesive tape and the two glass 

slides were bonded together. As connectors, 20-gauge bund needles were glues onto 

the glass using a two-component epoxy glue (Klebfix, Dip-tools, Stuttgart, Germany). 

For additional strength and isolation two component dental glue (Twinsil, Picodent, 

Wipperfürth, Germany) was applied.  

3.2.3.3 Material Synthesis 

Gel-NB with a DS of 90% and 53% was synthesized according to a previously reported 

protocol (Chapter 3.1.3.5).  

3.2.3.4 Laser Setup  

The detailed description of the used setup is described in Chapter 2.1.3.5.  

3.2.3.5 Cell Culture 

Several different primary cells and cell lines were used for the testing of the printed 

barrier model. For the preliminary studies using the 81 µm mold, HUVECs and RFP- 

HUVECs were used at the “blood” compartment of the chip to create an endothelial 

cell layer on the membrane. The cells were cultivated in EGM-2 media supplemented 

with 5% FBS. 50B11 nociceptive dorsal root ganglion sensory neuronal line (provided 

by University of California) were used on the “brain” compartment of the chip for the 

preliminary experiments. The cells were maintained in neurobasal cell culture media 



Agnes Dobos  Applications                        

95 
 

with 10% FBS. For the GBM-on-chip construct using the 140 µM mold, human blood 

brain barrier endothelial cell line (hCMEC/D3) (provided by Prof. Neuhaus from the 

Austrian Institute of Technology, Vienna) were used at the “blood” compartment of the 

chip. The cells were cultivated in endothelial cell medium (Lonza Group AP, Basel, 

Switzerland) (Promocell, USA) supplemented with 5% FBS and used between 

passage 25-40. Human primary astrocytes (provided by Austrian Institute of 

Technology) were used on the “brain” compartment of the chip and maintained 

astrocyte media (ScienCell, Carlsbad, USA) with 2% FBS (ScienCell, Carlsbad, USA), 

1% of penicillin/streptomycin (ScienCell, Carlsbad, USA) and 1% astrocyte growth 

supplement (ScienCell, Carlsbad, USA). Human primary pericytes (provided by 

Austrian Institute of Technology) were maintained in pericyte media (ScienCell, 

Carlsbad, USA) with 2% FBS (ScienCell, Carlsbad, USA), 1% of penicillin/streptomycin 

(ScienCell, Carlsbad, USA) and 1% pericyte growth supplement (ScienCell, Carlsbad, 

USA). media. U-87 glioblastoma cell line was maintained in Eagle’s minimum essential 

media (EMEM) media supplemented with 2mM glutamine, 1% non-essential amino 

acids, 1mM sodium pyruvate, 1% penicillin-streptomycin and 10% FBS. All cells were 

cultivated at 37 °C and 5% CO2 incubator. Upon 90% confluency, the cells were 

detached using accutase solution and were centrifuged at 170 g for 5 min before 

plating them onto T75 flasks. The flasks were coated with quick coat solution for the 

endothelial cells, and poly-D-lysine solution for the primary astrocytes and pericytes.  

3.2.3.6 3D Printing of the Barrier-on-Chip 

For the barrier printing, Gel-NB with a degree of substitution of 90% was dissolved in 

PBS in a 37 °C water bath to obtain a final concentration of 7.5 wt %. After it completely 

dissolved, the hydrogel was supplemented with 0.5 mM of 2PI DAS and DTT at an 

equimolar thiol-ene ratio were added at last. For direct embedding of human primary 

pericytes different concentrations of cells (1 or 2 million per mL) were added to the 

bioink. Finally, the obtained solution was pipetted into the assembled microfluidic 

chips, and was left to form a physical gel at room temperature for 15 min or were placed 

in 8 °C prior printing. Once the gel was formed, a membrane was printed according to 

the CAD to create a barrier between the two chambers of the X chip using a laser 

power of 75 mW and a writing speed of 1 m s-1 with a hatch of 0.5 µm and layer spacing 

of 2 µm. The samples were developed by placing the microfluidic chips into a 37 °C 

incubator. After 15 min incubation, the unpolymerized material was removed by a 
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vacuum pump, and PBS or cell culture media were added to the two different chambers 

of the chip. The integrity of the printed structures was tested by adding 2000 kDa FITC-

dextran (TdB Consultancy, Uppsala, Sweden) to one side of the chip, which should not 

diffuse into the material, therefore the fluorescence should be restricted to the chamber 

where it was added. 

3.2.3.7 Cell Seeding  

After the membrane barrier was printed and developed, it was equilibrated in cell 

culture media for at least 2 h prior to the cell seeding. First, the cells for the brain 

compartment of the chip were detached by accutase and the cells were centrifuged for 

5 min at 170 g before resuspending it in the concentration of 1 million per mL. The cells 

were seeded onto the membrane and were left to adhere for 1 h. For the “blood” 

compartment endothelial cells were drop-seeded onto the membrane and were left to 

adhere for 1 h. The diffusion of different molecules was tested 2 days after seeding.  

3.2.3.8 FITC-Dextran Diffusion 

The integrity of the printed membrane was tested with 2000 kDa dextran-FITC (TdB 

Consultancy, Uppsala, Sweden) dissolved in PBS at a concentration 0.5 mg mL-1. The 

diffusion of 70 kDa FITC-dextran, 4 kDa FITC-dextran, FITC-albumin (0.66 kDa), 

riboflavin (0.38 kDa) and fluorescein (0.4 kDa) molecules using the same concentration 

were recorded using LSM 800 at 37 °C. ImageJ software was used analyze the 

fluorescence intensity in the different compartments of the chip.  

3.2.3.9 Degradation of the hydrogel membrane  

The degradation of the membrane was performed using collagenase from Clostridium 

histolyticum. The printed membrane was incubated in PBS overnight at 37 °C to reach 

equilibrium swelling. Afterwards, 1 CDU/mL collagenase solution was added and time 

lapse Z-stacks of the membrane degradation was recorded with LSM.  

3.2.3.10 Live-Dead Staining and Immunostaining 

In order to assess the cell viability after drop-seeding, the cells were stained with 

Calcein AM/Propidium iodide (PI) live-dead staining according to previously mentioned 

protocol (Chapter 2.1.3) and was added to the microfluidic chip. The cells were imaged 

using LSM 800. The number of dead and alive cells was counted manually.  
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For the immunostaining, the cells on the chip were fixed with 4% Histofix (Carl Roth 

GmbH, Karlsruhe, Germany) for 1 h at different time points. Next, the cells were 

washed with PBS twice. The permeabilization was accomplished by incubating the 

samples with 0.5% Triton-X dissolved in PBS for 15 min. As a blocking solution in 1 

wt% bovine serum albumin was dissolved in PBS together with 0.05% Tween-20 (PBS-

BSA-Tween20). After permeabilization, the non-specific binding was blocked by 

incubating the cells with PBS-BSA-Tween20 for 15 min before the addition of anti-ZO-

1 antibody (Thermo-Fisher, Waltham, MA, USA) at the dilution of 1:200 overnight at 8 

°C. Afterwards, the constructs were washed three times before the addition of the 

secondary antibody labelled with Alexa Fluor 647 (Thermo-Fisher, Waltham, MA, USA) 

in a dilution of 1:1000 for 1 h. Next the structures were washed with PBS-BSA for 15 

min before the addition of anti-VE Cadherin antibody (Thermo-Fisher, Waltham, MA, 

USA) in a dilution of 1:200 overnight at 8 °C. Afterwards, the constructs were washed 

three times with PBS-BSA before the addition of the secondary antibody labelled Alexa 

Fluor 488 (Thermo-Fisher, Waltham, MA, USA) in a dilution of 1:1000 for 1 h. Next, the 

structures were washed again for 15 min with PBS-BSA before the addition of DAPI in 

a dilution of 1:500 in PBS-BSA for 1 h. 

3.2.3.11 Glioblastoma Spheroids 

Microtissues 3D Petri Dish 256-well micro-molds were used to form glioblastoma 

spheroids. The agarose was prepared according to previously described protocol 

(Chapter 3.1.3.4). U-87 cells were detached with accutase and centrifuged for 5 min at 

170 g before resuspending it in cell culture media at different concentrations. 300 µL 

of cell solution was pipetted on top of each agarose mold and left to sediment for at 

least 15 min before the addition of 2 mL of cell culture media. Spheroids were formed 

and used after 48 h. 

3.2.3.12 GBM-on-chip Assembly  

Gel-NB with a DS of 53% were dissolved in PBS to achieve a final concentration of 5 

wt%. Spheroids were removed from molds and were centrifuged and resuspended in 

approximately 2 molds per 100 µL of hydrogel solution. The hydrogel was 

supplemented with 0.3 mM Li-TPO-L and equimolar concentration of DTT and was 

pipetted to the brain compartment of the chip. The UV gel was exposed to UV light for 

5 min and afterwards fresh media was added. The glioblastoma spheroids were added 



Agnes Dobos  Applications                        

98 
 

to the chip after 2 days of seeding of endothelial cells and astrocytes. The control 

hydrogels without BBB the spheroids were encapsulated in the hydrogel without the 

printed membrane in an 8-well chamber.  

3.2.3.13 Glioblastoma treatment  

24 h after assembling the GBM chip different types of treatments were tested. 

temozolomide (TMZ), roscovitine (RV), and the combination of both in concentration 

of 100 µM each were added to the blood compartment of the chip. Both of the drugs 

were dissolved in DMSO at 10 mM concentration. After 24 h the drugs were removed 

and fresh media was added for another 24 h before the samples were stained.  

3.2.3.14 Ki-67 and Caspase Staining  

24 h after treatment the cells were incubated with Image It live caspase stain (Thermo-

Fisher, Waltham, MA, USA), according to the protocol of the manufacturer for 3 h prior 

to fixing the cells and spheroids on the chip. Afterwards, the cells were permeabilized 

by using 0.5 % Triton-X dissolved in PBS for 15 min. After permeabilization, the non-

specific binding was blocked by incubating the cells with PBS-BSA-Tween20 for 30 

min before the addition of anti-Ki-67 antibody at the dilution of 1:250 overnight at 8 °C. 

Finally, the nucleus of the cells was stained with DAPI in a dilution of 1:500 in PBS-

BSA for 1 h. 

3.2.4 Results and Discussion  

Most of the currently available BBB models almost exclusively rely on the use of PDMS 

devices. PDMS is a polymer widely used in soft lithography to produce a model of the 

mold which can later be bound to glass surfaces after plasma treatment. The main 

advantages of PDMS include that it is transparent at the 240 nM – 1100 nM range and 

has a low autofluorescence allowing the optical imaging of the device, it is 

biocompatible and gas permeable, and has a relatively low cost.198,199 However, it is 

known that PDMS can absorb certain small molecules and incompletely crosslinked 

PDMS could leach into the created channels which could alter the results of the 

experiments.200,201 Our aim was to employ a pressure sensitive adhesive double-sided 

tape to cut out the desired geometry and adhere it in between glass slides. This 

medical grade film has a height of 81 µm or 140 µm and contains an inert, non-

migratory acrylic adhesive to ensure the attachment to the glass. An X geometry was 
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cut out of the adhesive film in order to have separated compartment after printing of 

the membrane. The high precision 170 µm thick glass bottom of the chip allows both 

the high-definition 3D printing of the barrier directly on the chip and also the optical 

imaging of the chip afterwards. The holes for the ports were drilled into the top glass 

microscope slide (Figure 35a). Once the chip is assembled, the reservoirs and 

connectors can be glued onto the top glass using a dual component, water resistant 

epoxy glue which cures at room temperature in 1 h (Figure 35b). Two different 

components were used, for the blood compartment a bunt needle was glued to allow 

the perfusion of the system, while for the brain compartment, which needs to be 

cultured under static environment, a closable reservoir was attached to maintain sterile 

cell culturing condition and enable easy media exchange.  

 

Figure 35. Microfluidic chamber design. A) Schematic design of the microfluidic chamber with the 
diameters of the adhesive mold B) the assembled chip with the reservoir and connectors.  

The production of PDMS based BBB usually require a multi-step chip assembly 

process in which polycarbonate membranes with large pore sizes are implemented. 

One of the main engineering challenges in such a process is the reproducible and high 

throughput production of the microfluidic devices, and to ensure that the membrane is 

tight and not leaking which is especially crucial for creating barrier models. HD 

bioprinting of membranes directly on the chip could reduce the time and effort needed 
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to produce these microfluidic devices. Once the mold is assembled the channels can 

be filled up with the photosensitive monomer solution together with a 2PI and the 

barrier can be printed according to a CAD. The unpolymerized material can be 

removed by a simple washing step. This technology also allows the processing of 

naturally derived hydrogels to avoid the use of plastic membranes in the device. HD 

bioprinting of hydrogels using gelatin based thiol-ene photo click hydrogel Gel-NB has 

been demonstrated previously using a diazosulfonate based 2PI.142 These hydrogels 

have excellent biocompatibility both as bioink and as scaffold material as demonstrated 

in chapter 2.3. Furthermore, it is fully biodegradable, and it is possible to achieve 

different stiffnesses depending on the applied laser power. For the BBB model a C 

shaped structure was designed. The high-throughput production of the membrane was 

ensured by a high writing speed of 1 m s-1 resulting in that a single membrane can be 

produced under 2 min. The membrane can be fully degraded by external collagenase 

in 30 min allowing the temporary support of cells while allowing the cells to remodel 

the barrier (Figure 36). 

 

Figure 36. Degradation of 3D printed membrane using 1 CDU mL-1 collagenase. The scale bar 
represents 200 µm.  

Pericytes in vivo can be found in vessels embedded in the basement membrane. In 

order to mimic the in vivo conditions, human primary pericytes were directly 

encapsulated into the bioink during printing for the 140 µm membrane (Figure 37a). 

The effect of the different laser powers on cell viability was established by printing 300 

x 300 x 300 µm cubes using laser powers ranging from 50 to 100 mW and cells were 

observed with live-dead staining after 24 h and 5 days post-printing. Cell viability was 

only impaired at 100 mW, under that there was no significant difference between 

different laser powers and different time points (Figure37b).  
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Figure 37. Viability of human primary pericytes after encapsulation. A) Cells encapsulated in the 
barrier. B) Viability of cells at different time points when exposed to different laser powers.  

The BBB comprises of two main cell types, vascular endothelial cells on the blood side 

of the barrier and glial cells in the brain side adjacent to it. For this study, human blood 

brain barrier endothelial cells (hCMEC/D3) were used on the blood compartment and 

on the brain compartment astrocytes were added. At different time points (day 2 and 

day 5) the cells were stained using Calcein-AM and propidium iodide live-dead staining 

and the cells were imaged with confocal laser scanning microscope. The live cells stain 

green, while the dead cells can be visualized in red. The results show that after two 

days the cells were forming a monolayer on both sides of the membrane and they 

maintained their cell viability. Cells maintained high cell viability and extended 

morphology after 5 days (Figure 38). These results indicate that the bioprinted Gel-NB 

hydrogel barrier supports cell adhesion and proliferation without the need of any 

additional coating and can be used directly after fabrication.  

 

Figure 38. Seeding of cells on the membrane. The red arrow indicates the embedded pericytes, the 
green arrows the seeded hCMEC cells and the blue arrow the astrocytes.  



Agnes Dobos  Applications                        

102 
 

The permeability of the membrane was characterized by tracking the diffusion of 

different sized molecules across the barrier. For this use, fluorescent substances with 

molecular weights ranging from 0.38 to 150 kDa were applied and the fluorescence 

intensity in the two different compartments were imaged every 5 min. For the 

preliminary tests the 80 µm height chip was used and approximately 500 x 500 µM was 

the area of interest in both sides of the membrane. Our results showed that 

approximately 2% of the large molecular weight dextrans (150 kDa and 70 kDa FITC-

Dextran) were able to cross the barrier after 1 h. However, almost nearly 8% of the 

FITC-Albumin was able to penetrate the membrane, although the molecular weight of 

FITC-Albumin (66 kDa) is comparable to the 70 kDa dextran. This could be explained 

by the hydrodynamic radius of the substances, which can be measured via several 

different methods, such as light scattering. Polysaccharides such as dextran have 

larger hydrodynamic radii than the globular proteins for instance albumin. Previous 

research showed that the hydrodynamic radius of FITC-albumin is 5.4 nm ± 0.1, while 

70 kDa FITC-dextran is around 6 nm, therefore it could pass through the barrier 

faster.202,203 The brain to blood ratio of 4 kDa FITC-dextran was nearly 0.4, while the 

small substances such as fluorescein and riboflavin reached 0.9 and 0.8, respectively 

(Figure 39). The 2000 kDa FITC-dextran with a hydrodynamic radius of 19.50 ± 1.29 

nm were unable to enter the hydrogel, suggesting that the pore size of the hydrogel 

was smaller than 20 nm.204 
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Figure 39. Permeability of the 80 µM membrane to different sized molecules. Small molecules such 
as riboflavin and fluorescein diffused through the membrane quickly. Larger molecules (4 kDa, 
FITC-albumin, 70 and 150 kDa FITC-dextran) diffused through the membrane in a reduced rate. All 
experiments were performed in triplicates. 

  

The area of interest for the high membrane (140 µM) was approximately 2 x 2 mm from 

the membrane in both compartments. Three different setups were tested, the 3D 

printed membrane alone, the acellular BBB (containing the 5% UV hydrogel used for 

the encapsulation of glioblastoma spheroids) and the cellular BBB (hCMEC and 

astrocytes seeded to their appropriate compartment of the chip additionally to the UV 

hydrogel).  

Our results showed that nearly 4% of the FITC-Albumin were able to penetrate the 

membrane after 1 h. The brain to blood ratio of 4 kDa FITC-dextran was nearly 0.1, 

while the smaller substances such as fluorescein and riboflavin reached 0.4 and 0.37, 

respectively.  

The presence of an additional 5% hydrogel decreased the diffusion rate of all tested 

molecules; however, it was only significant for the smallest tested molecules (riboflavin 

and fluorescein). The influence of endothelial cells on the diffusion of different sized 
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molecules were evaluated using the previously mentioned fluorescent substances. 

hCMECs and astrocytes were seeded onto the membrane and were cultivated for 2 

days prior to the experiments. Afterwards, the fluorescent substances were pipetted 

into the blood compartment of the device and the fluorescent signal was recorded 

every 5 min at 37 °C for 1 h. The cells decreased the permeability of the membrane to 

all the tested substances.  

A previous in vivo study introduced 10 (w/v)% sodium fluorescein to the animal models 

and was left to circulate for 10 min. Afterwards, the brain tissue was homogenized and 

the fluorescence levels were normalized against the serum concentration.205 Their 

results showed an uptake ratio of fluorescein of approximately 0.05 which is 

comparable to concentration measured in our system with the cellular BBB (blood to 

brain ratio of 0.04), while the acellular BBB and the membrane alone both had higher 

diffusion in vitro, 0.06 and 0.12, respectively after 10 min meaning that the presence 

of the 5% hydrogel decreased the diffusion of fluorescein by half already. However, it 

is important to note that the fluorescence in the in vivo model was analyzed in the brain 

tissue homogenate, while our system only looks at the accumulation of the fluorescent 

dye next to the membrane. 

 In another in vivo study, 4 kDa FITC-dextran was injected into the tail vein of mice and 

was left to circulate for 5 min. Afterwards, the animals were sacrificed and blood was 

collected as a control. The brain was extracted and the fluorescence of FITC-dextran 

in the cerebrum was compared to the control. Their results showed a ratio was between 

0.001 and 0.0013.206 Our results with cells present had comparable diffusion with a 

mean ratio of 0.0011 after 5 min, while the barrier alone had a ratio of 0.02 which is 20 

fold higher than the in vivo results.  

Albumin is a highly water-soluble globular protein which is commonly found in the blood 

plasma. Previous studies have shown that albumin does not enter the brain 

parenchyma and stays inside the brain microvessels.207,208 Our results have shown 

that although albumin was detected in the brain compartment of the chip, due to the 

presence of the cells the diffusion of FITC-albumin was 2.5-fold decreased compared 

to the membrane alone reaching 0.016 brain to blood ratio after 1 h.  

Riboflavin is a water-soluble vitamin, also known as B2. The uptake mechanism of 

riboflavin into the brain has been unclear. A previous study which employed 
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immortalized rat brain endothelial cells (RBE4) to study the uptake of riboflavin 

hypothesized that riboflavin uptake is transported via carrier mediated transport system 

and is dependent on several different factors including sodium levels and 

temperature.209 Our results have shown that without cells the diffusion of riboflavin is 

comparable to fluorescein which has a similar size. However, the diffusion of riboflavin 

was not decreased significantly in the presence of cells which could be attributed to 

the possible active transport through the membrane (Figure 40). 

 

Figure 40. Diffusion of different sized molecules through the BBB construct. The membrane alone 
(grey line) represents the 3D printed hydrogel membrane, the acellular BBB (blue line) is the printed 
membrane together with the UV hydrogel, while the cellular BBB (orange line) contains the hCMEC 
and the astrocytes as well additionally to the UV hydrogel. The presence of hydrogel decreased the 
diffusion of small molecules (riboflavin and fluorescein) by approximately 60 %. The presence of 
cells further decreased the diffusion of all tested molecules. Albumin diffusion decreased by 50%, 
4 kDa dextran by 75%, fluorescein by 90% and riboflavin by 15% in the presence of cells compared 
to the acellular BBB. 
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In comparison when HUVECs were used on the membrane instead of the more specific 

BBB cells, the permeability showed higher values. However, it is important to note, that 

the area of interest and the chip height of the two constructs differ (80 µM for the 

HUVECs and 140 µM for the hCMEC cells) and only one cell type was present in this 

case. Our system with HUVECs showed a blood to brain ratio of 0.15 after 10 min 

which is approximately 4 times higher than in the previous model. Our results for the 4 

kDa FITC-dextran with HUVECs had ten-fold higher diffusion with a mean ratio of 0.013 

after 5 min, while the membrane alone had a ratio of 0.1. Earlier studies show that the 

healthy BBB is largely impermeable to 70 kDa FITC-dextran in vivo. Our results after 

1 h presented a fluorescence brain to blood ratio of less than 0.006 in the presence of 

cells, over three-folds less than the membrane alone. Studies using BBB-on-a-chip 

models exhibited similar finding to our results using a monoculture of endothelial cells 

and incubating them with 4 kDa and 70 kDa FITC-dextran. However, the increased 

barrier function was described when co-culture of the cells were used (Figure 41).186  
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Figure 41. Diffusion of different sized molecules (70 kDa and 4 kDa FITC-dextran, fluorescein and 
FITC-albumin) across the membrane in the presence and absence of cells. The presence of cells 
decreased the permeability of the membrane in every case, by 25 % for 4 kDa, 70 kDa dextran, and 
fluorescein, and approximately 80 % for FITC-albumin.  

 

After the contribution of the HUVECs alone was established, 50B11 cells were seeded 

onto the brain compartment of the chip. The cells were incubated and the diffusion of 

riboflavin was tested at different time points. Our results have further shown that after 

one day the diffusion of riboflavin is higher than after 3 days, possibly due to low cell 

numbers and immature intercellular junction formation. After 5 days the permeability of 

the system increases again and additionally the standard deviation between samples 

are increased, possibly due to decreased cell viability under static condition over an 

extended period of time (Figure 42).   
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Figure 42. The transport of riboflavin across the BBB in presence of HUVECs and 50B11 cells at 
different time points (n=4) 

 

Endothelial cells within the BBB are characterized by the formation of intercellular 

junctions which are of crucial importance for the adhesion and signalling between 

adjacent cells to maintain the function of the vessels. These junctions could be 

organized into three different groups; gap junctions allow the diffusion of small 

molecular weight substances, adherens junctions, and tight junctions which are critical 

in order to establish a barrier function. All of these dynamic junctions are formed by 

different proteins expressed on the endothelial cells. hCMECs and astrocytes were 

seeded onto the membrane and were cultured under static conditions for 2 days and 

5 days. Afterwards the cells were stained for VE-Cadherin (adherens junction, green) 

and ZO-1 (tight junction, red). Finally, the samples were stained additionally with 4′,6-

diamidino-2-phenylindole (DAPI, blue), a stain which binds to the denine–thymine rich 

regions in DNA, therefore can used as a nuclear stain. Cells showed expression of ZO-

1 and had low expression of VE-Cadherin (Figure 43). 
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Figure 43. Immunostaining of hCMEC cells after 2 and 5 days. 

Finally, the GBM-on-chip was assembled by introducing U-87 spheroids to the brain 

compartment of the chip. First, the effect of different materials was tested on the 

viability of the cells. Spheroids of the diameter of approximately 100 µm (100 cells per 

spheroid) were created by using agarose molds and were encapsulated in 5% Gel-NB 

(DS53) or 5% GelMOD (DS63) hydrogels via UV irradiation. Although the spheroids 

were viable in both materials tested, the cells in Gel-NB showed more extended 

morphology after 5 days, while in GelMOD-63 the spheroids maintained a primarily 

round shape (Figure 44).  

 

Figure 44. Live-dead staining of UV encapsulated of U-87 spheroids. Two different materials were 
tested, the 5% GelMOD-63 and 5% Gel-NB (DS53) for 2 and 5 days.  
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After establishing the optimal conditions of the glioblastoma cells, the spheroids were 

encapsulated in the brain compartment of the chip using 5% Gel-NB hydrogel 

according to the schematic depicted in (Figure 34).  

After the spheroids were encapsulated, different treatments were tested on the GBM 

spheroids. As control a 2D monolayer of cells and 3D spheroids encapsulated in 5% 

Gel-NB hydrogel without the BBB were used. After the encapsulation the cells were 

treated with 100 µM TMZ or RV or the combination of both for 24 h. To the control cells 

1% DMSO were added to the cell culture media to ensure that the effect of the drug is 

not attributed to the solvent as both TMZ and RV were dissolved in DMSO. After 24 h 

the cells were washed and were left to recover overnight before Ki-67 and Caspase 

staining was performed. In 2D, the proliferation of U-87 cells were not significantly 

affected by 100 µM TMZ resulting in a mean proliferation of 69% of the cells compared 

to the control (75%). On the other hand, RV had a significant effect both alone (5% of 

proliferating cells) and in combination with TMZ (8% proliferating cells) on cell viability, 

however it was not statistically significant compared to RV alone. Under 3D culturing 

conditions, the control spheroids without BBB had approximately 13% and the 3D 

model with BBB approximately 27% of proliferating cells which could be due to the 

proximity of the co-culture BBB and the smaller volume of hydrogel compared to the 

3D encapsulated spheroids. The TMZ treatment showed significant decrease in the 

proliferation rate compared to the 2D culture, however in the case of BBB samples the 

cells showed approximately 10 times the amount of proliferation (3%) compared to the 

3D culture without BBB (0.3%) We hypothesize that this could be due to the BBB as 

the membrane with cells limits the diffusion of the TMZ into the brain compartment. 

Furthermore, the presence of the BBB reduced the effect of the combination treatment 

as well (Figure 45).  
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Figure 45. Proliferation of U-87 cells treated with TMZ, RV and the combination of both in 2D, 3D 
and GBM-on-chip calculated by the Ki-67 positive cells.  

 

Additionally, to the proliferation of the cells, the apoptotic cells were also stained using 

Image-IT live caspase stain. The 2D samples the cells treated with RV or the 

combination of RV and TMZ showed the highest number of apoptotic cells (red) and 

least amount of proliferation (green). The same tendency was visible for the 3D control 

and the 3D BBB model as well (Figure 46). 

P
ro

lif
e

ra
tin

g
 C

e
lls

 (
%

)

C o n tro l 

T M
Z  

R V

T M
Z  +

 R
V

C o n tro l 

T M
Z  

R V

T M
Z  +

 R
V

C o n tro l 

T M
Z  

R V

T M
Z  +

 R
V

0

2 0

4 0

6 0

8 0

1 0 0

     2 D                        3 D  3 D  w ith  B B B



Agnes Dobos  Applications                        

112 
 

F 

 

Figure 46. Caspase and Ki-67 staining of the treated U.87 spheroids using three different setups, 
2D monolayer culture, 3D culture embedded in 5 % Gel-NB hydrogel and spheroids on the chip. The 
green signal is the Ki-67 positive cells, the red is the apoptotic cells and blue is the DAPI 
representing the cell nucleus. The scale bar represents 20 µm. 

 

3.2.5 Conclusion  

In this project we have demonstrated the fabrication of a novel a GBM model on a chip. 

A medical grade biocompatible pressure sensitive double-sided tape was used instead 

of PDMS to produce the mold which can be mounted on high precision glass slide to 

enable the direct HD bioprinting of the membrane and the optical imaging of the 

channels. The fast and high-throughput production of hydrogel barriers while 

maintaining the high resolution of the structures were achieved via 2PP. The BBB was 

printed directly on the chip without the need of additional assembly step and the 

residual material could be removed via a single washing step. The membranes can be 

seeded with different cells without the need of additional coating steps. Both the 

endothelial cells and astrocytes cells showed good viability and monolayer formation 
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after 2 day of seeding, and the embedded pericytes maintained their cell viability after 

embedding in the bioink. The membrane was characterized by the diffusion of different 

sized molecules across the membrane and it showed a size dependent perfusion rate 

of the different fluorescent substances. When the membrane was seeded with cells 

the diffusion rates decreased in all cases. Immunostaining of the cells suggested the 

formation of tight junctions even after 48 h of cells seeding. We hypothesize that our 

model can be further enhanced by the introduction of shear stress as literature suggest 

that endothelial cell survival and the intercellular junction formation is enhanced upon 

perfusion.187 Additionally, perfusion could provide a continuous removal of metabolites 

thus increase the life time of the constructs.This GBM construct could enable the 

screening of possible drugs and therapeutics and their transport through the BBB in 

order to improve the currently available treatment option and delivery strategies and 

gain more understanding in the disease progression.  
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3.3 Screening of Two-Photon Activated 

Photodynamic Therapy Sensitizers Using a 3D 

Osteosarcoma Model 
This chapter is published and contains text from publication  

Dobos A, Steiger W, Theiner D, Gruber P, Lunzer M, Van Hoorick J, Van Vlierberghe 

S and Ovsianikov A 2019 Screening of two-photon activated photodynamic therapy 

sensitizers using a 3D osteosarcoma model Analyst with permission from Royal 

Society of Chemistry  

doi:10.1039/C9AN00068B 

The z-scan measurements were performed by W. Steiger (TU Wien) and D. Theiner 

(TU Wien). 

  



Agnes Dobos  Applications                        

115 
 

 
3.3.1 Introduction  

Photodynamic therapy (PDT) typically comprises three individually harmless 

components: a photosensitizing agent (PS), light, and oxygen to induce cell damage. 

PDT has been extensively researched for multiple clinical applications such as the 

treatment of cancer and several other diseases, including a therapy for posterior 

capsule opacification and age-related macular degeneration.210,211 PDT could also 

provide possible alternatives to eliminate pathogenic microorganisms, such as viruses, 

fungi, yeast and antibiotic resistant bacteria.212 

In PDT, energy is transferred from light to oxygen by the PS to generate ROS.99 The 

PS absorbs photons of a certain wavelength and is thereby transferred into an excited 

state, which can dissipate its excitation energy by emission of heat or light, or by 

intersystem crossing to a triplet-state. There are two types of reactions that can take 

place once the PS is excited which can also occur simultaneously. The Type I pathway 

involves a hydrogen atom (electron) transfer from the excited PS to a substrate such 

as a molecule or the cell membrane to form radicals, which in turn react with molecular 

oxygen species to produce ROS such as superoxide or hydroxyl radicals. In the Type 

II pathway, singlet oxygen is produced directly after the PS transfers energy to 

molecular oxygen.213 There are several different processes that could be initiated by 

PDT and are involved in tumour destruction. First, ROS can cause apoptosis or 

necrosis of tumour cells. In another mechanism singlet oxygen can damage the 

vasculature of tumours.213 Finally, PDT can activate the immune response by 

membrane dysregulation of surface integrin-associated protein CD47 and damage-

associated molecular patterns.214 

There are several factors that have an effect on PDT efficacy such as PS localization, 

the administration interval, the local oxygen concentration and light exposure time.213 

Localization of the PS is crucial due to the short half-life (< 50 ns) and radius of action 

(< 40 nm) of singlet oxygen.215,216 As a consequence, sensitizers which are not 

internalized by cells usually show poor performance in PDT even if they produce large 

amounts of radicals.213 The wavelength and type of light delivery also have a large 

effect on the efficacy of PDT.217 The applied wavelength influences not only the PS 
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absorption efficiency but also affects the penetration depth. Due to the wavelength-

dependent scattering and absorption of skin, red light penetrates the skin and human 

tissues deeper than blue light, about 5 mm vs. 1 mm, respectively.218  

In this respect, two-photon excited photodynamic therapy (TPE-PDT) offers several 

benefits when compared to traditional one-photon excited PDT, such as deeper 

penetration of tissue. Due to the non-linear absorption the PDT damage can be 

confined to a small excitation volume reducing collateral damage to the surrounding 

healthy tissue. In TPE-PDT, the PS is promoted to its excited state by absorbing two 

photons of a longer wavelength simultaneously during irradiation. Relaxation occurs 

via Type I or Type II reaction with molecular oxygen as described previously.219 Due to 

the nonlinear behaviour of the absorption process high peak power lasers such as 

mode-locked Ti:Sapphire lasers with femtosecond pulse durations are required to 

achieve two-photon absorption.220 Different photosensitizers have been developed for 

TPE-PDT applications, including porphyrin derivates, ruthenium complexes, 

conjugated polymers, and nanoparticles.219,221,230,231,222–229 The main considerations 

when choosing the optimal two-photon excitation photosensitizer (TPE-PS) are low 

dark toxicity, high two-photon absorption cross-section at a certain wavelength and a 

substantial triplet state quantum yield.232 

Pre-clinical testing of TPE-PS presents some challenges. TPE-PDT has been tested 

in vivo using animal models to induce cancer regression in mice.233 The in vitro 

evaluation of treatment efficacy usually relies on 2D monolayer cell systems. However, 

there is increasing evidence that this setting does not provide sufficient comparison to 

in vivo conditions as the cellular microenvironment has a pronounced effect on the 

response to treatment.234,235 Microfluidic 3D cell cultures have been proposed 

previously to study classical one-photon PDT efficacy but most of these systems rely 

on qualitative assessment of cell viability using live-dead staining.236,237 However, an 

in vitro platform for quantifying TPE-PDT efficiency using a hydrogel-based 

multicellular 3D cell culture has not been reported to date.  

The aim of this study is to introduce a pre-screening platform of TPE-PS using a 3D 

osteosarcoma model together with adipose tissue-derived stem cells (ASC/TERT). 

Three different TPE-PS were used for testing the system, a two-photon photoinitiator 

P2CK, a fluorescent dye Eosin Y, and a porphyrin (TPP) (Figure 47). The most 
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extensively studied photosensitizers are in fact porphyrins, which contain four pyrrole 

rings with side chains with an absorption maximum usually centred around 400 nm.238 

Eosin Y absorbs in the visible light region (490–650 nm) and has been proposed as a 

photosensitizer to inactivate bacteria biofilms using PDT.239 It has also been employed 

as a sensitizer for two-photon polymerization processes together with a co-initiator and 

an acrylate-based resin and for localized two-photon induced thiol-ene click 

reactions.240,241 P2CK, a water soluble benzylidene cycloketone-based two-photon 

photoinitiator, has been used for two-photon polymerization of hydrogels. However its 

use together with cells leads to poor cell survival and considerable phototoxicity in the 

concentration range (> 1 mM) required for the formation of stable hydrogel 

structures.53,72 On the other hand, when used as two-photon sensitizer for cleavage of 

photolabile hydrogels a much lower concentration is necessary (< 0.5 mM) that does 

not significantly harm cells outside of the focal volume.242 In order to optimize a working 

window for the proposed TPE-PS, the irradiation wavelengths should match the two-

photon absorption maximum of the used PS. The z-scan technique, introduced in 

1990, has become a standard method to characterize higher order nonlinearities such 

as two-photon absorption (2PA) cross sections.243 Using a motorized stage, a thin 

sample (sample length smaller than the Rayleigh length of the focused laser beam) is 

moved in and out of the focal plane of a laser beam along the z-axis.243,244 First, the 

2PA cross-sections of the compounds in a 720-1000 nm spectral range were 

established using an in-house developed automated z-scan setup. Afterwards, the 

cellular uptake of the TPE-PS were visualized using laser scanning confocal 

microscopy (LSM). The efficacy of the PS excited at their optimal wavelength was 

quantified via Presto Blue metabolic activity assay using a 3D model of osteosarcoma 

cells encapsulated in a gelatine-based hydrogel. Finally, to show the precision of the 

irradiation, ASC/TERT cells, co-cultured together with osteosarcoma (MG63) 

spheroids, were visualized after selective two-photon irradiation of spheroids only in 

the presence of the PS using LSM. 

 

3.3.2 Aim 

The aim of this study is to introduce a pre-screening platform of TPE-PS using a 3D 

osteosarcoma model together with adipose tissue-derived stem cells. Three different 
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TPE-PS were used for testing the system, a two-photon photoinitiator P2CK, a 

fluorescent dye Eosin Y, and a porphyrin (TPP) (Figure 47). The most extensively 

studied photosensitizers are in fact porphyrins, which contain four pyrrole rings with 

side chains with an absorption maximum usually centred around 400 nm.238 Eosin Y 

absorbs in the visible light region (490–650 nm) and has been proposed as a 

photosensitizer to inactivate bacteria biofilms using PDT.239 It has also been employed 

as a sensitizer for two-photon polymerization processes together with a co-initiator and 

an acrylate-based resin and for localized two-photon induced thiol-ene click 

reactions.240 P2CK, a water soluble benzylidene cycloketone-based two-photon 

photoinitiator, has been used for two-photon polymerization of hydrogels. However its 

use together with cells leads to poor cell survival and considerable phototoxicity in the 

concentration range (> 1 mM) required for the formation of stable hydrogel 

structures.53,72 On the other hand, when used as two-photon sensitizer for cleavage of 

photolabile hydrogels a much lower concentration is necessary (< 0.5 mM) that does 

not significantly harm cells outside of the focal volume.242 In order to optimize a working 

window for the proposed TPE-PS, the irradiation wavelengths should match the two-

photon absorption maximum of the used PS. The z-scan technique, introduced in 

1990, has become a standard method to characterize higher order nonlinearities such 

as two-photon absorption (2PA) cross sections.243 Using a motorized stage, a thin 

sample (sample length smaller than the Rayleigh length of the focused laser beam) is 

moved in and out of the focal plane of a laser beam along the z-axis.244 First, the 2PA 

cross-sections of the compounds in a 720-1000 nm spectral range were established 

using an in-house developed automated z-scan setup. Afterwards, the cellular uptake 

of the TPE-PS was visualized using laser scanning confocal microscopy (LSM). The 

efficacy of the PS excited at their optimal wavelength was quantified via Presto Blue 

metabolic activity assay using a 3D model of osteosarcoma cells encapsulated in a 

gelatine-based hydrogel. Finally, to show the precision of the irradiation, ASC/TERT 

cells, co-cultured together with osteosarcoma (MG63) spheroids, were visualized after 

selective two-photon irradiation of spheroids only in the presence of the PS using LSM. 
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Figure 47. Molecular structures of the investigated two-photon photosensitizers (TPE-PS) and 
reference compound cisplatin. 

3.3.3 Experimental  

All chemicals and cells were purchased from Sigma-Aldrich (Saint Louis, USA) unless 

stated otherwise. GraphPad Prism 6 was used for graphs. 

3.3.3.1 Spectral scanning of photosensitizers  

UV-VIS spectra were determined using a Perkin Elmer Lambda 750 spectrometer. Z-

scan measurements were performed on a home-built setup powered by a high power 

femtosecond laser oscillator (MaiTai DeepSee, Spectra Physics, Santa Clara, USA) 

with a tuning range of 690-1040 nm, a repetition rate of 80 MHz and a pulse duration 

of 70 fs.117 Using a motorized stage the transmitted signal at 25 positions along the 

focused beam is recorded. A beam chopper with 90 Hz rotation frequency and an on-

time of 78 µs reduces the exposure time of the sample to prevent thermo-optical effects 

caused by the high repetition rate of the laser.245 Each z-scan setting was measured 

in triplicate. Stock solutions of P2CK (10 mM), Eosin Y (3 mM), and cisplatin (1 mM) 

were prepared by dissolving the respective PS in PBS, while 5,10,15,20-Tetrakis(4-

hydroxyphenyl)-21H,23H-porphine (TPP) was dissolved in DMSO at a concentration 

of 10 mM. For each material four different laser powers were used to verify that heat 
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accumulation caused by the high repetition rate of the laser did not affect the measured 

2PA behaviour. 

 

3.3.3.2 Two-photon irradiation setup  

The above mentioned setup was used throughout the TPE-PDT experiments with two 

different objectives (C-Achroplan 10x/0.3NA, and 2.5x/0.085NA, ZEISS).53 

The peak intensity (Ipeak) of the laser for a sech2 shaped pulse is calculated by 

Equation 4. 

Full width half maximum (FWHM) of the volumetric pixel (voxel) for the different 

objectives and wavelengths were calculated by the following equations (5) and (6) and 

the results can be found in (Table 3);166  

             

 

Table 3. Full width half maximum (FWHM) and the resulting volume of the voxel for the different 
objectives used in this study. 

Objective Wavelength 

[nm] 

FWHMx,y 

[µm] 

FWHMz 

[µm] 

Volume 

[µm3] 

10x, 0.3 NA 720 0.9 13.2 18.9 

Precision 850 1 15.5 31.1 

 960 1.2 17.5 44.8 

2.5x, 0.085 NA 720 3.2 165.9 2672.6 

High-

Throughput 

850 3.8 195.8 4397.4 

 960 4.3 221.2 6335.2 

 

 

3.3.3.3 Cell culture  

mCherry-labelled MG63 osteosarcoma cells, and GFP-labelled adipose-derived stem 

cells (ASC/TERT1) (Evercyte, Vienna, Austria) were maintained at 37 °C and 5% CO2 

in an incubator. The transfection of the cells is described elsewhere.118 The 

osteosarcoma cells were cultivated in DMEM high glucose media supplemented with 

10% FCS, and 1% penicillin-streptomycin and the adipose tissue-derived stem cells 
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were cultured in EGM-2 (Lonza, Walkerville, MD, USA) supplemented with 10% FCS. 

The cells were detached using 0.5% trypsin-EDTA solution and centrifuged at 

170 relative centrifugal force (RCF) for 5 min. Afterwards, cells were re-suspended in 

the corresponding media and reseeded in T75 cell culture flasks (VWR, Radnor, PA, 

USA).  

 

3.3.3.4 Gelatin-norbornene synthesis 

Gelatin-norbornene with a degree of substitution (DS) of 90% was synthesized 

according to a previously reported protocol.246  

 

3.3.3.5 Cell viability assay 

10 wt% gelatine-norbornene (GelNB, DS = 90%) stock solution was prepared in PBS. 

MG63 cells were trypsinized and resuspended in cell culture media (3 million cells mL-

1) to achieve a final concentration of 5 wt% GelNB. Next, dithiothreitol in a 1:1 thiol-ene 

ratio (10 mM) and 0.15 mM Li-TPO-L was added.[40] The optimal cell number for 

encapsulation was chosen to be 3 million per mL based on a preliminary experiment 

(Figure 48). 15 µL of the hydrogel-cell suspension was added to each well of a glass 

bottom 384-well plate (Greiner Bio-One, Kremsmünster, Germany). Encapsulation was 

performed by 1 Joule UV-irradiation (368 nm) (Boekel UV Crosslinker, Boekel 

Industries, Feasterville, USA).113 In order to establish a working concentration for the 

PS, different concentrations of PS were added and were incubated for 4 h. TPP was 

dissolved in DMSO at a concentration of 1 mg mL-1 and diluted to the required 

concentration using cell culture media. The DMSO concentration never exceeded 

0.1% of the media. Afterwards, the samples were washed and incubated for 2 days to 

remove any residual PS. Presto Blue metabolic assay was used according to the 

protocol provided by the manufacturer (Invitrogen, Carlsbad, USA). The emission at 

590 nm was recorded at an excitation wavelength of 560 nm using a plate reader 

(BioTek Synergy H1, Winooski, USA). Afterwards, the efficacy of the light treatment 

was established. The highest non-toxic concentration of the PS was established to be 

0.6 µM for TPP, 0.5 mM for P2CK and 0.25 mM for Eosin Y. MG63 cells were 

encapsulated in the previously described manner and incubated with the PS for 4 h 

before they were two-photon irradiated at the respective optimal wavelength, 720 nm 
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for TPP, 850 nm to P2CK using a 2.5x objective, with applied peak intensity of 

550 GW cm-2 and a laser writing speed of 4 m s-1. Afterwards, the wells were washed 

and the Presto Blue assay was performed. Due to the low two-photon absorption of 

Eosin Y and the hence insufficient output of the laser system used at 960 nm, Eosin Y 

was only used for cancer spheroid experiments.  

 

Figure 48. Calibration of cell numbers for the Presto Blue assay using the 384-well glass bottom 
plate. 

 

 

3.3.3.6 Cellular uptake of photosensitizers   

MG63 cells were seeded in a 96-well plate (5000 cells per well) and incubated 

overnight. The next day, solutions of the photosensitizers were added at 

concentrations of 0.5 mM P2CK, 0.25 mM Eosin Y, and 0.6 µM TPP. The cells were 

incubated for 4 h before laser scanning microscopy (LSM, LSM 700, Carl-Zeiss, 

Oberkochen, Germany) images were taken using a 32x water-immersion objective 

(32x, 0.85 NA, ZEISS, using an excitation wavelength of 555 nm for P2CK and 488 nm 

for TPP and Eosin Y.   

 

3.3.3.7 Cell spheroid imaging  

In order to visualize that TPE-PDT can be restricted to the two-photon irradiated 

volume, MG63 spheroids co-cultured together with adipose-derived stem cells were 

used. Spheroids were produced using microtissue-molds according to a protocol 

described elsewhere.43 24 h after spheroids had formed, they were encapsulated 
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together with 1 million mL-1 concentration of ASC/TERT-GFP cells in 5 wt% GelNB 

prepared following the above-mentioned protocol. The cell containing hydrogels were 

incubated overnight and then imaged using LSM. Afterwards, different concentrations 

of PS were added for 4 h and then spheroids were irradiated through a 10x objective 

using a peak intensity of 700 GW cm-2. After PDT treatment, the hydrogel constructs 

were washed and then incubated for 2 days before LSM images were taken. As a 

positive control, 30 µM cisplatin was incubated with cells for 48 h before cells were 

imaged using LSM. 

3.3.4 Results and Discussion  

In order to establish an optimal wavelength for TPE-PDT, the absorption spectrum for 

the different PS has to be determined. To this end, the two-photon absorption spectra 

were generated by z-scan measurements. Since the linear UV/VIS absorption 

maximum of Eosin Y was at 506 nm, the 2PA absorption region was estimated to be 

around 1000 nm (Figure 49a). Although, the z-scan assay did yield a change in signal 

at the focus at 1000 nm, this change was within the noise range of the set up and 

therefore did not allow reliable extraction of a two-photon absorption cross section 

(σ2PA). To overcome this limitation, the Eosin Y concentration was increased to 3 mM 

for further measurements. These measurements indicated an optimal two-photon 

absorption window for Eosin Y at around 960-1000 nm. For cisplatin, a concentration 

of 1 mM in PBS was sufficient to measure the nonlinear absorption. While both 

compounds exhibited nonlinear absorption behaviour, their 2PA were relatively low i.e. 

below 100 Göppert-Mayer (GM, 1 GM= 10-50 cm4s photon-1 molecule-1).247,248 The z-

scan analysis of a 10 mM P2CK solution in PBS revealed an increase in σ2PA towards 

700 nm, as well as a local absorption maximum at 850 nm (405 GM). Z-scan 

measurements of TPP were performed using a 10 mM solution in DMSO. The results 

for TPP showed a 2PA cross section of 112 GM at 860 nm which decreased to 34 GM 

at 980 nm. At 1000 nm the signal drop was below the detection limit. The 2PA cross 

section increased drastically towards 700 nm where the extracted 2PA cross section 

was in the range of a several thousand GM (Figure 49b). Due to this high σ2PA a 

concentration study was carried out (Figure 50). This was performed to test, if a 

variation in concentration affects the 2PA behaviour. Therefore, three additional 

concentrations of TPP in DMSO (0.5, 1 and 2 mM) were selected. Even at 0.5 mM the 
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signal drop at 700 nm was still 17%, exhibiting significantly higher 2PA activity than the 

other screened substances, which is due to the larger conjugated 𝜋-system of TPP. 

 

Figure 49. One-photon and two-photon absorption spectra of the investigated compounds. (a) 
UV/VIS absorption spectra. The molar absorptivity coefficient (ε) was calculated for the different 
substances. TPP showed the highest absorptivity with an absorption maximum at the around 420 
nm (λmax = 421 nm, ελmax = 1.4*105 nml*mol-1*cm-1). P2CK and Eosin Y had their λmax = 506 nm, ελmax 
= 4.8*104 nml*mol-1*cm-1, and λmax = 517 nm, ελmax = 3.9*104 nml*mol-1*cm-1, respectively. Cisplatin 
had the lowest absorption. (λmax = 300 nm, ελmax = 120 nml*mol-1*cm-1) (b) 2PA spectra of the 
photosensitizers. The two-photon absorption maximum of TPP can be found at 720 nm (σ2PA = 8865 
GM), that of P2CK at 850 nm (σ2PA = 405 GM), Eosin Y has its maximum at 980 nm (σ2PA = 62 GM) 
and cisplatin has its highest σ2PA at 1000 nm (σ2PA = 25 GM). 
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Figure 50. Concentration dependence of qo value to the concentration of TPP. 

 

For the in vitro 3D TPE-PDT experiments, MG63 osteosarcoma cells were 

encapsulated in 5 wt% gelatine-norbornene (Gel-NB) hydrogel supplemented with a 

dithiothreitol (DTT) crosslinker in an equimolar thiol-ene ratio and UV-photoinitiator Li-

TPO-L (0.15 mM) in a glass bottom 384-well plate using UV-induced photo-

polymerization. To establish the biocompatible concentration for each PS, Eosin Y and 

P2CK were dissolved in cell culture media. TPP was dissolved in DMSO at a 

concentration of 1 mg mL-1 and was further diluted in cell culture media, not to exceed 

0.1 % DMSO of the total volume. Different concentrations of the PS were added to the 

wells and incubated for 4 h. The dark cytotoxicity of PS was established by Presto Blue 

metabolic assay, which is based on a resazurin-based solution that is cell permeable 

and can be reduced inside the mitochondria of living cells. The fluorescent reaction 

product can be detected and quantified by a spectrometer/plate reader. The highest 

possible biocompatible concentration was used for the later experiments, highlighted 

in (Figure 51). P2CK was tolerated by the cells up to 0.5 mM, which was the highest 

among the substances, followed by Eosin Y with 0.25 mM whereas TPP was non-toxic 

in dark conditions up to 0.6 µM. 

 



Agnes Dobos  Applications                        

126 
 

 

Figure 51. Dark toxicity of investigated PS. Encapsulated MG63 osteosarcoma cells were incubated 
with solutions of the PS in media for 4 h in the dark. Afterwards, the samples were washed and 
incubated for 2 days. Presto Blue metabolic assay was performed to quantify the viability of the 
cells. The highest acceptable concentration of PS was then used for the PDT experiments, 0.3 µM 
TPP, 0.25 mM Eosin Y and 0.5 mM P2CK, respectively. The statistical significance was addressed 
by one-way ANOVA with Bonferroni post-test, with **** p < 0.0001, ***p < 0.001, *p < 0.05 (n=6) 

 

Besides the 2PA spectra of the substances, which is vital to establish the optimal 

working window, also the localization of the PS is of crucial importance. Since most PS 

are fluorescent, a confocal laser scanning microscope (LSM) can be used to determine 

their accumulation. The PS were incubated with MG63 osteosarcoma cells using a 2D 

monolayer culture to monitor the cellular uptake. Eosin Y did not enter the cell 

membrane, while both TPP and P2CK can be traced within the cells (Figure 52). These 

results suggest that Eosin Y might not work efficiently as a PDT agent. On the other 

hand, both P2CK and TPP show high potential for TPE-PDT based on their 

accumulation inside the cells in combination with their higher σ2PA at relevant 

wavelengths.  
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Figure 52. Accumulation of PS in the cells. MG63 cells were incubated with the substances for 4 h 
prior to imaging with a confocal laser scanning microscope. TPP and P2CK both accumulated in 
the cells, while Eosin Y stayed mainly in the surrounding media. Concentrations of 0.5 mM P2CK, 
0.25 mM Eosin Y, and 0.6 µM TPP were used for the localization experiments. 

 

Once the biocompatible concentrations of the TPE-PS were established for dark 

conditions, MG63 cells, encapsulated in Gel-NB hydrogel using the previously 

described procedure, were exposed to laser irradiation in presence or absence of the 

TPE-PS. Each well was irradiated for 10 min using a peak intensity of 550 GW cm-1 at 

respective wavelengths. Due to the low output of the laser in case of longer 

wavelengths (960 nm), only TPP and P2CK were used for quantitative assessment of 

the phototoxicity caused by irradiation. The wells were irradiated using a 2.5x objective 

with a NA of 0.085. Therefore, the volumetric pixel (voxel) is expected to be over 100-

fold larger than in the case of the 10x objective, enabling a very high scanning speed 

of 4 m s-1 and the exposure of the whole well at the same time (Table 3). This permits 

the simple comparison of different compounds using Presto Blue Assay, rendering the 

high throughput screening possible. Control wells which were only treated with 720 nm 

and 850 nm laser light in the absence of PS did not differ in cell viability compared to 

the non-irradiated controls, but both 0.5 mM P2CK and 0.6 µM TPP exhibited 

significant phototoxicity on the cancer cells, leading to a viability of 27% and 15%, 

respectively (Figure 53). In case of P2CK this could be translated to a 65% and for 

TPP a 75% decrease in cell viability upon irradiation with their optimal wavelengths 

when compared to the dark conditions. 
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Figure 53. Phototoxicity of PS. The control sample was not irradiated, while the TPP sample was 
irradiated with 720 nm and the P2CK sample with 850 nm laser with a peak intensity of 550 GW cm-
2 and a scanning speed of 4 m s-1. Irradiation time per well was 10 min. The statistical significance 
was addressed by one-way ANOVA with Bonferroni post-test, with **** p < 0.0001.  

 

One of the main advantages that TPE-PDT has to offer in comparison to conventional 

PDT is that the cellular damage can be reduced to the highly localized irradiated region, 

while conventional PDT can cause cell death in the surrounding tissue as well. The 

precision of the irradiation is dependent on the spot size of the laser, which is reliant 

on the numerical aperture of the objective. As a result, the irradiated volume can be 

kept relatively small when using a 10x objective with 0.3 NA (Table 3). As a proof of 

principle of the high spatiotemporal control, mCherry labelled MG63 spheroids (red) 

were encapsulated in a single cell suspension of GFP-labelled ASC/TERT cells 

(green). Only the spheroids were irradiated in the presence of the respective PS. As 

the cells are already fluorescently labelled, no additional live-dead staining was 

required to address the cell viability. If the cellular damage is caused by TPE-PDT the 

damage will only appear in the irradiated regions, and if the interaction is mediated by 

one-photon absorption, the surrounding green cells will be impaired as well. The 

controls irradiated with 720 nm, 850 nm and 960 nm with a peak intensity of 700 GW 

cm-2 showed no negative effect on cell viability (Figure 54). 0.25 mM Eosin Y irradiated 

at 960 nm also did not affect the cell viability. The green halo around the spheroids in 

the Eosin Y sample is probably a result from localized Eosin Y grafting into the hydrogel 

upon irradiation. The low efficiency of Eosin Y can be explained by its low cellular 
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uptake (Figure 52) and its low two-photon absorption in the spectral region accessible 

by the setup. Our study demonstrates that Eosin Y can be used in the presence of cells 

without significantly harming them. P2CK (0.5 mM) on the other hand causes 

substantial damage to the MG63 cell spheroid, both at 720 nm and 850 nm, as it has 

a relatively high σ2PA at both these wavelengths (i.e. 292 GM and 405 GM respectively). 

At 960 nm, where its σ2PA (66 GM) is low, the spheroids remained intact. In the 

presence of TPP, MG63 spheroids were completely eliminated at 720 nm where TPP 

has a σ2PA as high as 8865 GM, while no significant damage was caused at the higher 

wavelengths at which the σ2PA of TPP was below 100 GM (Figure 55). When compared 

to a common chemotherapeutic agent, cisplatin, the cell damage could be successfully 

restricted to the irradiated regions (Figure 56), demonstrating the benefit of TPE-PDT 

in terms of localized targeted treatment. 

 

 

Figure 54. Cell viability before and after irradiation with different wavelengths (720 nm, 850 nm and 
960 nm). None of the applied wavelengths caused cell damage. 
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Figure 55. TPE-PDT treatment of mCherry MG63 spheroids (red) surrounded with ASC-GFP single 
cells (green). The before pictures were taken right after encapsulation of the cells. The irradiations 
of the samples were performed using different wavelengths of laser light. The region of irradiation 
was concentrated to the spheroids. One spheroid (⌀⌀ 200 µm) was irradiated for 3 min using a peak 
intensity of 700 GW cm2. The after photos were taken 48 h after treatment. Choosing the optimum 
wavelength of TPE-PS can increase the performance of the substances drastically. Eosin Y, even 
when it was irradiated at the optimal wavelength (960 nm and 58 GM) did not cause damage to cells. 
P2CK on the other hand caused damage both at 720 nm and 850 nm (296 GM and 405 GM, 
respectively). TPP eliminated the cancer cells completely when used at 720 nm (8865 GM) but not 
when it was irradiated with longer wavelengths, where its absorption is much lower (approximately 
140 GM at 850 nm). 

 

Figure 56. Cell viability after treatment with 30 µM cisplatin. Cisplatin affects both the viability of 
the ASC and MG63 cells. 
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3.3.5 Conclusion 

In this study we presented a systematic in vitro screening platform for TPE-PS. The 

automated z-scan setup enabled the determination of the two-photon absorption 

spectra of the TPE-PS investigated, providing indications about the optimal working 

window for each compound. Our results also demonstrated that the localization and 

the σ2PA of TPE-PS is of crucial importance for the PDT efficacy. Additionally, TPE-

PDT efficacy was quantified using a 3D model via Presto Blue metabolic assay, 

showing a significant reduction in cell viability after 2P irradiation in the presence of 

both P2CK and TPP. We were able to demonstrate the spatiotemporal control of TPE-

PS using a 3D co-culture tumour model. The precision of TPE-PDT was evaluated by 

irradiating exclusively the osteosarcoma cells. In contrast to the use of cisplatin no 

collateral damage to non-irradiated regions was observed. Our pre-screening 

approach enables high throughput profiling of TPE-PS, thereby allowing the 

comprehensive analysis of PS efficacy in vitro. 
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3.4 T-cell Activation in 3D microenvironments  
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3.4.1 Introduction 

T-cell activation plays a crucial role in adaptive immunity. Antigen presenting cells 

(APCs) present peculiar peptide bound to major histocompatibility complexes (pMHC) 

to which T-cells can bind to via their specific T-cell antigen receptors (TCRs), which in 

turn it recruits other molecules to initiate a signalling cascade. Apart from TCR-pMHC 

interactions, other molecules are required for the activation, for example co-receptors 

CD4/8 (facilitates the recognition process) and co-stimulatory molecule engagements 

of LFA-1, CD28, CTLA-4, CD2, CD45.249,250 T-cell activation processes, including 

immunological synapse formation, cellular polarization, receptor sequestration and 

signalling are regulated by the cytoskeleton motility. The supra-molecular activation 

complexes (SMAC) contain of a central region (cSMAC) which shows high density of 

TCRs and its downstream effector protein kinase C (PKC-θ) and a peripheral region 

(pSMAC) where the adhesion predominantly appears. Once a T-cell is activated, 

surface molecules from all over are recruited and transported to the nascent 

immunological synapse. A similar transport concerning lipid drafts was observed as  

TCR engagements also promote aggregation of lipid rafts which in turn facilitate 

interactions with signalling proteins, such as LAT, ZAP70 and Lck.251 Spatial 

organization plays an important role in cell signalling and co-stimulation of T-cell 

activation. It has been showed that T-cells are sensitive to microscale separation of T-

cell receptors C3 and CD28 and to the mechanical stiffness of stimulatory substrate 

presenting ligands to these.252  

Most of the studies concerning T-cell antigen recognition and kinetics were mainly 

performed on 2D systems, such as Förster resonance energy transfer microscopy 

(FRET) and single-molecule mechanical assays.249 2PP is a powerful tool to fabricate 

high resolution 3D structures and by using a photosensitive sol-gel hybrid material, 

high optical quality, and good mechanical and chemical stability can be achieved. One 

of the materials that had been tested successfully for 2PP applications is a 

zirconium/silicon composite (MAPTMS:ZPO) which shows minimal shrinkage upon 

structuring and possesses glass-like properties.253  

3.4.2 Aim 

The aim of this project was to find a suitable material which has the capacity to non-

specifically absorb antibodies and proteins while having low auto-fluorescence thereby 
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allowing the imaging of the labelled antibodies. After establishing the material 

processing, the aim was to create microstructures with well-defined parameters and 

absorb antibodies on the surface and study T-cell activation upon different stimuli. 

3.4.3 Experimental  

3.4.3.1 Surface Coating 

Glass cover slides were plasma treated and were methacrylated prior to the coating. 

Undiluted OrmoComp was used to create an approximately 10 µM thick coating was 

illuminated for 5 min under UV irradiation at 365 nm. Afterwards the surface was 

washed with the developer solution (1 :1 solution of 4-methyl-2-penthanone and 2-

propanol) and was dried before the addition of Mix&Go reagent (Anteo) for 30 min. 

Finally, the surface was washed and was incubated with a mixture of goat anti-mouse 

IgG-AlexaFlour647 and GFP Tag Polyclonal antibody AlexaFlour555 (1:1000) for one 

hour, and pictures were recorded using LSM with 63x oil immersion objective.  

3.4.3.2 Mitochondria Staining  

The mitochondria staining was performed with MitoBeacon Orange (GeneCopoeia) 

according to the manufacturer’s protocol. Different concentrations ranging from 31 nm 

to 500 nM was tested.  

3.4.3.3 Live-Actin Staining 

AS a live actin stain, LifeAct (Ibidi) was used according to the manufacturer’s protocol. 

For transfection via membrane fusion Fuse-It-P (Ibidi) was used.  

3.4.3.4 Microplate Structuring  

The microplates were printed using the following parameters; 800 nm structuring 

wavelength, a 100 mm s-1 writing speed, 50 mW laser power, hatch and layer spacing 

of 0.5 µm using a 10x 0.3 NA objective. In preparation for calcium microscopy the 

microplates were treated with Mix&Go. Antibodies CD3, CD28, a 1:1 mixture and as a 

control fibronectin, each applied for 30 min.  

3.4.3.5 Calcium Imaging  

Fura-2 dye was used for the ratiometric calcium imaging. The dye is excited by 

alternating at 340 nm and 380 nm and the emitting signals at 510 nm were recorded 

for 1000 frames per each wavelength. The data was analysed with Image-J by 
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calculating the ratio of each pixel of two consecutive pictures. Afterwards, the images 

were overlaid. 

3.4.3.6 Results and Discussion  

Several different materials were tested as coating for antibody absorption, including 

PEGDMA (low absorbance), zirconium hybrid with 4’4-bis photoinitiator (high auto-

fluorescence) and ETA/TTA (low adhesion onto methacrylated glass). OrmoComp 

hybrid polymer was proposed as a material structuring due to its glass like properties 

and low auto-fluorescence (Table 4).  The results show that the plasma treatment 

improved the uniform distribution of antibodies when compared to methacrylated glass, 

and the OrmoComp material showed a less homogenous non-specific absorption, 

which could possibly be improved by plasma treatment of the material after UV-

polymerization (Figure 57).  

 

Table 4. OrmoComp parameters obtained from the manufacturer`s website.  

Parameter OrmoComp® 

Viscosity 2 ± 0.5 Pa•s 

Resolution Down to 100 nm feature sizes 

Thermal stability Up to 270 °C (short term) 

Volume shrinkage 5 – 7 % 

Refractive index (589 nm, cured) 1.520 

Replication with PDMS molds 
(no oxygen sensitivity) Yes 

Shelf-life 6 months 

Solvent-free Yes, ready-to-use solutions 

 

 



Agnes Dobos  Applications                        

136 
 

 

 

Figure 57. (First row) Methacrylated glass without plasma treatment samples showing non uniform 
distribution of the antibodies. (Second row) Plasma treated methacrylated glass shows uniform 
distribution of antibodies. (Third row) OrmComp material absorbs antibodies similarly to control, 
although less uniform.  

 

Jurkat immortalized T-lymphocyte cells (provided by the Biophysics group, TU Wien) 

were used throughout the experiments, and four different sized chambers will be 
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printed and tested; 10x10 µm, 15x15 µm, 20x20 µm, and 30x30 µm. The wall between 

the chambers were set as 5 µm, and one plate consisted of 25 chambers (Figure 58). 

OrmoComp material can be used directly in 2PP system without additional 

photoinitiator. First, the 30x30 µm were printed and the above-mentioned antibodies 

were incubated after the application of Mix&Go reagent, and the structures were 

visualized using LSM. Although the absorption was not fully uniform, it could be 

improved via longer incubation and by applying gentle shaking (Figure 59).   

  

Figure 58. CAD picture of the designed microplates. 

 

 

Figure 59. LSM pictures of the microplates visualized by the absorption of the antibodies.  

 

Afterwards, GFP-Jurkat cells were used to determine the desired dimensionality of the 

microplates. After the printing and development of the microplates suspension Jurkat 

cells (1 million/mL) were added onto the surface for 15 min to sink to the bottom before 
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imaging (Figure 60). Based on uniform cell distribution a well size around 15 µm is 

optimal (Figure 61).  
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Figure 60. Jurkat cells seeded in the microplate. The most single cells/plate were archived with the 
15 μm well sized microplate. The 20 and 30 μm lead to multiple cells/well, while the 10 μm was too 
small for the cells to sediment down.  

 

Figure 61. Number of individual Jurkat cells/microwell. 15 μm pores proved to be the most useful 
for the entrapping of single cells.  

In order to study the activation of Jurkat cells, three different conditions were applied, 

one with fibronectin coating (adhesion, but no activation), CD28 and CD3 and the 

combination of the two. The previously prepared microwells were coated with the 

antibodies using the previously mentioned protocol and cells were recorded using Ca2+ 

setup. For the ratiometric calcium imaging a glass cover slide was used as a 2D 

control. A qualitative analysis of 1000 frames (Figure 62a-d) showed the expected 

results  with the highest level of activation with the combination of co-stimulatory CD28 
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and CD3, high activation with CD3, while CD28 alone and fibronectin did not induce 

the activation of Jurkat cells. The 3D experiments (Figure 62e-f) exhibits similar patters 

similar results, but the background signal was increased compared to the 2D control, 

possibly due to insufficient washing during sample preparation. 

 

 

Figure 62. Calcium Imaging of glass (top row, a: CD3 and CD28, b: CD3 alone, c: CD28 alone, and 
d: Fibronectin) and 3D substrate (bottom row, e: CD3 and CD28, f: CD3 alone, g: CD28 alone, and 
h: Fibronectin).  

 

Mitochondria and actin staining were tested on Jurkat cells as well. Different 

concentrations of mitochondria staining were applied. The best signal was achieved 

with 62 nM and 125 nM of staining solution (Figure 63). Higher concentration of the 

staining led to the staining of the whole cells not only the mitochondria (e.g. 500 nM). 

However, the live actin staining showed weak signal which faded completely within the 

course of the experiment. 

e)                               f)                             g)          h) 

a)                               b)                             c)          d) 
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Figure 63. MitoBeacon staining of mitochondria using 62 nM (left) or 500 nM staining solution  in 
Jurkat cells.   

3.4.4 Conclusion  

OrmoComp material showed good processability and optical properties for microplate 

structuring. It also showed non-specific absorption properties that was similar to glass. 

Furthermore, Jurkat cells showed similar activation pattern compared to 2D glass 

surfaces, however for quantitative analysis an improvement of the applied cell 

preparation protocol has to be implemented. The mitochondria staining of the Jurkat 

cells was successful but an actin staining that meets the requirements of the 

experiment has to be established.  
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4 Conclusion  
Throughout this PhD project we were able to successfully demonstrate the possibility 

to use 2PP for direct embedding of cells into bioinks and could be employed for the 

production of 3D cell-based applications. We have developed different bioink 

compositions using a novel biocompatible diazosulfonate photoinitiator DAS. The 

possible concentrations for biofabrication were optimized together with different gelatin 

derivates including chain-growth hydrogels such as GelMOD and step-growth 

polymers as GelNB and GelNB-GelSH. The use of step growth hydrogels with DAS 

enabled high-definition bioprinting. Due to the ideal behaviour and associated fast 

crosslinking kinetics of this material, a wide range of processing parameters (laser 

power and writing speed) is supported without a strong variation the mechanical 

properties of the produced hydrogels. Different properties of the material such as 

degradation rate, swelling and stiffness can be fine-tuned by varying the applied laser 

power. Compared to scaffold seeding a more uniform cell loading and higher cell 

densities can be achieved via high definition bioprinting regardless the pore size.  

We have also demonstrated the capacity of gel-NB-gel-SH thiol-ene photo-click 

hydrogels to support endothelial cell adhesion and proliferation both in a single cell 

suspension and spheroid culture via UV encapsulation. We used this bioink 

composition to improve both the accuracy and the throughput of the printing process. 

The spherical aberrations caused by the refractive index mismatch and the focusing 

depth was modelled by a custom-made algorithm, and the effect of the voxel 

compensation was demonstrated. Additionally, the two different printing modes, the 

top-down and bottom-up approach were compared to further optimize the resolution of 

high structures. The capacity of 2PP to create vascular structures within a microfluidic 

chip was tested with two different settings, first as a one-pot method, including both 

the supporting cells and the endothelial cell spheroids in the bioink, and as a supporting 

cell scaffold barrier to drop-seed the HUVECs spheroids after developing the 

structures.  

We have also demonstrated the application of 2PP for bioprinting of a GBM-on-chip. A 

medical grade biocompatible pressure sensitive double-sided tape was used instead 
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of PDMS to produce the mold which can be mounted on high precision glass slide to 

enable the direct HD bioprinting of the membrane and the optical imaging of the 

channels. Both the endothelial cells and astrocytes cells showed good viability and 

monolayer formation after 2 day of seeding, and the embedded pericytes maintained 

their cell viability after embedding in the bioink. The membrane was characterized by 

the diffusion of different sized molecules across the membrane and it showed a size 

dependent perfusion rate of the different fluorescent substances. When the membrane 

was seeded with cells the diffusion rates decreased in all cases. This GBM construct 

could enable the screening of possible drugs and therapeutics and their transport 

through the BBB in order to improve the currently available treatment option and 

delivery strategies and gain more understanding in the disease progression.  

During this PhD project we also presented a systematic in vitro screening platform for 

TPE-PS. The automated z-scan setup enabled the determination of the two-photon 

absorption spectra of the TPE-PS investigated, providing indications about the optimal 

working window for each compound. The precision of TPE-PDT was evaluated by 

irradiating exclusively the osteosarcoma cells. In contrast to the use of cisplatin no 

collateral damage to non-irradiated regions was observed. Our pre-screening 

approach enables high throughput profiling of TPE-PS, thereby allowing the 

comprehensive analysis of PS efficacy in vitro. 
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