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PREFACE 

This doctoral thesis accomplishes the qualifications for the Ph.D. degree set by the Technical 

University of Denmark. All work presented here was performed while working as an industrial Ph.D. 

student at Felixrobotics B.V. and in the Bioanalytics group led by Jenny Emnéus at the Department of 

Biotechnology and Biomedicine (DTU Bioengineering) from October 2017 to March 2021. 

The European Union Horizon 2020 Program (H2020-MSCA-ITN-2016) under the Marie Skłodowska-

Curie Innovative Training Network and Grant Agreement No.722779 has funded this project. 

During my Ph.D. study, Jenny Emnéus and Arto Heiskanen from DTU Bioengineering and Guillaume 

Feliksdal from Felixrobotics B.V. supervised me. 
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Dünyada her şey için; uygarlık için, hayat için, başarı için en hakiki mürşit ilimdir; fendir. İlim 

ve fennin dışında rehber aramak dikkatsizliktir, bilgisizliktir, yanlışlıktır. 

- Mustafa Kemal ATATÜRK 

 

 

 

Science is the supreme guide for civilization, for life, for success. Seeking a guide outside of 

science is carelessness, ignorance, and mistake. 

- Mustafa Kemal ATATÜRK 
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ABSTRACT 

Various systems have recently been developed to mimic the native morphologies and characteristics 

of tissues into three-dimensional (3D)-based tissue engineering systems using 3D biofabrication 

methods. These methods can be used for patterning materials with high fidelity and precision by fine-

tuning physical geometries, mechanical features, and locating cellular cues. Moreover, they enable 

the creation of new biomaterial interfaces that better replicate complex tissues by precise control of 

the 3D positioning of cells.  

This dissertation aimed to investigate biomaterials that can be applied in biofabrication using 3D 

printing principles to create 3D scaffolds for application as neural interfaces. Within this frame, the 

Felix BIOprinter with two print heads was developed as a commercialized product with a high degree 

of modularity to enable easy exchange of print head units. The BIOprinter was designed with 

extrusion-based print heads, having heating/cooling on both the print heads and the bioprinter build 

plate, and a UV curing unit, which enables its use for a wide range of 3D printing applications. One of 

the Felix BIOprinter prototypes was used to fabricate polycaprolactone (PCL) scaffolds for culturing 

brain organoids. The engineered flat brain organoid (efBO) protocol demonstrated a shapeshift from 

normal spherical to flat brain organoids. By tuning the size and pattern of the scaffold, the common 

necrotic tissue core problem was solved, enabling the diffusion of oxygen and nutrients to the whole 

tissue, and moreover led to intrinsic gyrification, which is reported in brain organoids for the first time. 

After the commercialization of the Felix BIOprinter, it was used for embedded free-form 3D printing 

of SU8-derived pyrolytic carbon scaffold for application as a neuron-electrode interface. First, the 

ability to free-form 3D print SU8 photoresist in different granular gel mediums was investigated. Then, 

the optimized printing parameters were used for the 3D printing of SU8 with its subsequent pyrolysis 

to produce 3D pyrolytic carbon electrode scaffolds. The physical characterization showed that micro 

flower-like structures were formed on the surface of the carbon scaffold. The scaffold electrodes were 

tested electrochemically and further used as a support for differentiation of human neural stem cells 

into dopaminergic neurons, which subsequently were stimulated chemically and optically to see if the 

dopamine released from exocytosis could be detected electrochemically by the carbon scaffold 

electrodes. 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

ABSTRACT (DANISH) 

Forskellige systemer er for nylig blevet udviklet til at efterligne de native morfologier og egenskaber 

ved væv til tredimensionelle (3D) -baserede vævstekniske systemer ved hjælp af 3D-

biofabrikationsmetoder. Disse metoder kan bruges til mønstring af materialer med høj troskab og 

præcision ved finjustering af fysiske geometrier, mekaniske træk og lokalisering af cellulære signaler. 

Desuden muliggør de oprettelsen af nye biomateriale grænseflader, der bedre replikerer komplekse 

væv ved præcis kontrol af 3D-positionering af celler. 

Denne afhandling havde til formål at undersøge biomaterialer, der kan anvendes i biofabrikation ved 

hjælp af 3D-udskrivningsprincipper for at skabe 3D stilladser til anvendelse som neurale grænseflader. 

Inden for denne ramme blev Felix BIOprinter med to printhoveder udviklet som et kommercielt 

produkt med en høj grad af modularitet for at muliggøre let udskiftning af printhovedenheder. 

BIOprinter blev designet med ekstruderingsbaserede printhoveder med opvarmning / afkøling på 

både printhovederne og bioprinter-byggepladen og en UV-hærdningsenhed, der gør det muligt at 

bruge det til en lang række 3D-printapplikationer. En af Felix BIOprinter-prototyper blev brugt til at 

fremstille polycaprolacton (PCL) stilladser til dyrkning af hjerneorganoider. Den konstruerede protokol 

med flad hjerneorganoid (efBO) demonstrerede en shapeshift fra normale sfæriske til flade 

hjerneorganoider. Ved at indstille stilladsets størrelse og mønster blev det fælles nekrotiske 

vævskerneproblem løst, hvilket muliggjorde diffusion af ilt og næringsstoffer til hele vævet og førte 

desuden til iboende gyrifikation, som rapporteres i hjerneorganoider for første gang. Efter 

kommercialiseringen af Felix BIOprinter blev den brugt til indlejret 3D-udskrivning i fri form af SU8-

afledt pyrolytisk carbonstillads til anvendelse som en neuron-elektrode-grænseflade. Først blev evnen 

til at forme 3D-print SU8 fotoresist i forskellige granulære gelmedier undersøgt. Derefter blev de 

optimerede udskrivningsparametre brugt til 3D-udskrivning af SU8 med dens efterfølgende pyrolyse 

til fremstilling af 3D pyrolytiske carbonelektrodestilladser. Den fysiske karakterisering viste, at 

mikroblomstlignende strukturer blev dannet på overfladen af carbonstilladset. Stilladselektroderne 

blev testet elektrokemisk og blev yderligere anvendt som understøtning til differentiering af humane 

neurale stamceller til dopaminerge neuroner, som efterfølgende blev stimuleret kemisk og optisk for 

at se, om dopaminen frigivet fra exocytose kunne påvises elektrokemisk af kulstilladselektroderne. 
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Chapter 1 

INTRODUCTION 

1.1 Motivation 

Conventional in vitro cell culture systems use two-dimensional (2D) substrates (e.g., polystyrene, 

glass), which do not recapitulate well the three dimensional (3D) physiological environments of cell-

cell interactions of cells and tissues. Therefore, 3D scaffolds and microfluidic systems have emerged 

to create more in vivo like conditions for tissue culture, providing both a mechanical and structural 

support for cells and supply of nutrients and oxygen to the tissue core, to allow cells to grow into 

functional tissues. This type of tissue engineering research belongs to the evolving field of 

Biofabrication, which has been defined as the “the automated generation of biologically functional 

products with structural organization from living cells, bioactive molecules, biomaterials, cell 

aggregates such as micro-tissues, or hybrid cell-material constructs, through Bioprinting or 

Bioassembly and subsequent tissue maturation processes”1. 

3D printing- and bioprinting are two related additive manufacturing techniques that are commonly 

used in biofabrication for tissue engineering and has been defined as “the use of computer-aided 

transfer processes for patterning and assembling living and non-living materials with a prescribed 2D 

or 3D organization in order to produce bioengineered structures serving in regenerative medicine, 

pharmacokinetic and basic cell biology studies”2 3D-printing by fused deposition modeling (FDM) is 

commonly used to deposit filaments of thermal plastics according to a specific pattern to print 

polymer scaffolds onto which cells can be seeded and allowed to differentiate and/or mature into 

viable tissue. 3D-Bioprinting, on the other hand, involves patterning of a biomaterial (e.g., hydrogel-

cell mixture) known as a bio-ink, in which cells can differentiate and/or mature into viable tissue.  

The simplest and most common 3D bioprinting technique is extrusion‐based 3D printing, which is easy 

to use and allows accurate printing of hierarchical structures, and the use of multiple crosslinking 

strategies depending on the biomaterials used. However, the printing of low viscosity material that 
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cannot support its own weight will reduce the printing accuracy or will be impossible to print since 

the structures will collapse. One way to solve this problem is to print these soft materials in a granular 

gel support bath that behaves like a non-Newtonian liquid. In this so-called embedded printing 

technique, the granular gel behaves like a liquid under shear stress and as a solid when the stress is 

removed. The advantage of embedded printing is that free-form or omni-directional printing is 

possible. 

There is increasing interest in neural tissue engineering, and thus new types of functional scaffolds 

are emerging (e.g., conductive, drug releasing) that both provide structural support in 3D and that 

enable to record or stimulate neural differentiation and activity.  

This doctoral thesis is motivated by recent progress in the biofabrication field to develop an 

affordable, easy-to-use 3D bioprinting system as a commercial product and use it in biofabrication to 

create different scaffolds as neural tissue interfaces.  

This Ph.D. project has been part of the Marie Skłodowska Curie actions funded project Training4CRM 

that has been focused on developing strategies for regenerative medicine for neurodegenerative 

disorders by linking multi-disciplinary approaches from clinical research, engineering, including 

innovative fabrication techniques.  

 

1.2 Objectives 

Three primary objectives are featured in this doctoral thesis:  

 Integrated design, analysis, and fabrication of a ‘’Felix BIO’’ 3D bioprinter: This involved the 

development of a user-friendly and cost-effective bioprinter platform as a commercial product - 

''Felix BIO'' - for the company FelixRobotics, where I have been employed as an industrial Ph.D. 

student. The goal was to adjust the existing Felix 3D FDM printer into an extrusion-based 3D 

bioprinter. For this purpose, an extrusion-based print head, a UV curing module, a heating and 

cooling function of a print head/bed was designed and fabricated. The Felix BIOprinter (now 

commercially available) has exceptionally modular features that allow the printer to be used as 

both a 3D FDM printer and a 3D bioprinter. 

 3D bioprinting of polymer scaffolds for neural tissue engineering applications: This involved the 

design, fabrication, and surface modification of polycaprolactone (PCL) scaffolds to support the 
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formation of brain organoids, derived from human embryonic stem cells (hESC). Here, the Felix 

BIOprinter was first used as a FDM printer. The printed PCL scaffolds were used to generate large 

and flat brain organoids and to study if the high surface area and the flat geometry could prevent 

necrotic core development. Furthermore, it involves a preliminary study of a growth factor release 

system for flat brain organoids to induce development of different brain region.  

 Embedded free-form 3D printing of functional scaffolds: This involved developing of granular gel 

support baths to allow embedded 3D printing. Here, the Felix BIOprinter was exploited as an 

extrusion-based bioprinter to prove the modular design features of the printer. The specific aim 

was to create a granular gel support bath that enabled 3D printing of the photoresist SU8 to obtain 

functional structures to be used as optical waveguides or after post-processing into 3D pyrolytic 

carbon scaffolds as neural interfaces for support of neural stem cell differentiation as well as 

sensing of dopamine release from stem cell-derived dopaminergic neurons.  

 

1.3 Thesis Outline 

The design of the 3D bioprinter as an industrial product and its use in separate applications required 

cross-disciplinary research. Thus, I collaborated with researchers from a broad scope of scientific 

disciplines with seven chapters illustrating all perspectives essential for this thesis.  

Chapter 2 highlights recent advancements in the field of biofabrication with special focus on different 

3D printing techniques used in Biofabrication and in this thesis. 

Chapter 3 describes the development of the Felix BIOprinter into an industrial product. The first part 

explains current challenges, analysis of various possible designs of the 3D bioprinter, and why the 

extrusion-based bioprinting method was selected as mechanical design. Then details of building the 

prototype into the final product is described with multiple design iteration illustrated and discussed. 

Chapter 4 introduces the development of PCL scaffolds for spatial patterning and enlargement of brain 

organoids to avoid a necrotic tissue core, improve the reproducibility of making brain organoids, and 

promote formation of brain features like gyrification and vascularization. Three generations of 3D 

printed flat scaffolds were fabricated as support for formation of flat brain organoid. Some of the 

results described in this chapter have been published in Paper I (Appendix A) for second-generation 

scaffolds. The third generation conductive Polypyrrole (PPy) coated PCL scaffold is presented as a 
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preliminary study to potentially introduce the feature of conductivity into the scaffold. It also includes 

the use of a decellularized pig brain extracellular matrix as an alternative to the use of Matrigel to 

potentially increase reproducibility of brain organoids, which has been published in Paper II (Appendix 

A). 

Chapter 5 describes free-form 3D printing of the photoresist SU8, using the embedded printing 

method, particularly inside an oil-based fumed silica granular gel medium. The rheological and 

material characterization of the oil-fumed silica granular gel is described, followed by optimization of 

the free-form 3D printing of SU-8 photoresist to form optical waveguides and structures to generate 

conductive scaffolds, the latter which is further described in chapter 6 and in a manuscript (Paper III, 

Appendix A). 

Chapter 6 presents design, fabrication, characterization, and application of conductive pyrolytic 

carbon scaffolds derived from pyrolysis of 3D printed SU8 scaffolds. First, the fabrication of the 

scaffolds is described followed by the material and electrochemical characterization of the scaffolds. 

Next, human neural stems (hNSCs) were cultured and differentiated into dopaminergic neurons on 

the scaffolds with subsequent chemical and optical stimulation of dopamine exocytosis and 

electrochemical detection of the released dopamine at the pyrolytic carbon scaffold surface. Some of 

these results are presented as part of a manuscript (Paper III, Appendix A).  

Chapter 7 concludes the work performed in this thesis and gives a vision of the possible 

developments/enhancements in future research.
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Chapter 2 

BIOFABRICATION 

This chapter presents the reader with a description and definition of the field of biofabrication in tissue 

engineering and Regenerative Medicine and different 3D printing methods used in this field.  

 

2.1 Biofabrication in Tissue Engineering and Regenerative Medicine 

The term Biofabrication was first defined by Mironov et al. in 2009 as ‘the production of bioengineered 

constructs with a complex living and non-living biological products from raw materials such as living 

cells, molecules, extracellular matrices, and biomaterials’3. From a research strategy perspective, 

biofabrication within Tissue Engineering (TE) and Regenerative Medicine (RM) (Figure 2.1-1) aims at 

exploiting automated processes to generate cell-biomaterial constructs that, through their internal 

and external spatial arrangement, may mature into functional tissue equivalents1. 

 

 
Figure 2.1-1: The term Biofabrication describes natural processes and technological processes in various disciplines within 

TE and RM. Biofabrication can generally be divided into two distinct approaches, Bioprinting and Bioassembly. Figure 

adapted with permission from1. 
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Biofabrication is used to describe natural and technological processes in various disciplines, such as 

TE and RM, and can generally be divided into two distinct approaches, Bioprinting and Bioassembly 

(Figure 2.1-1). These strategies typically target the development of scaffolds or composite 

bioengineered constructs that exhibit tissue mimetic or tissue analog hierarchical features, such as 

distinctive cell interaction, hierarchical induction of differentiation, or functional evolution of the 

manufactured scaffolds. 

 

2.1.1 Bioassembly techniques 

Bioassembly techniques are essentially using a range of different fabrication techniques to produce 

pre-formed structures, e.g., molds, microfluidic systems, scaffolds etc., with the sole purpose of aiding 

the formation of large multi-cellular units, such as cell aggregates, or more complex structures, such 

as organoids of microtissues, comprising cells and their extra cellular matrix (ECM)4. Once the pre-

formed structures have been fabricated the structures are populated with cells/tissues to form the 

desired biomimetic model system. The maturation process may occur either in vitro with a culture 

phase, typically adopting bioreactor technology, or in vivo in case of transplantation1. The fabrication 

techniques to generate the pre-formed support structures include a range of different 3D printing 

methods. 

The basic process for all 3D printers (and bioprinters) involves first making a computer-assisted design 

(CAD) that describes the pattern or structure you want to print. The CAD file is converted into an STL 

file that a slicer program (or the embedded software of the 3D printer itself) can import to create a 

tool path, so-called G-code, that instructs the 3D printer how and where to print. The slicer first slices 

the designed structure into flat layers, the thickness of it defined by the user. Then it converts the 

layers into tool path movements along with the necessary 3D printing conditions, such as 

temperature, speed of movements, and extrusion rates. Finally, this information is written as a G-code 

file, which instructs the 3D printer precisely what to do. The main difference between different 

available 3D printers is the mechanism by which they create the final printed design, which governs 

what type of material that can be used for printing the desired structure. Below follows a list of such 

different 3D printing mechanisms and also shown in Figure 2.1-2.  
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• Selective laser sintering (SLS) uses a computer-assisted laser beam to sinter powdered material 

(e.g., PEEK, hydroxyapatite, polycaprolactone, polyamide5–9) and binds (melts) the material 

together to create a 3D layer by layer structure (Figure 2.1-2a)10.  SLS printing has very high print 

speed, does not need support structures, and has outstanding mechanical qualities, but it can only 

melt powders with a low melting point. Also, it is not easily available due to its high cost11. 

• Stereolithography (SLA or SL) also uses a computer-controlled UV laser to create 3D models (Figure 

2.1-2b), but in contrast to SLS it uses a polymer resin (e.g., PEGDA, Bio-based Acrylate, GelMA, 

Lignin-M12–15) that is cured via photopolymerization to form a 3D layer-by-layer printed model16.  

Similar to SLS, SLA is enabling to print with high accuracy and very fast. But the SLA method's main 

disadvantage is the necessity of using UV laser, which makes it impossible to print cells, and the 

final printed structure is not always biocompatible. Furthermore, it requires post-processing after 

printing, and limited to the use with photo cross-linkable materials17. 

• Binder jetting (BJ) (Figure 2.1-2c) is the process of an aqueous binder (e.g., Polyvinylpyrrolidone18) 

sprayed from a print head to a powder surface (e.g., calcium phosphate and collagen, silk19–21) 

that glues the material layer-by-layer to create the desired 3D structure22,23.  BJ has high printing 

speed and can produce large structures, but the obtained structures have weak mechanical 

features that need post-processing to be reinforced. Additionally, nozzle clogging is a common 

problem of BJ technologies11. 

• Fused deposition modeling (FDM) is the most common additive manufacturing method which 

melts thermoplastic materials (e.g., polylactic acid (PLA), polycaprolactone (PCL)24,25) in the nozzle 

and extrudes it layer-by-layer to create a physical 3D model (Figure 2.1-2d)26,27.  The main 

advantage is that it is inexpensive compared to the other techniques. The disadvantage is that the 

thermoplastics used in FDM that are suitable for TE applications are limited. Moreover, it has a 

low resolution which leads to low-quality scaffolds28. 

• Two‐photon polymerization (TPP) methods (Figure 2.1-2e) use a photopolymerization reaction to 

cure polymer resins (PEGDA29, Gelatin30, Collagen31, SU832)33, but in contrast to SLA, very dense 

two photons (near-infrared) are produced by a femtosecond laser that when merged in a desired 

spot leads to curing of the resin. This enables printing of very complex structures with high 

resolution which can reach dimensions down to 100 nm in size34,35.  In contrary to SLA, which is a 

layer-by-layer printing method, TPP can print structures in free form without any tool path 
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limitations because the process is not diffraction limited. However, the nano-scale resolution of 

TPP means that the time to print structures with fine details takes longer36. 

• Melt electrospinning writing (MEW) (figure 2.1-2f) is a fibrous scaffold production method utilizing 

electrostatic 3D printing of polymers37,38. The main principle of MEW is similar to the 

electrospinning (ES) technology, which is based on movements of ionized particles or molecules 

in solution by an electrical field (so-called electro-fluid-dynamic (EFD))39. The basic setup consists 

of a positively charged spin-head and a grounded collector plate that can move or be fixed. Thus, 

continuous fibers that is created by the electrical field can be drawn to the collector plate in the 

desired structure. The main difficulty is that the user has to tune the parameters using trial-and-

error until obtaining the desired structure37. The alignment of each layer is another challenge of 

this system that can prevent upscaling the production40. 
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Figure 2.1-2: 3D printing techniques in Bioassembly: a) Selective laser sintering (SLS). b) Stereolithography (SLA). c) Binder 

jet 3D printing. d) Fused deposition modelling (FDM). e) Two-photon laser lithography. f) Melt electrospinning writing. Figure 

adapted with permission from41. 
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2.1.2 Bioprinting techniques 

Bioprinting involves the direct positioning of biological materials, biochemicals, and living cells via 

layer-by-layer dispensation to create functional 3D structures. The materials that are used in 

bioprinting, so called bio-inks, may contain cells together with a biomaterial (e.g., a hydrogel)42. 

Accurate control of cell distribution, scalability, and high cost-effectiveness are the main advantages 

of bioprinting43. The main challenge is to replicate the complex ECM structure and multiple cell types 

with biological functions44. 

Most of the techniques described above for the bioassembly case are not compatible with bioprinting 

of cells since the printing mechanism and the materials used will damage or kill the cells. The three 

main bioprinting techniques are inkjet, micro-extrusion, and laser-assisted bioprinting (Figure 2.1-3), 

differing mainly in the mechanism of how the cells are deposited from the print head, which each 

have particular strengths and weaknesses43.  

• Inkjet bioprinting (Figure 2.1-3a): This technique originates from classical paper printer. The 

material is deposited as drops of inks to the substrate. Drops are produced by mechanical 

actuation of the inks with generated pulsed pressure. The mechanical actuation can be achieved 

by two different ways: (1) Thermal: A heater is used to produce a small vapor bubble which 

collapses and produces the necessary pressure pulse at the exit of the print head. (2) Piezoelectric: 

Movement of a piezoelectric crystal at the wall produces a pulse to eject droplets from print 

head45. Inkjet bioprinting has advantages such as low cost, few process steps, high cell viability, 

and high print speed. Still, it has some disadvantages such as limited cell encapsulation while 

printing because of the need to use low viscous inks and low droplet orientating46. 

• Microextrusion bioprinting (Figure 2.1-3b): The material is extruded by pneumatic pressure or 

mechanically using a piston or a screw in a filament shape to form the desired structures. 

Solidification of the structure is achieved with a temperature-, chemical-, or UV crosslinking 

mechanism to maintain the geometric fidelity. This method allows using a wide range of synthetic 

and natural biomaterials, with or without cells. Besides these advantages, it has some 

disadvantages, such as low resolution and poor cell viability due to high shear stress during 

extrusion47,48. 

• Laser-assisted bioprinting (Figure 2.1-3c): It consists of three components: (1) a pulsed laser 

source, (2) a target or ribbon, which is the host of the material, and (3) a collector substrate for 
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the printed material. The ribbon is made from a non-absorbing laser layer (e.g., glass or quartz) 

coated with a thin metal layer (e.g., gold or titanium). The basic principle of this method is first to 

coat the metal layer with a thin layer of cell-laden biomaterial, then inducing the vaporization of 

the metal film by a laser pulse, resulting in the deposition of a biomaterial droplet on the collector. 

The main advantage of this method is that it enables controlled resolution at single-cell level with 

high cell viability49,50.  

 

 
Figure 2.1-3: Extrusion-based 3D bioprinting techniques: a) Inkjet bioprinters can extrude material to form droplets by 

applying air pressure combined with heat or piezoelectric pressure. b) Microextrusion-based bioprinters can provide 

extrusion mechanism driven by pneumatic or mechanical pressure. c) Laser-assisted bioprinters print by using laser pulses 

to create droplets of biomaterial. Figure adapted with permission from44. 

 
The essential parameters in bioprinting are the printing speed, the layer thickness, the viscosity of the 

bioink, and the crosslinking mechanism51–59. The most common bioprinter is the extrusion-based 

bioprinters, which offer temperature control on both syringe and target holders, in a wide range from 

4 oC to 100 oC, and some can heat up to 250 oC. Bioprinters can have single or multiple print heads and 

can allow users to print multiple materials in the same print cycle. The bioprinters that are used to 

print cells generally come with a sterile chamber. Similar to laminar flow benches, the bioprinter's 

chamber consists of a HEPA filter to circulate sterile air and germicidal UV. Advanced bioprinters have 

options, such as automatic cleaning of the nozzle with a brush, a UV curing unit for photo-crosslinking 

material, and automatic bed leveling42. 

 

2.1.3 Embedded 3D printing of low viscous materials in granular gels 

As described above, in 3D extrusion printing, the fluid material (the ink) is extruded on a surface, after 

which the printed layer is cross-linked and cured, e.g., by exposure to ions, UV or by a change in 
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temperature60–63. Next, another layer of ink is extruded on top of the cured layer and subjected to the 

same treatment cycle as the first layer. Layer-by-layer 3D extrusion printing has limitations primarily 

because of the curing cycle for each layer and include the following: 

 
• Depending on the type of ink, the nozzle can clog, e.g., due diffusion of the crosslinker agent 

into the nozzle64.  

• When printing complicated patterns, the ink´s cross-linking rate and printing speed need to be 

optimized, which affects the printing resolution and precision65. 

• The interfacial bonding strength between layers and cross-sections can be affected by poorly 

optimized printing speed or cross-linking rates, and as well by potential inability of the material 

to self-support66. 

 
Consequently, eliminating these limitations and enabling the use of extrusion-based 3D printing with 

a broad type of fluid inks requires development of alternative fabrication strategies. One such 

alternative is so called embedded 3D printing, which can follow two different strategies: One involves 

printing a temporary structure with a sacrificial ink, which subsequently is enclosed by a desired 

material67,68. The temporary structure is then removed, resulting in the equivalent hollow structure 

inside the desired material (Figure 2.1-4a-c). Another involves printing inside a sacrificial granular gel 

support bath, in which the ink is kept and supported until the necessary post-processing of the printed 

structure is completed (Figure 2.1-4d-g)69–73. 
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Figure 2.1-4: Graphical illustration of two embedded 3D printing strategies for low viscous materials. Sacrificial inks: (a) 

Temporary structures are 3D printed using layers-by-layer deposition of a sacrificial ink, which subsequently is (b) enclosed 

by a second desired material. (c) The desired material structure is crosslinked and the sacrificial temporary structure inside 

is removed, resulting in an equivalent hollow 3D grid produced inside the desired material. Sacrificial granular gel support: 

(d) Fluid inks are 3D printed inside a granular gel support. (e) The sacrificial material supports the 3D printed material until 

it is cured. When cured, the printed material is removed from the support (f) or left as it is (g). Figure adapted from74. 

 
The granular gel support bath (e.g., gelatin70,75, alginate71, laponite76,77, gellan gum78, fumed silica 

nanoclay79, Carbopol80,81, and Pluronic82) provide mechanical stability of soft materials while creating 

complex structures with high resolution. These gels consist of packed microparticles that give rise to 

unusual material properties, non-Newtonian fluids83–85. These are shear-thinning gels that have a 

reversible crosslinking mechanism that facilitates a decrease in the gel's viscosity when shear is 
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applied. This is the fundamental property that enables embedded 3D printing86–90 and has been 

leveraged to trap the printed material inside of the granular gel (Figure 2.1-5a). The technique enables 

free-form printing of fluid materials, unable to carry its own weight, into complex geometrical 

structures and with high resolution. This is possible only with this embedded printing method (Figure 

2.1-5b)91–94. 

 

 
Figure 2.1-5: 3D printing in granular gel support: a) Figure shows the 3D printing in granular gels system. When the needle 

moves inside the support gel, the support becomes liquid-like locally and trap extruded material within the support. b, c, 

and e) 3D printed octopus model produced from UV-cross-linkable polymeric ink. d and f) The crosslinked models are 

released from the granular support and floats in water (black and white images). Figure adapted from95. 

 

The choice of appropriate granular gel to enable extrusion-based 3D printing for a specific application, 

has been a great challenge. The printing pattern or path can be affected by the granular gel properties 

and needs to be examined. Moreover, printing parameters, such as extrusion rate, printing speed, 

cross-linking rate, must be optimized for each granular gel used. In chapter 5 and 6, I describe my 

work on granular gel based embedded 3D printing of the photoresist SU8 in different granular gels for 

the development of optical waveguides and conductive scaffolds. 

In conclusion, during my thesis work I have used several of the 3D (bio)printing mechanisms described 

above. This includes developing a now commercially available modular two print-head bioprinter 

(Felix BIOprinter) that can employ a combination of FDM and extrusion-based printing (Chapter 3), 

FDM printing to develop PCL scaffolds for engineered flat brain organoids (efBOs) (Chapter 4), SLA 
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printing to generate a mold for a growth factor delivery system (Chapter 4), and embedded printing 

in granular gels to generate optical waveguides (Chapter 5) and conductive scaffolds (Chapter 6).  

All the applications described in my thesis falls within the area of Bioassembly, but it should be 

emphasized that the developed Felix BIOprinter is a true bioprinter and is used as such by many 

customers.  
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Chapter 3 

THE FELIX BIOPRINTER 

This chapter introduces the reader to the development of the Felix BIOprinter. The chapter begins 

with the introduction of the company Felixrobotics B.V. and its product portfolio, which is where I 

have been employed as an industrial Ph.D. student. Then follows a description of how the design 

parameters of the 3D Bioprinter have been decided. The second part of the chapter presents the 

research and development of each design iteration, how to overcome challenges and reach an end 

product. 

 

3.1 Felixrobotics B.V. 

FELIXrobotics is a Netherland-based desktop 3D printer company established in 2011. The company's 

core value is to design printers that on a continuous basis can fulfill a wide range of customer needs. 

In the Tec and Pro series (Figure 3.1-1) printers’ customers can upgrade their printer without having 

to invest in a completely new printer package.  

The company has perhaps become best recognized for its Pro series of desktop 3D printers. The FELIX 

Pro 1 was released in 2015, then followed by the FELIX Pro 2 in 2017. FELIX Pro 2 was designed with 

an emphasis on ease-of-use and was the winner at the 3D Printing Industry Awards in the category 

"Personal 3D Printer of the Year (FFF/FDM)" in 201796.  

In early 2019, FELIXrobotics then released the FELIX Pro 3 (Figure 3.1-1b) to increase productivity and 

performance. In the same year, the company launched two other fused deposition modelling (FDM) 

type printers in the series, capable of printing larger objects, the Pro L and XL (Figure 3.1-1c and d). 
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Figure 3.1-1: Felix printers FDM printer portfolio. a) Felix TEC series, b) Felix PRO series, c) Felix Large series (Prol-L), d) Felix 

X Large (Pro-XL) series. 

 
The Felix BIOprinter joined the company’s product portfolio in 2020 as a result of the Training4CRM 

project (Figure 3.1-2a). The new printer is characterized by critical features that are specifically 

designed for research applications, including syringe cooling and heating, print build plate cooling and 

heating, a dual-head system, ergonomic design, and automatic build plate leveling. In addition, the 

existing and established Pro series printer chassis was used as the Felix BIOprinter chassis, which 

allows customer to use it as FDM printer when needed. The bioprinter development led the company 

to use this knowledge also in food printer technology (Figure 3.1-2b). 

a 

c d 
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Figure 3.1-2: a) Felix BIOprinter. b) Felix FOOD printer. 

 

3.2 Conceptual phase of the Felix BIOprinter Design 

3.2.1 Market analysis 

There are four types of product development categories for companies in their work, as defined by A. 

Orcik et al.97 

1. R&D projects are initiated to create knowledge of novel materials and technologies that can turn 
into commercial products. The invention has a crucial focus on these types of projects. The 
obtained technologies or knowledge leads to building new core products and core process which 
is different from past versions. 

2. Break-through projects are focused on producing more reliable solutions than the already 
established ones. These solutions overcome crucial problems and present innovative possibilities. 
The information gained from R&D projects is transferred to the development of applications and 
transform into breakthrough products. 

3. Platform projects are based on integrating and recombining products that are already developed 
internally. In these projects, companies upgrade their current products by improving quality, 
reducing costs, and improving product performance to meet customers' expectations. Existing 
products are modified, configurations are changed, and the products are then marketed for 
consumption by platform projects. 

4. Derivative projects require minor adjustments of product/methods to existing products. These 
types of projects have short time intervals and need a moderate level of risk and source 
dedication. Derivatives projects are usually initiated to increase a product's lifetime.  
 

b a 
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I started by making an overview of other 3D bioprinter platforms on the market, which allowed us to 

understand the current limitations better and define the design perspectives. We found that the 

market for advanced bioprinters was disturbed by other vendors, e.g., Cellink, Allevi, Advanced 

Solutions Life Sciences, Aspect Biosystems, RegenHU, nScrypt,98–101 while the market for all-in-one 

budget bioprinters was new and undisturbed, i.e., enabling the customers to use the printer either as 

a bioprinter or a filament printer when needed. We decided to focus on ease of use, cost-

effectiveness, and modularity. The main parts of Felix BIOprinter were selected from already in use 

parts in the production line of Felix Pro series printers, including chassis. This decision was made due 

to the high cost of mass production of new parts and the ability to reach customers who already had 

a Felix Pro printer. Therefore, the Felix BIOprinter fell into two of the above categories, a niche 

product. It was partly an enhancement of the current line of Felix Pro printers. However, there were 

also some unique features to it, i.e., the extrusion-based bioprinting head uses a standard hypodermic 

syringe. Compared to other competitors in the entry-level market, the designed bioprinter had 

features such as a UV curing unit, which is mostly optional even for advanced bioprinters. 

 Besides our own market analysis, we used the "Hype Cycle for 3D Printing" market research report 

prepared by the research and advisory company Gartner in 2017102. According to this report, the 

adoption of "3D Bioprinting for Life Science R&D" needs between 5 to 10 years (Figure 3.2-1). This 

prediction, based on research results, showed that 3D bioprinting-related products, such as 

bioprinters, bio-inks, and other services, have been on the market for only a few years. 
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Figure 3.2-1: Gartner hype cycle for 3D Printing in 2017 adopted from102. 

 
Furthermore, another critical point stated in this report was that most of the bioprinting work is still 

performed using custom made bioprinters in academic environments or research hospitals because 

of the high prices of advance bioprinters. Moreover, that these customized bioprinters were using 

mainly extrusion-based printing technology. This research report led us to define the most important 

parameters for our design: A professional printer with an extrusion-based bioprinting head and a 

budget-friendly bioprinter package that appeals to all customers' needs. 

 

3.2.2 Customer perspective 

Besides sale of FDM 3D printers, Felixrobotics offers their customer problem-specific solutions. These 

solutions include custom-made printers (Figure 3.2-2), e.g., for food103–106 and silicone printing107–112, 

customers own print head design adaptations. Decisions of the design of a new bioprinter thus begins 
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with understanding the customers' demands and investigate their outputs. After defining the specific 

needs and collection of data from those outputs, a comprehensive product feature list was made. For 

a company, the product feature list should be well defined and cannot depend only on customer's 

demands. While all these steps require to be individually determined and presented as an ideal 

solution, the overall print head volume turned out to be most important. Our bioprinter's ideal print 

head volume was defined to be 5 mL as standard based on both customer demands and literature 

research. Additionally, we decided to design an adaptor for the printhead as optional (i.e., to sell it 

separately), enabling the use of smaller volume syringes to satisfy customers who needed to use 

smaller volumes, e.g., 1 mL or lower. The 5 mL volume syringe was chosen to appeal also to customers 

who need more volume to print elastomers like Polydimethylsiloxane (PDMS)113 or for embedded 

printing in granular gels73. Another important aspect was that the crosslinking mechanism which the 

customers need to use for curing their materials (e.g., thermal, chemical, UV114–117) may change from 

one material to another. The 3D bioprinter design thus had to support all these crosslinking 

mechanisms. 

 

 
Figure 3.2-2: Examples of custom-made printer solutions using the Felixprinter series: Custom-made bioprinter (a) to enable 

bioprinting of MCF12a cells labelled with red fluorescent protein in a circle pattern shown to become mature organoid 21 

days after printing (b) (Figure adopted from118). Adaptation of a paste extrusion print head (c) to enable silicone printing (d). 

A chocolate extrusion print head (e) for chocolate printing (f). ViscoTec extrusion head adapted to Felix Pro printer (g) and 

printing example with mayonnaise (h). 
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3.3 Felix BIOprinter Prototype Version One  

Following the customer analysis, particular customer requirements were developed and enhanced 

with a professional market report and the Training4CRM project goals, which were stated in the 

introduction of this thesis. Based on this, a list of complete bioprinter features was defined for the 

final printer product:  

− Extrusion based print head using 5 mL standard hypodermic syringe 
− Heating (to 37 oC)/Cooling (to 4 oC) on the print head and bioprinter build plate 
− UV curing unit (365 nm wavelength) 
− A modular print head unit (swap between extrusion head and filament head when needed) 

During this market research phase, the developed product specifications were nearly comprehensive 

to meet all the requirements to produce the bioprinter by the company as an end product. 

Nevertheless, only the fundamental needs of the bioprinter were chosen to develop in this thesis. 

Other requirements such as housing for sterile conditions, HEPA filters for sterile airflow, or brush for 

automatic cleaning function of the syringe tip are left for future bioprinter developments. 

 The process began with the internal discussions together with academic and industrial experts on 

various ideas that could meet the functional necessities previously stated. After the initial discussion 

sessions, computer-aided design (CAD) models were created (Figure 3.3-1a) to enable simulations of 

the structure and to conduct preliminary tests of the models. When enough data was gathered from 

the CAD models, the mechanical design was developed using FDM 3D printing of the technical models 

(Figure 3.3-1b). 
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Figure 3.3-1: 3D printing of the extrusion print-head in polylactic acid (PLA) filament and its initial printing capability: A) CAD 

design of the extrusion print-head version 1 (a) and 3D printed and assembled extrusion print-head version 1 (b-c). B) Tool 

path generated by the slicer program (upper panel) and their respective 3D printed structures (lower panel): a microfluidic 

chip in PLA (blue) printed with filament head and subsequent filling of the chip channels with the extrusion head using 

mayonnaise, an ear, nose, and a brain slice printed in mayonnaise using the extrusion head. (Red arrowhead indicating 

syringe fixer) 

 
The first 3D printer prototype was designed to have two different print heads, an extrusion print head 

with a 5 mL hypodermic syringe (Figure 3.3-1Ac), and a traditional filament print head. The filament-

extrusion print head combination was chosen in order to be able to use the Felix PRO series printer's 

build plate levelling option. The print head is designed with an open front interface that is selected to 

easily plug and remove the syringe while working at sterile condition. We designed a syringe fixer (see 

Figure 3.3-1Ac red arrowhead) that can magnetically attach to the head's front side for holding the 

syringe in place and keeping it stable while printing.  

All prototype parts of the extrusion print head were printed with a Felix PRO printer using polylactic 

acid (PLA) filament. For extrusion force, a non-captive linear stepper motor (39BYGL215A, holding 

torque 21 N) was chosen as the test stepper motor. This first extrusion print head version was tested 
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for printing in combination with a filament print head. The constructed prototype and extrusion head 

tests gave information about further development needs compared to the CAD models and their 

simulations. While this did not fulfil all the end product goals, this first version of the extrusion head 

proved that it could extrude a wide-range of material with different viscosities (up to 70,000 cP) 

(Figure 3.3-1B). 

 

3.4 Felix BIOprinter Prototype Version Two 

With the collected data from the CAD design and test prints with the extrusion print head, there was 

sufficient information to begin the more specific design of the prototype. Brainstorm sessions started 

again to create the more technically complex bioprinter components, i.e., the heating/cooling unit. 

For this purpose, a Peltier element119 was chosen because of its compact size and that it enables 

switching between heating and cooling by changing the direction of the electric current. Peltier 

elements contain semiconductors between two ceramic plates and work by the Peltier effect. When 

an electric current pass through the semiconductors, heat is carried from one side to the other, i.e., 

one ceramic side becomes cool while the other side becomes hot. The hot side is connected to a heat 

sink to remain at room temperature, while the other side is cooling120. 

The first CAD model for simulating the heating/cooling unit of the extrusion head was designed to use 

a copper plate attached to a Peltier element (40 mm by 40 mm) that transfers heat to the syringe 

(Figure 3.4-1a). Simulation models were printed with PLA and assembled with the copper plate with 

the attached Peltier element to test the prototype and obtain a general idea about its performance 

(Figure 3.4-1b-c). The first trials of cooling the syringe, without a heat sink attached to the hot side 

(Figure 3.4-1d) failed because the hot side of the Peltier could not cool sufficiently. Later trials were 

conducted with a fan with a heat sink attached to the hot side. 
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Figure 3.4-1: Peltier test unit: a) CAD design of the Peltier holder (blue arrow indicate copper plate for attachment of Peltier 

unit). b) Test unit 3D printed with PLA filament together with syringe and temperature sensor (red arrow indicated, 100k 

Negative Temperature Coefficient (NTC) thermistor) installed, c) A lid with a copper plate installed for heating (indicated 

with blue arrow) and the d) Peltier element placed on top of copper plate (indicated with red arrowhead). 

 
To determine the best way to keep the hot side at room temperature, this model was tested with 

different sizes of fans (Figure 3.4-2a-c). The size of the fans was chosen to be within the ideal 

performance specifications for the heating/cooling unit (37 oC/4 oC). Each setup was tested at the 

Peltier element's maximum power and monitored by a temperature probe (100K NTC Thermistor) 

connected to an Arduino Due, which are the same components as used in the Felix Pro printer. 
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Figure 3.4-2: Temperature performance test of different size of fan: a) 35x35x10 mm Fan. b) 40x40x25mm Fan. c) 70x70x40 

mm fan d) Test results of each size of fan. e) CAD Design of the Peltier temperature control unit consisting of a mechanical 

switch (indicated with red arrow) and capacitor (indicated with red arrowhead). 

 
The overall test results are shown in Figure 3.4-2d. As seen, all the fans effectively cooled the hot side. 

The smallest fan cooled the syringe to 4 oC in 6 min and the largest fan cooled to -23.7 oC in 27 min. In 

each case, the temperature returned to higher temperatures when the maximum cooling point was 

reached because the Peltier element worked at maximum power without any control unit. From these 

tests, it became clear that the smallest fan was sufficient for cooling to the desired 4 oC. This test also 

showed that the printer would not be able to keep the desired temperature stable at the syringe 

without an extra temperature control unit (Figure 3.4-2e).  
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This new factor changed the design requirements of the extrusion print head. To place the 

heating/cooling unit in front of the print head could cause a non-symmetrical print head design to the 

filament head which is not ideal esthetically or functionally. Also, the entire area in front of the print 

head must be opened to allow the user to exchange the syringe smoothly. The components of the 

unit thus had to be placed at the print head´s left side, which meant to sacrifice available print area. 

It was instead decided that the end product should be designed with a separate temperature control 

unit located on the left side of the extrusion head. This decision significantly improved the ease of use 

of the end product. If considering using this bioprinter in a biological safety cabinet under sterile 

conditions, the user now do not have to concentrate on carefully placing the syringe into the machine.  

The second prototype of the heating/cooling unit used the same extrusion head design as the first, 

except that the entire front side of the print head was closed with a lid to maintain the temperature 

stable (Figure 3.4-3a-c). 

 

 
Figure 3.4-3: a) CAD design of extrusion head v2.  b) A Peltier unit which consists of two fans and Peltier element between a 

copper heat sink. c) 3D printed and assembled extrusion head v2 on the Felix BIOprinter. 

 

3.5 Felix BIOprinter Prototype Version Three 

With the newly collected data from the previous design and tests, brainstorming sessions started 

again to adapt the heating/cooling unit more efficiently and make the design more robust. The first 

idea was to abandon the combination of a FDM filament head with an extrusion head and instead 
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adjust the design for two extrusion heads (Figure 3.5-2 a and b). The second idea was, adapting the 

print head switching system (nonactive print head move 40 mm up and this movement help to prevent 

hitting the printing object during active print head printing, see it from Figure 3.5-2e), which was 

already in use in the Felix Pro printer. This switching system is based on a rack and pinion mechanism 

driven by a servo motor. However, when this mechanism is used for linear movement (up or 

downward movement of the bioprinter head), it tends to have slight backward movement (revers of 

the movement direction) at the end of the motion because the pinion teeth does not touch both sides 

of the rack groove (see Figure 3.5-1). 

 
Figure 3.5-1: Illustration of the backlash between two gears due to that the gear teeth do not fully touch each other (Red 

arrows indicate empty space between two teeth). Figure adapted from121. 

 
We turned this into an advantage and used the backlash movement for the z-sensor probing 

movement, which is the same mechanism used for the Felix PRO printer. When the print head touch 

the print bed with its syringe tip, the print head moves slightly upward from its fixed position thanks 

to the gaps between rack and pinion teeth. This movement triggers the end stop circuit (Figure 3.5-

2d, red arrowhead), which is closed when the print head is at the fixed position and then opens when 

active print head slightly moves.  
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The heating/cooling unit would then have to be moved to the front side of the extrusion head to open 

a space for the z-sensor. In conclusion, a z-axis sensor and two extrusion head designs were chosen 

as the final idea to go for with the mechanical proof of concept that was to be constructed shown in 

Figure 3.5-2ef. 

 

 
Figure 3.5-2: a-b) CAD design of extrusion head v3. c) Z-probing repetition test results (std < 0.01). d-f) 3D printed and 

assembled extrusion head v3 (red arrow indicate z-probe mechanism). 

 
A CAD model was created according to these ideas. The purpose of the model was to test the 

performance of the z-probe and two extrusion heads. The filament head was removed for modularity 

reasons, but still with the option for the user to change into a FDM print heads when needed.  

The stability of the z-probe mechanism was tested by repeated z-probing 1000 times. The collected 

test data was compared with the reference data of the company quality standards, and each probe 

(left and right) passed the test. The acceptance criteria is a standard deviation of less than 0.01 (Figure 

3.5-2c). The trend of the graph was not horizontal as was expected but decreasing. This is because of 

a rounding bug in the 3D printer firmware so this trend was subtracted from the calculations when 

f 
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the accuracy-test was performed according to the company quality standards. The prototype design 

was introduced to potential customers in the TCT Show forum in 2019 (Figure 3.5-2f). 

 

3.6 Felix BIOprinter – The Final Product 

After the above iterations, the fabrication and testing of the final complete prototype design that 

would meet all the specifications stated at the beginning of this chapter, was performed. In a first 

step, a UV module was included to allow printing of UV curable bio-inks. The UV module is made from 

a led strip (365 nm wavelength), located at the print head´s backside to protect as much as possible 

both the user and the syringe tip from UV light (Figure 3.6-1b indicated with red arrow). The second 

step was to fit the heating/cooling unit of the print head to the backside too. This change allowed to 

turn back to a more accessible syringe placement design. The front cover of the extrusion print heads 

was thus redesigned to adapt to this. 
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Figure 3.6-1. a-b) General view of CAD designs (red arrow indicate UV module, blue arrow indicates mini linear rail). c) 

Printing GelMA photo-crosslinkable hydrogel without print bed heating/cooling unit. d) UV curing unit while working. e) 

Printing while print bed heating/cooling unit is installed with temperature sensitive hydrogel. Unit is suitable for use with 

cell culture well plates and petri dishes (red arrowhead indicating copper plate). f) Installing a 5 mL syringe into the print 

head. 
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The third step was to use the knowledge of the heating/cooling unit performance, which was 

developed for the extrusion head (section 1.4) and apply it for heating/cooling of the build plate. In 

the bioprinter build plate design, a copper plate was initially chosen (Figure 3.6-1e red arrowhead), 

but later it was replaced with an aluminum plate as the heat transfer material because of corrosion 

resistance against splashed materials or sterilization methods (e.g., ethanol). Also, the bioprinter build 

plate was designed to hold in place a wide range of cell culture labware (e.g., well plates, petri dishes). 

Another future heating/cooling unit would be that the user could separate it from the main build plate 

when it is not necessary or use the printer as an FDM printer (see Figure 3.6-1cd). For this future 

possibility, magnets are placed into both the bed heating/cooling unit and bioprinter build plate. 

Lastly, the non-captive linear stepper motor was replaced by a more powerful one (35DBM-L, 

Portescap, holding torque 40N), which included a mini linear rail (Figure 3.6-1b indicated with blue 

arrow) to guide and decrease the movement's friction. Another reason for making these changes was 

to increase material extrusion accuracy as much as possible for customers who need to extrude small 

volumes. The final commercial Felix BIOprinter is shown in Figure 3.6-2. 

 

 
Figure 3.6-2: The commercial product: Felix BIOprinter 
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Industrial design defines how the user will experience the bioprinter and how users will communicate 

with it. This part of the design process is not crucial for the practical or mechanical aspects, but yet an 

essential part of the process and was considered at every step through the whole research and 

development period. The end product should look esthetically sophisticated as well as be simplistic 

and robust when the user interacts. For this purpose, we selected to use machined part to build the 

bioprinter components and adapted the touch screen that enables to use the bioprinter without need 

of an external computer.  
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Chapter 4 

FLAT BRAIN ORGANOIDS BASED ON 3D PRINTED POLYMER 

SCAFFOLDS 

This chapter describes 3D printing of polycaprolactone (PCL) scaffolds with Felix Bioprinter v.2 and the 

generation of engineered flat brain organoids (efBO). The chapter consists of three major parts. The 

first part describes the development of 1st and 2nd-generation efBOs, and the techniques used for their 

characterization. The results from the biofabrication and characterization of the scaffolds and the 

efBOs has led to one published paper (Paper I). The second part describes preliminary work performed 

on Polypyrrole (PPy) coated PCL scaffolds to potentially give the scaffolds the additional feature of 

being conductive, as well as preliminary work on the development of a growth factor release system 

for potential spatial patterning of the efBOs. The third part involves work on the use and 

characterization of decellularized brain specific extracellular matrix (B-ECM) derived from pig brain to 

generate normal brain organoids (BO), and its comparison to the use of Matrigel, a work published in 

paper II. 

The work on culturing, characterization, and optimization of regular brain organoids (BOs) and efBOs 

was conducted by Dr. Theresa Sarah Petra Rothenbücher (Autonomous University Madrid., Spain), 

and the work on decellularizing pig brain was conducted by Dr. Robin Simsa (VeriGraft, Sweden), both 

early-stage researchers in the Training4CRM project. 

 

4.1  Brain Organoids: An Engineering Perspective  

Brain organoids (BO) are self-organized three-dimensional (3D) neuronal tissues derived from human 

pluripotent stem cells. The structures can contain cells of the three primary brain vesicles: midbrain, 

hindbrain, and forebrain. The most prominent structures formed throughout the BO tissue are 

ventricular-like zones (VZs) and cortical layer organization122. However, the rate, size, number of cells 

and structures that form from each brain region can vary from organoid to organoid. The tissue forms 
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neural spheres of a few millimeters in size with an architecture similar to the developing human 

brain123. However, there are many challenges in terms of the reproducibility, applicability, and 

reliability of BOs. 

As described above, BO production technology is a relatively new field that is facing some specific 

challenges, which must be solved to improve their applicability in clinical research, e.g., as drug 

screening models for neurological diseases. Some of these challenges include a necrotic tissue core, 

bad reproducibility in generating BOs, and lack of fundamental human brain features (e.g., 

gyrification, vascularization). A necrotic tissue core is a common problem in any organoid culture due 

to the lack of vascularization of the tissue. When BOs forms spheres of approximately 500 µm in 

diameter, the necessary oxygen and nutrients are not able to diffuse into the inner core, and the 

center tissue will eventually die124–126. Moreover, with the existing technology, it is difficult to generate 

reproducible BO constructs127. To overcome this obstacle, we exploited the possibility to employ flat 

3D printed polymer scaffolds to generate what we refer to as engineered flat brain organoids (efBOs). 

The idea was that the flat geometry potentially could allow more efficient supply of oxygen and 

nutrients and that the scaffold itself would guide reproducible growth of BOs. 

Throughout this work regular (spherical) BOs and efBO were generated from the H9 cell line (female 

human embryonic stem cell (hESC) lines, WiCell, #WAe009-A) (See detailed culture protocol in Paper 

I). Figure 4.1-1 summarizes the general culture protocol to generate efBOs. The flat scaffolds were 

first sterilized in 70% (v/v) ethanol overnight and washed with PBS three times the next day. When H9 

cells reached 60-80% confluence, the cells were collected and resuspended in Matrigel (day 7). The 

Matrigel-cell suspension was then seeded on the flat scaffolds and maintained in culture until day 40 

with the medium changed twice per week.  
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Figure 4.1-1: Protocol for efBOs generation: a) H9 cells in monolayer culture (Day zero). b) H9 cells are seeded together with 

Matrigel onto a scaffold in embryoid body (EB) medium (Day zero for scaffolded cells). c)  Flat ‘’EB’’ formation (Day 5) in EB 

medium. d) Induction of neuroectoderm (Day 7) in neural induction medium. e) Differentiation (Day 10) in expansion 

medium. f) Maturation under static conditions (Day 40) in maturation medium. Figure adapted from Paper I. 

 
All ingredients and the differentiation protocol to generate regular BOs and efBOs are described in 

detail in Paper I.  

 

4.2 1st Generation Scaffolds 

We started by testing PCL as a potential scaffold material to support BO culture. The first trial was just 

to determine if PCL (Facilan Orth, ElogioAM) was biocompatible with the H9 cell line. The first BO, 

cultured on a piece of PCL for 40 days shown in Figure 4.2-1a, gave us a first indication that the PCL 

seemed to be a suitable material to continue with. The next step was to 3D print our first flat PCL 

scaffold. A simple design was chosen that had dimensions similar to standard organoid dimensions 

and was a square shaped (4 x 4 x 0.25 mm) with three infill lines, as shown in Figure 4.2-1b. The 

scaffolds were 3D printed with Felix Bioprinter v.2’s filament print head (Figure 3.3-1), equipped with 

a 0.25 mm nozzle.  
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Figure 4.2-1: a) Phase-contrast image of BO cultured on PCL filament on day 40 (white scale bar: 1000 μm). b) Render images 

of the scaffold design with 3 lines as infill pattern (4 x 4 x 0.25 mm). c) Photo of efBOs at day 40, pigmented regions (black 

areas inside red circle). 

 
Three efBOs were generated from the H9 cell line suspended in Matrigel (Figure 4.2-1c), according to 

the protocol shown in Figure 4.1-1. From this experiment we could conclude that the cultured tissue 

adhered firmly to the PCL scaffold and that it retained its flat form with similar developmental steps 

as for regular BOs. The morphological appearance from day 5 to day 40 in culture is shown in Figure 

4.2-2. During the first 5 days in EB-medium, the tissue consisted of homogenously spread cells 

throughout the scaffold (Figure 4.2-2, day 5) and there were no significant morphological differences 

on the following two days in the neural induction medium (Figure 4.2-2, day 7). After a switch to neural 

induction medium on day 7, the tissue began developing tiny circular rosettes structures everywhere 

in the tissue (Figure 4.2-2, day 10). These circular formations were identified as ventricular zones (VZs), 

similar as can be observed in 2D cultures on day 10. The size of these VZs was considerably larger than 

those usually found in regular BO. Moreover, there was no sign of any necrotic tissue core in the 

efBOs. On day 17 of culture, the formation of a distinct neuroepithelium layer was visible along some 

tissue border edges. Occasionally, at some regions, folding of the neuroepithelium could be seen, 

similar to gyrification seen in the human brain (Figure 4.2-2, day 17)128. Identical to regular BO, some 

tissue regions developed pigmentation during maturation (Figure 4.2-2, day 40). 

 

a b c 
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Figure 4.2-2: Appearance and morphological development of efBOs generated with 1st generation PCL scaffolds. Phase-

contrast images of morphological development from day 5-40. ventricular zones (red arrows), gyrification (red arrowhead), 

higher magnification of neuroepithelium (black arrowheads), pigmented tissue region (red circle, black areas). Figure 

adapted from. White scale bars: 500 μm, black scale bars: 100 μm 

 

4.3 2nd Generation PCL Scaffolds 

It is well-known that physical boundaries play a crucial role for cellular and tissue organization during 

the development and homeostasis of organs in vivo. The previous study provided such initial 

geometrical cues with the shift to a flat shape where the physical edges seemed to affect cell 

formation and morphogenesis.  

With the 2nd generation of PCL scaffolds, we aimed at increasing the efBO tissue size and test different 

geometries and infill shapes. 3D printing enables the production of scaffolds with high architectural 

complexity, precision, and design versatility. In this way, we can generate customized flat scaffold 

structures having the same basic footprint, but with different geometries of defined sizes and shapes, 

as exemplified for 3D printed scaffolds with honeycomb infill structures in Figure 4.3-1. 

 

DAY 40 

DAY 5 DAY 7 DAY 10 

DAY 17 DAY 17 
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Figure 4.3-1: Design of scaffold and 3D printing procedure of PCL scaffolds, exemplified for honeycomb in fill pattern, adapted 

from Paper I 

 

4.3.1 Morphological behavior of BOs on flat PCL scaffolds with different infill shape 

Three different infill shapes (grid, honeycomb, and triangles, Figure 4.3-2a-c) were 3D printed with 

the same basic footprint (a 12 mm x 12 mm x 0.25 mm square) and examined to see if the different 

shapes had any influence on morphology or functionality of the efBO. 
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Figure 4.3-2: efBOs generated with different infill shape of scaffolds. a) Rectangle infill pattern. b) Honeycomb infill pattern. 

c) Triangle infill pattern. efBOs cultured for 40 days on rectangular (d), honeycomb (e), and triangular (f) shape infill scaffolds. 

Scale bars 500 μm. 

 
However, we did not observe any significant differences between the formed efBO on the different 

infill shapes (figure 4.3.1-1d-f). We chose to continue all further experiments with the honeycomb 

shape which was easy to print small feature without destroying the pattern because there are no 

crossing filaments while printing. 

Figure 4.3-3 shows the development stages of the efBO formation from day 7 to day 40 on the flat 

honeycomb shaped scaffold. The tissue started to form a flat shape after cell seeding and had a 

dimension of approximately 10 x 10 x 1 mm after 40 days of culture (Figure 4.3-3B). The appearance 

of the tissue began to change from transparent to cloudy white, which is an indication of cell 

proliferation and cell expansion around the scaffold. In addition to the color change, cells were spread 

out and contacted each other; however, the tissue remained disorganized with a homogenous shape 

during the first 7-day period. After the switch to the neural induction medium between day 5 to 7, 

cells began to organize, and VZ structures started appearing in the entire tissue at day 7 (Figure 4.3-

3Aab). More distinct VZ and thin continuous neuroepithelium layer formation started to appear when 

changing to an expansion medium to initiate further differentiation on day 10. Here it can be seen 

that the neuroepithelium surrounded the entire efBO (Figure 4.3-3Acd) and continued to expand to a 

thickness of about 100 μm from day 10 to 40. The increased surface area resulted in tissue folding, 
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similar to the gyrification process (Figure 4.3-3Ae-h)., which is part of the human brain 

development128.  

 
 

  

 

 

  

  

 

 

 

  
 

  
Figure 4.3-3: Appearance and morphological development of efBOs cultured on second-generation PCL scaffolds. (A) Phase 

contrast images of morphological development. a), b) VZs (arrows), c-d) neuroepithelium layer (arrows). e-f) beginning of 

gyrification g-h) gyri (arrows) and sulci (arrow heads). (B) Photo of a one-week-old efBO cultured with a honeycomb-

structured PCL scaffold. (C) 40 days cultured efBO. Figure adapted from Paper I. Scale bars: (A) 500μm 
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To determine the formed neural cell types within the efBOs, immunohistochemistry (IHC) was 

performed and compared to regular BOs, by staining for the neural markers Nestin (neuroectodermal 

stem cell marker), TUBB3 (ß-tubulin III), (DCX) doublecortin and MAP-2 (microtubule associated 

protein-2) (Figure 4.3-4). The neuronal markers DCX and MAP-2, usually present in regular BOs129, 

were also observed in efBOs (Figure 4.3-4A). Mature MAP-2 cells were found at the outer perimeter 

of the VZs, whereas less mature DCX+ cells were located at the inner side of the neuroepithelial 

structure (Figure 4.3-4B). The neuroepithelium formations occurred as VZs in regular organoids.  

In contrast to regular BOs, the efBOs had a more extensive thick neuroepithelium structures with 

folding behavior at the tissue's outer perimeters, as well as VZs in the tissue's inner regions. The more 

flattened spatial distribution of cells in efBOs caused a lower tissue density, which probably overcomes 

the diffusion limitation observed in regular BOs. Moreover, the necrotic tissue core was not observed 

in the efBOs. 
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Figure 4.3-4: Comparison of the tissue structures of a regular (spherical) BO and efBOs at day 40. (A) Differences in sizes of 

neuroepithelial structures (arrows) and necrotic tissue core (white circle). (B) Identification of DCX+ and MAP2+ cells in 

efBOs. Young neurons marked by DCX are located around VZs, while more mature neurons marked by MAP2 are in the space 

further outside of VZs. (C) Shows a magnified overview over an efBO section to prove the absence of necrotic tissue. 

Arrowheads indicate the outer epithelial layer. (D) Displays a higher magnification of the cell organization in the inner tissue 

regions of efBOs with many smaller ventricular zones. Figure adapted from Paper I. 

 
The difference between 1st (4 mm x 4 mm x 0.25 mm scaffold) and 2nd generation (10 mm x 10 mm x 

0.25 mm) efBOs is in the amount and dimensions of the VZs. We found that the 2nd-generation efBOs 

had smaller but more amount of VZs than the 1st-generation efBOs. Moreover, the neuroepithelium 

layer was denser and folded in 2nd-generation efBOs, whereas in 1st-generation efBOs folding was 

observed only a few places. From these observations we concluded that the scaffold size had an 

essential role in the tissue's fate, whereas the scaffold infill shape had no observable effect. 

 

4.4 3rd Generation PPy Coated PCL Scaffolds 

The results from 1st and 2nd-generation scaffolds led us to perform further development on the 

materials side. Song et al. reported that 2D and 3D electrically stimulated neural stem cells showed 

significant changes in neurotrophic factors' expression under electrical stimulation130–139. We also 
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wanted to see if we could make the scaffold conductive to potentially in the future be able to 

electrically stimulate the efBOs to improve maturation, as well as to potentially be able to modify the 

scaffold surfaces with neural growth factors140–144. 

 

4.4.1 PPy modification of PCL scaffolds 

The PPy coating method was adopted from Shafei et al.145 with slight modifications and involved 

chemical oxidation polymerization. 2nd generation PCL scaffolds were coated by immersing the 

scaffolds in a 100 mL solution, containing 28 mM sodium p-toluenesulfonate (Na.pTS, Sigma Aldrich) 

and 28 mM Pyrrole (Sigma Aldrich) dissolved in Milli-Q water. The solution with the PCL scaffolds were 

agitated at 400 rpm for 4 hours on an orbital shaker at room temperature (RT). Then 100 mL solution 

of 76 mM FeCl3 in Milli-Q water were added (total volume 200 mL) with continued agitation overnight 

at RT. The last step was to wash the samples three times with methanol (VWR) to clean the scaffolds 

from residues. Samples were then dried at room temperature and subsequently oxygen plasma 

treated (Zepto, Diener plasma surface technology, Germany) at 0.6 mbar with a power of 120 W for 

75 s to make the scaffolds hydrophilic. The resulting PPy coated scaffold can be seen in Figure 4.4-1b.  

 

   
Figure 4.4-1: 3rd generation PCL scaffold: a) Before PPy coating. b) After PPy coating (Dimensions 12 x 12 x 0.25 mm). 

 
The conductivity of the scaffolds was preliminarily measured with a digital multimeter by measuring 

the resistance by attaching each probe to the scaffold's opposite sides, which resulted in a resistance 

of approximately 50 kΩ, which is rather high, which is not suitable for electrochemical measurements 

(see chapter 6) but could potentially be used for electrical stimulation of the efBOs146. 

 

a b 
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4.4.2 Morphological behavior of efBOs on PPy scaffolds 

The PPy-coated PCL scaffolds were tested to see if they could be used for generating efBOs, similarly 

as for the uncoated scaffolds in section 4.3. This work is still ongoing and was delayed due to the 

Covid-19 lockdown in both Denmark and Spain, but the generation and characterization of the efBOs 

was achieved and is presented below. 

The efBO culture method was the same as that used for the 2nd-generation scaffolds with the resulting 

morphological features of the efBOs shown in Figure 4.4-2. It was observed that the tissue growth 

behaved differently on the PPy scaffolds and seemed to prefer growing on top of the scaffold rather 

than inside, and with the edge of the tissue slightly separated from the scaffold (Figure 4.4-2B). 

Otherwise, the growth development was similar as for the 2nd-generation efBOs, as seen in Figure 4.4-

2A. The external neuroepithelium layer and folding appears on day 10, with VZ formation and 

gyrification appearing between day 10 to 40. 
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Figure 4.4-2: Appearance and morphological development of efBOs cultured on PPy coated PCL scaffolds. (A) Gyri (red 

arrows), sulci (red arrowheads), VZs (red dots). Scale bars: 500 μm. (B) Photo of 10-day-old efBO. 

 

4.4.3 IHC of PPy based efBOs 

We then performed IHC to stain for the appropriate neural markers. The results of the 3rd-generation 

efBOs are shown in Figure 4.4-3, with neuronal cell types positive for NES, DCX, TUBB3, and MAP-2, 

similarly as for the 2nd generation efBOs. The compositional difference between the outer perimeter 

of the tissue area and internal tissue section could be distinguished by higher cell density, as seen in 

image in Figure 4.4-2B. 
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Figure 4.4-3: IHC of 3rd generation efBOs at day 40. The left panel shows an overview of the efBOs tissue section. The right 

panel represents NES (neural progenitor marker), TUBB3 (neural skeleton marker), MAP-2 (synaptic plasticity marker), and 

DCX (immature neuronal marker) staining with higher magnification.  

 
Internal difference between regular BOs and 3rd-generation efBOs is shown in figure 4.4-4. The central 

region of the 3rd generation efBOs shows VZ structures in the neuronal tissue, whereas the center of 

the regular BOs has necrotic tissue. Moreover, there are almost no NES and TUBB3 signals in the core 

of the regular BO (Figure 4.4-4ac), whereas the efBOs (Figure 4.4-4bd), show neuronal progenitors 

and mature neurons in the tissue center. Furthermore, gaps between VZs help the diffusion of 

nutrients and oxygen, which can be seen in Figure 4.4-4d, red arrows). 

Based on these results we showed that the PPy coating is compatible with our efBO protocol. To verify 

these preliminary results, we sent the samples to our collaborator at KTH, Stockholm, Sweden to 

perform in situ sequencing analysis, however, the result of this analysis is not finished yet.   
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Regular organoid efBO 

 
Figure 4.4-4: IHC staining to compare the tissue core between regular BOs and efBOs. The top panel shows the tissue core 

area of a regular BO (a) and efBO (b). The lower panel shows the magnified tissue core. Magnification areas are marked with 

white rectangles.  Diffusion gaps in efBO marked with red arrows. 

 

4.5 Decellularized B-ECM Hydrogel for Generating Brain Organoids 

Matrigel is derived from mouse tumor and is not a desired hydrogel due to its tumorigenic origin, but 

also due to batch-to-batch difference, which might adversely affect the organoid culture147–150.  

Despite this, Matrigel is still widely used due to lack of good alternatives. Because of this, we tried to 

develop alternative options that could be used as a brain-specific extra cellular matrix (B-ECM) 
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hydrogel. The idea was also to see if I could find a procedure to 3D bioprint this B-ECM, but due to the 

Covid-19 pandemic, I had no time to conduct these experiments. Below follow the description of the 

development, characterization and application of B-ECM hydrogel compared to Matrigel for 

generation of regular BOs. 

Dr. Robin Simsa, another early-stage researcher in the Training4CRM project, affiliated with VeriGraft 

AB (Gothenburg, Sweden), was responsible for developing a method to generate the B-ECM from 

frozen pig brains, which could further be tested for culturing regular BOs. This resulted in one 

published paper (Paper II) where my main role was to make hydrogel from lyophilized B-ECM and its 

characterization using rheological methods and proteomic analysis. 

The following sections describe the rheological and protein characterization of the B-ECM hydrogel 

and its further application for generating regular Bos. The protocol for pig brain decellularization and 

formation of the lyophilized B-ECM (summarized in Figure 4.5-1a-c) is not described here, the details 

of which can be found in Paper II.  

To make hydrogel from lyophilized B-ECM powder (Figure 4.5-1c-d), the powder was dissolved in cold 

water at the desired concentration to prepare hydrogels of different stiffnesses. Temperature-

controlled neutralization (incubation at 37 °C) was used to trigger spontaneous reformation of the 

monomeric components into a hydrogel. 

 

 
Figure 4.5-1: Schematic illustration of the protocol for porcine brain tissue decellularization. a) The native porcine brain 

tissue. b) Decellularized tissue using a mixture of sodium deoxycholate and deoxyribonuclease. c) Freeze dried decellularized 

tissue, d) digested in pepsin/HCl solution to generate a soluble powder that is fluid (hydrogel) at 4oC. Figure adapted from 

Paper II. 
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The softest tissue in the body is the brain (200-1000 Pa), while muscle tissue has intermediate (12000 

Pa), and bones and teeth have the highest stiffness (2-4 GPa)151. The mechanical properties of 

hydrogels (e.g., stiffness) can guide cellular responses in different tissues due to unique intrinsic 

mechanical properties152. Therefore, it is essential to investigate the mechanical characteristics of the 

hydrogel, affected by the decellularization process. 

 

4.5.1 Rheological studies to characterize B-ECM hydrogels 

Rheology is the science of the flow and deformation of materials. It can determine the viscosity, 

stiffness, and yield stress of materials153. A material’s response can be defined as the amount of 

deformation (strain) or the rate of deformation (strain rate). There are two basic modes of deforming 

materials by an applied force, which a rheometer can measure (Figure 4.5-2). One is where a shear 

strain is applied to a material while it is held between two parallel plates with the upper plate moving 

rotationally and the lower plate is fixed (Figure 4.5-2b). The other is to apply a strain perpendicular 

and measure the change in size made by the extension (Figure 4.5-2c), however this latter method 

will not be discussed further, since all tests conducted in this thesis used a parallel plate setup (Figure 

4.5-2b). 
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Figure 4.5-2: Basic rheology with different modes of material deformation: a) Calculation of shear stress and shear rate using 

the two-plates model with shear area A, gap width h, shear force F, and velocity v, b) Rotational shear test on a sample; the 

cone rotates while the lower plate is stationary, c) The force is applied perpendicular to a surface. The undeformed length 

of a box, strip, or rod is L0, and the extension due to the force is ΔL.  d) Vector diagram illustrating the relationship between 

complex shear modulus G*, storage modulus G' and loss modulus G'' using the phase-shift angle δ. The elastic portion of the 

viscoelastic behavior is presented on the x-axis and the viscous portion on the y-axis, (e) Flow curves (shear rates (𝛄𝛄) versus 

shear stress (𝛕𝛕)) and (f) viscosity curves (shear rates (𝛄𝛄) versus viscosity (𝛈𝛈)) for materials with Newtonian (1), shear-thinning 

(2), and shear-thickening (3) flow behavior. Figure adapted from154,155. 

 
The viscoelastic behavior of a material and its total stiffness is described by the complex shear 

modulus (G*), which is the ratio of the applied strain to the material and the measured response. It 

consists of two-parts, an elastic (G') and a viscous (G") component that each contribute to the total 

stiffness (G*). The phase angle (δ) determines the viscous and elastic properties of the materials.  The 

phase angle is equal to 0° for absolute elastic (solid-like) materials and 90° for absolute viscous (liquid-

like) materials. Furthermore, the phase angle varies between 0° to 90° for viscoelastic materials 

because they have the properties of both viscous and elastic materials. Determining a material's 

characteristics is possible from the vector diagram of G* (X-axis G" and Y-axis G'), as shown in Figure 

4.5-2d. The elastic part of G* is referred to the storage modulus (G'), which describes the deformation 

f 
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energy storage. The viscous part of G* is referred to as the loss modulus (G"), which represents the 

deformation energy loss (dissipated energy). In other terms, the storage modulus (G') represents the 

solid-like behavior of the material, and the loss modulus (G") represents the liquid-like behavior of the 

material. If G' is higher than G" then the material is a viscoelastic solid due to an internal rigid chemical 

network or bonds. If G" higher, than G' then the material is a viscoelastic liquid because there are not 

robust bonds between the molecules154–161. 

There are three types of viscoelastic behavior: 

1. Newtonian behavior of material means that the viscosity of the material (e.g., water, oil) is 

independent of shear rate (Figure 4.5-2e and f line 1). 

2. Shear-thinning (thixotropy) behavior of a material (e.g., toothpaste, mayonnaise) means that the 

material’s viscosity decreases when the shear rate increases (Figure 4.5-2e and f line 2). 

3. Shear-thickening (antithixotropy) behavior of a material (e.g., wet sand, corn starch, and water 

solution) means that the viscosity increases when the shear rate increases (Figure 4.5-2e and f line 3) 

Rheological analysis was conducted with an ARES-LS2 Shear Rheometer (TA Instruments, USA) to 

characterize the mechanical properties of the hydrogels162. A turbidimetric kinetics study was 

performed to determine the gelation times163. For all analyses, neutralized B-ECM solutions at various 

concentrations were stored on ice to prevent gelling before measurement (see details in Paper II). 

 

  
Figure 4.5-3: a) Strain sweep shows the hydrogel's physical failure at increased strain rates between 0.1% to 200%. b) 

Turbidimetric gelation kinetics of B-ECM hydrogel (Inset: illustration of the gelation kinetics' values). Figure adapted from 

Paper II. 
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As shown in Table 4.5-1 and Figure 4.5-3a, the B-ECM hydrogels' storage modulus (G') increased from 

0.7 Pa to 36.4 Pa for three concentrations between 5 mg/mL to 15 mg/mL. A dynamic strain sweep 

was performed to determine the linear viscoelastic region of the hydrogels when exposed to different 

strains (Figure 4.5-3a). The results show that all three B-ECM hydrogel concentrations showed linear 

viscoelastic behavior up to 10% strain. This value is similar to Matrigel, which has a reported linear 

viscoelastic behavior up to 13% strain164. The turbidimetric gelation kinetics of the B-ECM hydrogels 

at concentrations of 5, 7.5 and 10 mg/mL were analyzed spectrophotometrically. The full gelation 

time (95 min) took longer for low B-ECM concentrations (Table 4.5-1 and Figure 4.5-3b) and confirm 

the concentration-dependent behavior of the B-ECM hydrogel with gelation times ranging from 20-

25 min (see details in Paper II). The rheological study also showed that the B-ECM hydrogel had a 

lower stiffness than native brain tissue (close to 1000 Pa165). The stiffness of the B-ECM hydrogel could 

in principle be increased by increasing the B-ECM concentration. However, an increase in 

concentration can negatively affect the cells' ability to penetrate the hydrogel, and the diffusion of 

oxygen, nutrients to and waste products from the gel. We thus chose 15 mg/mL as the most suitable 

hydrogel for BO culture. 

 
Table 4.5-1 Analysis of mechanical properties and gelation kinetics of B-ECM hydrogels at different concentrations. 

Rheology 5 mg/mL 10 mg/mL 15 mg/mL 

Storage Modulus (Gı; Pa) 0.7 ± 0.05 12.8 ± 1.6 36.4 ± 6.5 

Loss Modulus (Gıı; Pa) 0.09 ± 0.0008 2.1 ± 0.3 8.4 ± 0.6 

Turbidimetric analysis 5 mg/mL 7.5 mg/mL 10 mg/mL 

Lag phase (tlag; min) 13.7 ± 3.7* 8.5 ± 0.9* 11.3 ± 1.2 

50% gelation (t1/2; min) 23.5 ± 9.7 16.8 ± 1.1 15.2 ± 1.5 

95% gelation (t95; min) 67.5 ± 11.6* 59.2 ± 4.3 47.7 ± 2.8* 

Speed (S; min) 0.041 ± 0.017 0.044 ± 0.004 0.046 ± 0.002 

Statistical differences in turbidimetric analysis between different rows are indicated with an asterisk (*). 
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4.5.2 Mass spectrometry to characterize the B-ECM hydrogel 

To investigate the composition and function of the B-ECM, all the proteins of the B-ECM and B-ECM 

associated proteins (the “matrisome”) needs to be examined166–169. For this purpose, we conducted 

liquid chromatography with tandem mass spectrometry (LC-MS/MS) analysis170 at DTU 

Bioengineering’s proteomics core facility to elucidate the different proteins present before and after 

decellularization and also in comparison to that of Matrigel. 

LC-MS/MS analysis (details can be found in Paper II) was performed on the native non-decellularized 

brain tissue, B-ECM, ECM hydrogel and Matrigel (Figure 4.5-4a) to determine the protein content after 

each treatment process and to see how efficient the de-cellularization process was and compare with 

Matrigel. The results show that the decellularization process removed most proteins except for 

collagen (B-ECM in Figure 4.5-4a). 18 matrisome-proteins were detected in the B-ECM hydrogel. 15 of 

these were ECM proteins, consisting of six collagens, eight glycoproteins, and one proteoglycan 

(Figure 4.5-4b). Aggrecan (ACAN), brevican (BCAN), and versican (VCAN), which are brain-specific 

proteoglycans, were detected in the native pig brain samples. Besides, only BCAN and VCAN were 

seen in B-ECM. These brain-specific proteoglycans were not seen in Matrigel (Figure 4.5-4b). 

 

 
Figure 4.5-4: a) The ratio of the matrisome-proteins that were found in the samples, described in different matrisome 

categories (Collagens, ECM-affiliated, Glycoproteins, Proteoglycans, ECM Regulators or Secreted Factors). b) The ECM 

proteins were found in the samples, classified by ECM categories (collagens (COL1A1, COL1A2, COL2A1, COL3A1, COL5A2, 

COL6A1), glycoproteins (FBN1, FBN2, FGB, LAMB1, LAMB2, LAMC1, SRPX, and VWF), and proteoglycan (HSPG2)) with their 

gene identifier. Figure adapted from Paper II. 
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The LC-MS/MS results showed that most of the structural ECM proteins were preserved (Details in 

Paper II). However, several functional proteins, were affected and removed by the decellularization 

process. These results indicate that an additional optimization of decellularization process- and an 

alternative hydrogel processing method may be needed to prevent the removal of functional proteins 

that might be important for BO development. Nevertheless, we decided to test the obtained B-ECM 

hydrogel for regular BO formation and compared to the use of Matrigel, as will be described below. 

 

4.5.3 B-ECM hydrogel for generating regular BOs 

The generation of BOs using either Matrigel or B-ECM hydrogel (15 mg/mL) followed the same basic 

protocol as described above in section 4.2. Matrigel-embedded BOs formed neuroectodermal 

budding, whereas the B-ECM embedded BOs grew evenly without any budding, however, VZ were 

apparent in both tissues. We examined both tissues by IHC to image the internal structure (Figure 4.5-

4). Both tissues had the typical structure of radial glia cells (stained with SOX-2 (pluripotency marker), 

NES (neural progenitor marker), PAX-6 (neural ectoderm marker)) in the VZs of the tissue, and 

unmature neurons (DCX+) can be seen on the outside of the VZ. Mature neurons (MAP2+) were 

located at the outer tissue region, and TUBB3+ (neural skeleton marker) cells were found everywhere 

in the entire tissue (Figure 4.5-5). A necrotic tissue core was seen in both the Matrigel-embedded and 

B-ECM embedded BOs. 

Although, the B-ECM hydrogel is more brain-specific than Matrigel (containing similar content and 

number of proteins found in the human brain), it is still rather undefined with batch-to-batch 

variability, which is related to the age, sex, origin, and background of the pig. Our initial plan was to 

test flat brain organoid culture with the B-ECM hydrogel instead of Matrigel, but the unforeseen 

Covid-19 lockdown from March 2020 prevented the completion of additional experiments. 
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Matrigel B-ECM  

 

SOX2 
DCX 

NES 
TUBB3 

PAX6 
MAP2 

DAPI (10x) 10x 40x DAPI (10x) 10x 40x  

Figure 4.5-5: Comparison of IHC staining of Matrigel-embedded and B-ECM-embedded BOs. VZs are shown with white 

arrowheads in the mid panels. The right panels show the magnified arrowhead region of the mid panels.  

 

4.6 Growth Factor-Release System to Induce Spatial Patterning 

The initial plan was to immobilize growth factors on the 3rd generation PPy coated PCL scaffold for 

spatial patterning, but an alternative method was instead pursued that we believed would be a 

simpler to use for the same purpose. Another reason was to create an alternative method for fusing 

organoids171–175 to mimic/pattern different regions of the brain into one tissue (e.g., nigrostriatal 

pathway176). However, due to the storage condition and time limitations during the scaffold's 

international shipping, it was not possible to fabricate scaffolds functionalized with growth factors.  

As an alternative approach, I developed a tissue patterning chamber to fit the flat scaffolds and that 

would allow release of different types of growth factors gradients to different sides of a flat pre-

cellularized scaffold. The tissue patterning chamber was made in agarose since it is non adherent for 

cells and is highly porous which is important for the growth factor release rate. The chamber was 

designed with two side compartments connected to a central compartment, housing a pre-cellularized 

flat scaffold, separated from the main compartment with 1 mm thick walls, as depicted in Figure 4.6-

1Ba. 
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The patterning system was fabricated using a combination of stereolithography (SLA) printing and 

casting by soft lithography, as described in Figure 4.6-1A. A master mold (Mold 1) was first designed 

using the software SolidWorks 2019 (Dassault System), which was exported as an STL file into the 3D 

printer software (PreForm Software, Formlabs Inc.). Mold 1 was then printed using a Formlabs 2 SLA 

3D printer (Formlabs Inc., USA, equipped with a UV source of 405 nm), and Black Resin material (RS-

F2-GPBK-04, Formlabs Inc., USA). Mold 1 was then used to generate a poly (dimethyl siloxane) (PDMS) 

mold (Mold 2) by casting of PDMS into Mold 1. In my preliminary experiments, I found that the UV 

cured materials used for SLA printing inhibited the curing of PDMS and that it was the photoinitiator 

of the SLA resin that caused the inhibition. I thus used the protocol developed by Jepsen et. al.,177 with 

a few modifications to remove the photoinitiator. Mold 1 was cleaned twice in fresh isopropyl alcohol 

(VWR, HPLC grade) for 1 h with a shaker and then air dried. It was then cured in a Formlabs Form Cure 

UV-oven (Formlabs Inc., USA) for 2 h at 60°C, stored in Milli Q water overnight (Figure 4.6-1Aa) and 

finally used to generate the PDMS based (Mold 2, Figure 4.6-1Ab). 

Mold 2 was made by pouring liquid PDMS (10:1 ratio of base and curing agent) inside Mold 1 and then 

cured at 60 oC for 4 hours, and subsequently peeled off, thus having the opposite features of Mold 1 

(Figure 4.6-1Abc). To make the agarose-based tissue patterning chamber (Mold 3), 2% type II agarose 

(Sigma-Aldrich) 2% w/v was prepared in PBS and heated to a gel at 60 oC that was poured into Mold 

2. After 10 min of cooling in the freezer, the agarose Mold 3 was pealed of and used as the final tissue 

patterning chamber (Figure 4.6-1Ade).  

To preliminarily test the release capability of the agarose chamber, food colored Milli Q water (blue 

and yellow) was used for visual inspection. The two side compartments were filled with the indicator 

colors and incubated for 8 hours in an incubator at 37 oC. As seen in Figure 4.6-1Bbc the indicator 

could be released from each side compartment as expected. The system was sent to our partners in 

Spain to test whether it could be used for patterned growth efBO, but again due to the Covid-19 

lockdown these experiments could not be finished in time. The system is still in Madrid and hopefully 

in the future it will be tested by some other Ph.D. student, since all Training4CRM students involved 

have now finished their Ph.D. degree. 
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Figure 4.6-1: Tissue-patterning mold fabrication and testing: A: a) Mold 1: A Mold 1 chamber was printed using an SLA printer. 

b) Mold 2: PDMS was cast inside Mold 1 in a. c) The PDMS based Mold 2 was released from Mold 1. d) Mold 3: Agarose was 

cast into Mold 2. e) The agarose Mold 3 was release from Mold 2 to generate the final tissue patterning chamber.  B) a) 2nd 

generation PCL scaffold placed in tissue patterning chamber. b) Agarose mold containers filled with yellow and blue food 

color on each side to visualize the release pattern and c) after 8 hours of incubation at 37 oC. 

 

4.7 Chapter Summary  

First, the new Felix Bioprinter v2 proved that it could be used for regular 3D FDM printing of flat 

scaffolds for generation of efBO. The 1st and 2nd-generation PCL scaffolds were designed as a tissue 

carrier to change the BO shape from spherical to flat. The 3rd-generation PPY scaffolds were produced 

to add future functions such as conductivity. Shifting the shape of the BOs from spherical to flat 

geometry solved the necrotic core problem that regular BOs usually have. Additionally, using flat 

scaffolds helped to manipulate the tissue's shape and allowed growth of healthy large BO in 10x10x1 

mm size. 

 

B 
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Furthermore, this method improved the current standard protocol for organoids in the needed time 

and effort for culture. Due to the flat BO geometry, whole tissue microscope imaging became less 

difficult than for regular organoids because of the flat shape and enabled live microscope imaging 

throughout organoid development.  

The most important achievement was the possibility to increase the size of the BO and triggering the 

intrinsic gyrification pathway, mimicking the fundamental part of human brain development, which 

has not been reported for BOs before. Besides, we believe that culturing efBOs for more than 40 days 

could reveal other features that could mimic the brain's mature state.  

Another possibility, briefly touched upon in this chapter, is the development of functional scaffolds or 

spatial tissue patterning systems that would electrical stimulation of the tissue or enable release of 

different growth factor to different parts of the scaffold to promote more advanced BO development. 
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Chapter 5 

EMBEDDED 3D PRINTING 

This chapter describes the use of the Felix BIOprinter for developing an approach for 3D printing of 

low viscous fluid materials, such as the photoresist SU8, in granular gel support media with embedded 

3D printing to obtain optical waveguides. The technique enables free-form printing of fluid materials, 

unable to carry its own weight, into complex geometrical structures and with high resolution, which 

is possible only with the embedded printing method (described in Chapter 2). The transparent nature 

of the support enables effective UV post-crosslinking of SU8, and the granular support is stable at high 

temperatures (between 40 – 90 oC), which is needed to cure SU8. We also describe the properties of 

oil-based fumed silica granular support material and how SU8 structures can be printed and support 

themselves in the media temporarily before crosslinking. The results from the production and 

characterization of the embedded 3D printing method are part of a manuscript (Paper III). 

 

5.1  Embedded Printing of SU8 

The Felix BIOprinter (Felixrobotics B.V., The Netherlands) was used for extrusion printing of SU8 (2035, 

Micro Resist Technology, Germany) in two different types of granular gels, i.e., water based Carbopol 

gel and oil-based fused silica gel. Digital 3D models were designed using SolidWorks (Dassault 

Systemes) and converted to STL files, which were sliced by Simplify3D (Simplify3D Inc.) to generate 

the tool paths to enable 3D printing. Different dispensing tips were used to print structures in different 

granular gels, i.e., 27 gauges, 30 gauges and 33 gauges dispensing tips (Fisnar, USA). After printing, 

the extruded structures were exposed to UV light (365 nm wavelength) for 15 min for cross-linking 

and then post-processed at 60 °C for 1 hour for complete curing of the SU8.  
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5.1.1 Water-based Carbopol granular gel support bath 

I started by 3D printing SU8 in the commercial material Carbopol. This polymer is a thickening 

surfactant with suspending capability, long viscous flow, and sparkling clarity in gel systems. It is a 

shear-thinning gel because it rapidly reaches solid material properties after applied shear stress68. 

Carbopol granular gels were prepared according to protocol adopted from Bhattacharjeewith et al.95 

with slight changes. Briefly, 660 µL of 10 M NaOH was added to 100 mL of 0.2-1% w/v ETD 2020 in 

Milli-Q water to neutralize the Carbopol gels. The gels were mixed for 3 min at 1500 rpm in a mixer to 

generate granular gel (Hauschild SpeedMixer, DAC150, Germany) and then poured inside a vessel 

sufficiently large to house the structure to be 3D printed inside. 

SU8 (2035, Micro Resist Technology, Germany) was 3D printed into the Carbopol granular gel support 

bath. The 3D printer was equipped with a 5 mL hypodermic syringe with a 27 gauges blunt needle to 

extrude the SU8, which stayed inside the support until UV cured. After being cured, the SU8 was 

removed from the Carbopol gel by adding Milli-Q water to increase the Carbopol gel's fluidity under 

agitation on a shaker. The SU8 structure was then released, washed with Milli-Q water to remove 

leftover Carbopol, and post-processed in an oven at 60 oC for 1 hour. 

 

 

 

 

 

 

 

 

 

 



63 

   

   
Figure 5.1-1: a) The tool path for 3D printing of designed structure. The outer dimensions were 10 mm x 10 mm and distance 

between squares 2 mm fiber diameter 0.2 mm. b) The embedded 3D printed SU8 with c) fiber dimensions of the printed 

structure, inconsistent with the original design having fiber diameters changing between 229 µm to 392 µm. d) The tool path 

preview of a sinusoidal pattern with 1 mm step distance between each line and 0.2 mm fiber diameter. e) The embedded 

3D printed SU8 with a sinusoidal pattern and f) after printing, again inconsistent with the original design, changing diameter 

between 215 µm and 256 µm) and with SU8 sagging at the corners.  

 
The results of printing two different SU8 structures can be seen in Figure 5.1-1. The print accuracy was 

evaluated using a digital microscope (Dino-Lite Edge, AM7915MZTL), which showed that Carbopol ETD 

2020 resulted in uneven/broken filament and diameter with the extruder's linear movement and 

sagging at the corners (Figure 5.1-1c and f). Another effect was that when SU8 was exposed to the 

Carbopol ETD support bath, its color turned milky white as compared to its original brownish 

transparent color before extrusion (see also figure 5.2-2a). This color change indicated chemical 

reaction of SU8 with the Carbopol gel, which in the end caused the nozzle to clog and result in the 

uneven/broken filament formation seen in Figure 5.1-1. SU8 structures are generally robust, flexible, 

and have smooth surfaces178, however, the 3D printed SU8 structures, released from the Carbopol 

granular gel, were very brittle. Detailed analysis of the filament morphology by scanning electron 

microscopy (SEM) shows a rough surface topography and hollow honeycomb structures inside (Figure 

5.1-2).   
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Figure 5.1-2: SEM images of 3D printed SU8 in Carbopol granular gel: a) General overview of the printed fiber, red arrowheads 

indicate inconsistency of printed fiber diameters and with b) hollow honeycomb structures (red arrows) on the SU8 surface  

 
Several different Carbopol gel concentrations were investigated to see if this had any effect (0.2% - 

1% w/v), however, the problem remained. The conclusion was that the water based Carbopol granular 

gel was not a suitable support bath for 3D printing of SU8 structures inside, especially since we at first 

had optical waveguides in mind.  

 

5.1.2 Oil-based fumed silica granular gel support bath 

Since SU8 seemed to react with the water based Carbopol gel, we decided to see if a switch to an oil-

based granular gel would work better. We started to experiment using a mineral oil containing fumed 

silica particles as the granular gel support bath. 

Commercial hydrophobic fumed silica (AEROSIL® R 972 Pharma) was obtained from Evonik Denmark 

as a sample, and mineral oil (light) was obtained from Sigma-Aldrich. The granular gel support bath 

was prepared according to a protocol developed by Jin et al.79  with slight changes.  First, we started 

with dispersing different amounts of dry fumed silica powder (6, 7 and 8% w/v) in mineral oil at room 

temperature. After continuous mixing overnight using an overhead stirrer (Thermo Fisher Scientific) 

at 500 rpm, the oil-fumed silica suspensions were aged for at least one day. Before use, the oil-fumed 

silica suspensions were centrifuged (Eppendorf, Germany) at 4000 rpm for 15 min to remove air from 

the suspensions.  

a b 
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Rheological studies of the three different oil-based granular gels (6, 7 and 8% w/v) fumed silica 

particles in mineral oil) were performed to determine which would have the best properties for 

embedded printing, as will be described below. 

As described above, the most important property for embedded 3D printing is that the granular gel 

support bath must show shear thinning behavior (Figure 5.1-3). Shear-thinning gels have a reversible 

crosslinking mechanism that facilitates a decrease in the gel's viscosity when shear is applied, which 

is the fundamental property that enables embedded printing (Figure 2.1-5). Preliminary experiments 

with continuous flow and path formation experiments with the 3D printer needle paving through the 

granular gels showed clear viscosity drops when the shear rate was increased, which indicated that 

the granular gels had shear-thinning properties. 

In order to investigate the shear thinning behavior of the prepared oil-fumed silica granular gels, we 

used a rheological tool, to determine parameters such as viscosity, storage (or elastic) modulus (G'), 

and loss (or plastic) modulus (G") (see section 4.5.1 for more detail). Investigating the viscosity of the 

oil-fused silica granular gel under stress, is essential for defining the gel's formulation. Furthermore, 

analyzing the storage and loss modulus is critical to understanding the material´s elastic and viscous 

response under oscillatory shear stress. Storage and loss modulus give information about the 

material´s shear-thinning properties. 
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Figure 5.1-3: Rheological studies of three different oil-fumed silica granular gels (6, 7 and 8 w/v of fumed silica in mineral 

oil): a) Strain sweep. (b) Frequency sweep at low 0.2 % strain. (c) Shear rate sweep at 10 Hz. (d) Cyclic strain time sweep 

starting at low 0.2 % strain for 120 s and then increase to 500 % strain for 60 s, and then back again to 0.2% for a new cycle. 

e) Temperature sweep rheology experiments for hydrogels of 6, 7 and 8 % w/v concentration of fumed silica suspensions, 

using the presented method and rheological parameters. f) UV/VIS light absorption for the three different concentrations of 

granular gels. Figure adapted from Paper III. G´: storage (or elastic) modulus and G´´: loss (or plastic) modulus. 

 

Rheological characteristics of the granular gels at different fumed silica concentrations were 

measured using a Discovery Hybrid Rheometer 2 (TA instruments, New Castle, Delaware) rheometer 

with a parallel plate geometry (diameter of 40.0 mm and gap distance of 1.0 mm). 

Dynamic strain sweeps (Figure 5.1-3a) were conducted between 0.01 and 500 % to decide a strain for 

subsequent experiments, which should be lower than the crossover strain (when non-deforming 

strain is lower than 10% for all concentrations). The results show that the storage and loss modulus 

of all granular gels decrease after a certain strain, which indicates the materials´ yield strain. The yield 

strain was lowest for the 6% w/v gel compared to the others, which means it is less viscous and has 

less printed material holding capacity.  

d 
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Dynamic frequency sweeps (frequency range: 0.01−100 Hz, Figure 5.1-3b) were performed at a low 

strain of 0.2% (selected from the strain sweep results in Figure 5.1-3a) to explore the viscosity shift 

response to decide the crossover frequency, with 10 Hz selected for subsequent experiments. These 

results show that the granular gels have non-Newtonian behavior with increasing frequency, causing 

a shift from liquid state to solid (increase of storage modulus and decrease of loss modulus). 

Moreover, it gives information about the relationship between elastic and viscous behaviors under a 

constant strain, however, no significant difference between relaxation time (defined as the ratio 

between the viscosity and storage modulus) for the different granular gels could be observed.  

Shear rate sweeps (Figure 5.1-3c) at 10 Hz were performed by varying the shear rate from 0 to 50 s-1 

to determine the complex viscosity (the frequency-dependent viscosity) of the granular gels. Transient 

step shear rate tests (Figure 5.1-3d) were used to evaluate the shear-thinning properties of the 

support bath, where the granular gels were sheared at 10 Hz and with a low starting strain of 0.2% for 

120 s, after which the strain increased to 500% for 60s. The viscosity variation is shown in the graph 

during two cycles (Figure 5.1-3d). Similar as for the continuous flow experiments, the cyclic strain 

sweep shows a cross-relationship between strain and storage modulus. When the strain increases, 

the viscosity decreases but it quickly recovers when the strain returns to the lower strain. This 

demonstrates that the granular gels could shift from elastic behavior to solid (or vice versa) with a 

quick self-healing behavior.  

A temperature sweep was performed to examine the viscoelastic behavior at temperatures between 

25 to 100 °C with a temperature increase rate of 1 °C/10 s, while recording the storage modulus (Figure 

5.1-3e). This experiment describes the thermal stability of the different granular gels. When the 

temperature was increased from 25 °C to 100 °C, the storage modulus for the 6% w/v and 7% w/v 

granular gels started to drop drastically after 60 and 50 °C, respectively, whereas the storage modulus 

for the 8% w/v granular had only a slight change. Considering the curing temperature needed for SU8 

(40-70 °C), all three granular gels were stable below 60 °C and could thus be used for embedded 

printing of SU8.  

Finally, the UV absorbance of the granular gels was recorded spectrophotometrically (Spark 

Multimode Microplate Reader, Tecan, Sweden) between 200 to 1000 nm (Figure 5.1-3f). This is 

important for UV curing of SU8 (between 200 - 400 nm) after the embedded printing. It was found 
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that there was no significant difference in UV absorption between 300 - 400 nm for the different 

granular gels.  

The printing test of the 6% w/v gel showed a low holding capacity of the shape of the printed structure 

during the printing phase. In the case of the 7% w/v and 8% w/v gels, both showed great holding 

capacity until curing and release of the printed structures. Therefore, we proceeded with a 7% w/v 

gel for further experiments. 

 

5.1.3 Embedded 3D printing of SU8 in oil-fumed silica granular gel 

Figure 5.1-4 shows SU8 printed with the same sinusoidal pattern as above (Figure 5.1-1d-f). Different 

inner diameters syringe tips were tested (27, 30, 33 gauges) where each syringe diameter needed to 

be optimized in terms of printing speed and extrusion rate, results which are presented in table 5.1-

1.  

   

  
Figure 5.1-4: a) 3D printed sinusoidal pattern of SU8 inside oil-fumed silica granular gel before, and b) after post-processing 

with UV crosslinking and heat treatment.  
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Table 5.1-1 Optimized values for printing speed and extrusion rate for each syringe tip in 7% oil-fumed silica granular gel 

Syringe Gauge Print Speed mm/s Extrusion Rate mm/min 

27 6 1.2 

30 4 1.5 

33 1 2 

 

In contrast to water-based Carbopol, SU8 stayed transparent in the oil-based fumed silica granular 

gel. After UV curing (as described in section 5.1.1), the color of the SU8 changed to the expected 

brownish transparent color and could be easily removed from the bath without damage. The oil-gel 

residues were removed from the SU8 structure in 2-Propanol (VWR, Germany) for 10 min, after which 

it was placed in Toluene under continues agitation on a shaker for 10 min, then washed with a 

developer solution (PGMEA, Sigma Aldrich).  

After demonstrating the ability to 3D print sinusoidal SU8 pattern and releasing the printed SU8 from 

the oil-fumed silica granular gel, we decided to print a more complex structure, an omnidirectionally 

printed helix with 10 mm diameter. After generating the design in the Simplify3D program (Figure 5.1-

5a), we had to modify the g-code (which is specific for layer-by-layer printing) to enable the print head 

to move omnidirectionally82,179–182. As can be seen in Figure 5.1-5b, this helix structure was also 

successfully printed into a stable structure in the oil-fumed silica granular gel without collapsing or 

sagging. Furthermore, the SU8 structure was easy to remove from the support bath with preserved 

shape after curing.  
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Figure 5.1-5: a) Modified tool path for omnidirectional 3D printing of helix structure with 10 mm diameter. b) 

Omnidirectionally 3D printed SU8 helix structure inside oil-based-fumed silica granular gel after postprocessing. 

 

5.1.4 Light intensity test of SU8 optical waveguides 

Optical waveguides are promising tools for many applications, such as deep brain stimulation, sensing, 

and light therapies. SU8 has been used as a material to make optical waveguide in microfabricated 

systems and 3D patterning due to its excellent processing features as well as its mechanical and 

chemical durability183–185. 

As a first application, the omnidirectionally printed SU8 filament was investigated for its potential use 

as an optical waveguide for future optogenetic experiments with genetically modified human neural 

stem cells (hNSC). Omnidirectionally printed SU8 structures with different diameters was preliminarily 

evaluated in terms of their optical properties (transmitting performance) by measuring the output 

light intensity (Figure 5.1-6). The SU8 filaments were coupled into a blue laser diode (460 nm) and the 

light intensity was measured with a power meter (Thorlabs PM130D) from the output tip. The 

measurements showed that the light intensity as expected decreased when the filament diameter 

decreased, but we also observed irregular light leakage throughout the filament surface.   

 

b a 
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Figure 5.1-6: Light Intensity at the tip of fiber which has different diameter: a) ~100 µm fiber diameter, 40 nWmm-2, b) ~150 

µm fiber diameter, 75 nWmm-2, c) ~200 µm fiber diameter 150 nWmm-2. Green arrowheads indicate the light leakage from 

the fiber surfaces. 

 
Measuring the intensity of light is important as the threshold for activation of Channel Rhodopsin-2 

(ChR-2, the opsin used for optogenetic modification of neural stem cell) is 1 mWmm-2 186,187. The total 

intensity of light leaking measured from the tip of filament was 40 nWmm-2 for 100 µm diameter, 75 

nWmm-2 for 150 µm diameter, and 150 nWmm-2 for 200 µm diameter. These intensities are, however, 

not high enough for optogenetic stimulation. Even though these results indicate that an increase of 

the SU8 filament diameter helps to increase the intensity, they could probably not transmit the full 

power of the light due to continuously leaking out. However, in my group´s previous research to make 

optical waveguides for optogenetics, one of the main goals was to make leaky optical waveguides that 

can transmit light omnidirectionally to a large neural population, and for this reason, there might still 

be a future for these 3D printed SU8 waveguides, if we somehow can find a way to control the light 

leakage throughout the SU8 filament. 

Unfortunately, this work was not continued since I in parallel was working on making conducting 

pyrolytic carbon scaffolds also based on the embedded 3D printed SU8 filaments, and due to the 

Covid-19 lockdown of DTU, I had to choose one of the paths, which was the pyrolytic carbon scaffold 

pathways since it was closer to the other topics of my thesis work. This will be presented in the next 

chapter 6. 

c a b 
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Chapter 6 

FUNCTIONAL CARBON SCAFFOLD AS NEURAL INTERFACES 

This chapter is partly based on a manuscript in preparation (Paper III) and describes the fabrication 

and characterization of embedded free-form 3D printed SU8 for developing conductive carbon 

scaffolds by pyrolytic post-processing of SU8 into pyrolytic carbon. Furthermore, it introduces the 

culture and differentiation of human neural stem cells (hNSCs) on these pyrolytic carbon scaffolds to 

detect dopamine release from hNSCs-derived dopaminergic neurons when stimulated chemically and 

optically. The carbon material characterization indicated that this new fabrication methodology led to 

some remarkable physical features of the carbon with carbonaceous micro flowers formed on the 

scaffold surface after pyrolysis. This has not previously been reported for cleanroom based pyrolytic 

carbon micro/nanofabrication processes. 

 

6.1 Functional Carbon Scaffolds  

One of the goals of the Training4CRM project was to develop conductive scaffolds that could be used 

both as a support for cell and tissue growth as well as an electrode for sensing and/or stimulating 

neural differentiation. In chapter 4, I describe some preliminary experiments to achieve this by 

developing PPy coated PCL scaffolds, however, the conductive properties turned out not to be 

sufficient for the purpose. In this chapter I describe an alternative strategy in which SU8 scaffolds 

derived from embedded printing in granular gels (chapter 5) were post-processed by pyrolyzing the 

scaffolds into conductive carbon scaffolds. Here I describe the physical characterization of the 

generated carbon scaffolds, their electrochemical function as electrode materials and finally their 

subsequent application for differentiation of genetically modified hNSC into dopaminergic neurons 

and electrochemical detection of dopamine release after either optical or chemical stimulation. 
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6.2 Fabrication of Conductive 3D Carbon Scaffolds 

In this work, we used the granular gel based embedded printing method (Chapter 5) to evaluate the 

applicability of the oil-based silica granular gel to generate conductive 3D carbon scaffold electrodes 

from 3D printed SU8 scaffolds. As introduced in chapter 5, the embedded printing process was 

optimized for 3D printing of SU8 to obtain optical waveguides. This chapter presents the work 

performed for the fabrication of carbon scaffold electrodes based on 3D printed SU8. 

The 3D architectures were designed with SolidWorks 2019 (Dassault Systèmes) software and exported 

as a 3D model file (.stl) into the 3D printer slicer software (Simplify3D). The models were printed with 

a Felix BIOprinter (Felixrobotics B.V., The Netherland) operating with a 5 mL hypodermic syringe 

equipped with a 27 Gauge blunt syringe needle (Fisnar, USA). The 3D printing was directly done in a 

6-well plate (NuncTM, Themo Fisher, USA), each well filled with oil-fumed silica-based granular gel (7% 

w/v). The 6-well plate (well diameter 35 mm and depth 19 mm) was used to print six structures in one 

printing loop to enhance the repeatability of the printed structures.  

 

 

 

Figure 6.2-1: SU8 scaffold: a) CAD design od scaffold with detailed dimensions. b) SU8 scaffold after printing, curing, and 

cleaning. Figure adapted from paper III. 

 

b a 



75 

A honeycomb infill structure in a cylindrical form with a connection handle (see Figure 6.1-1 for 

detailed dimensions) was chosen as the optimal electrode design to maximize cell culture area.  After 

embedded printing, the printed structure was cured under UV for 15 min and post-cured in an oven 

at 60 oC. Then, released from the oil-fumed silica-based granular gel and washed with isopropanol 

and, toluene to remove leftovers and then developed in the developer solution. 

 

6.2.1 Pyrolysis of 3D printed SU8 

Pyrolysis is a thermochemical process that can be applied to modify any organic polymers. In this 

process, the material is exposed to a high temperature of 900 °C, where it is decayed into different 

molecules chemically and physically under an inert atmosphere condition. Decay occurs because of 

the poor thermal resistance of the non-carbon materials' chemical bonds, which allows them to be 

broken down using heat and leaving behind a glassy carbon type material188–191. Additionally, the 

pyrolysis process causes a significant volumetric shrinkage, leading to smaller carbon structures 

compared to the polymer precursors (Figure 6.2-2). 

 

 
Figure 6.2-2: Embedded 3D printed electrode before (dark brown) and after pyrolysis (black). Shrinkage is around 50%. Figure 

adapted from paper III. 

 
In this work, the SU8 was the precursor material. After embedded 3D printing of SU8, structures were 

pyrolyzed in a PEO-604 furnace (ATV Technology, Germany) under N2 gas flow (200 sccm) at 900 °C. 

The temperature was ramped up by 2 °C/min rate until 410 °C followed by dwelling for two hours. 
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After the dwell time, the temperature was ramped up again by 2 °C/min rate until 900 °C and kept for 

one hour and then cooled down (5 °C/min rate) to room temperature. At the end of the process, the 

3D printed SU8 dimensions had decreased to approximately 50% of its original size, see Figure 6.2-2. 

After pyrolysis, an electrode-cable connection was made to the handle using conductive silver epoxy 

(EP-H20E, Epotek, USA) and cured according to the supplier suggestions. Silver epoxy is the most 

practical and effective way to connect cables, however, it is also toxic to cells.  Therefore, we 

developed a way to be able to use silver epoxy by applying a Styrene-ethylene-butylene-styrene (SEBS) 

coating (Figure 6.2-3a).  
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Figure 6.2-3: Cell culture experimental setup: a) Illustration of the fully prepared electrodes for detection (Blue arrow 

indicates cable, blue arrowhead indicates SEBS coating, green arrowhead indicates silver epoxy). b) Ready electrode after 

the curing and coating steps. c) Cell culture experiment setup. Figure adapted from paper III. 

 
SEBS (Kraton G1650, Kraton, Belgium) elastomer has been used as a coating material because it is 

flexible, biocompatible, and shows excellent sealing properties192. The SEBS elastomers was dissolved 

in Toluene (VWR, Germany) 40% w/v and left to mix overnight. When the SEBS was completely 

dissolved, it was filled into a syringe and stored at room temperature and protected from light. When 

c 

a 

b 
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the curing was done, the silver epoxy and cable part was coated with the SEBS solution and left for 

curing in an oven overnight (Figure 6.2-3ab).  

For electrochemical characterization, the scaffold electrodes were fitted into a 12-well plate (well 

diameter 22.1 mm depth 19 mm; NuncTM, Thermo Fisher, USA) with cable connections to connect 

the scaffold to a potentiostat (model: 1010, CHI, USA) (Figure 6.2-3c). 

 

6.2.2 Material characterization of the 3D printed pyrolytic carbon electrode 

The pyrolysis and material characterization of the carbon scaffold were conducted with our 

collaborator Dr. Babak Rezaei (DTU Nanolab).  Characterization of the surface topographies and 

porosities of the pyrolyzed scaffold electrodes was performed by scanning electron microscopy (SEM) 

in low-vacuum mode. All SEM images were obtained using a Zeiss Supra VP 40 (Carl Zeiss NTS GmbH, 

Germany). The dimensions of the carbon scaffold structures were measured using the ImageJ 

software193 (National Institute of Health, Bethesda, USA). The surface elements composition was 

determined using X-ray photoelectron spectroscopy (XPS, Thermo Fisher Scientific Inc., K-alpha, USA) 

equipped with a monochromatic Al Kα X-ray source (pass energy: 200 eV for survey spectra). The 

atomic composition of surface elements was analyzed by the software package (Avantage Thermo 

VG) provided by Thermo Fisher Scientific. Visible Raman spectroscopy (Model DXR, Thermo Fisher 

Scientific Inc., Denmark). The excitation wavelength of 532 nm was acquired to analyze the impact of 

pyrolysis conditions on the graphitization. The Raman spectra were obtained with a 10X objective and 

10 mW laser power, and the data were processed by OMNIC software (Nicolet Instruments, USA). 

Energy Dispersive Spectroscopy (EDS) elemental analyses were conducted with X-ray photoelectron 

spectroscopy (NEXSA, Thermo Fisher Scientific, USA), scanning electron microscopy (FEI Quanta 200 

FEG-SEM) coupled with an energy dispersive spectrometer (Oxford X-Max) for analyses of the 

elemental distribution of carbonaceous micro flower area. 

The SEM images presented in Figure 6.2-4 shows scaffolds before and after pyrolysis. The filament 

formation is not consistent throughout the print pattern, which can be due to a nonuniform extrusion 

rate. Although this is an unwanted situation, we found that a dense and large design prevents the 

entirely degassing from structures during the pyrolysis and causing collapse and fracture of the 

structure by high inner pressure of the trapped gases194. Porosity by the nonuniform filament 

formation helped the release of byproduct gases from the scaffold during the pyrolysis process. The 
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SEM images after pyrolysis (Figure 6.2-4 b and c) unveil that the carbon have a rough surface texture 

and microstructure formation on the filament surface. Figure 6.2-4c shows a carbon scaffold filament 

section showing roughness of the surface (red arrow), smoothness at the inner perimeter (blue 

arrowhead), and internal gaps (red arrowheads) caused by silica particles (diffused and accumulated 

silica particles while printing) release. 

 

  

 
Figure 6.2-4: SEM images of scaffold structures: a) SU8 scaffold before pyrolysis and b) after pyrolysis (carbonaceous micro 

flowers are present all around the structure). c) Fiber section of pyrolytic carbon scaffold (red arrow indicate rough surface, 

red arrowheads indicate holes inside the fiber, blue arrowhead indicate smooth internal structure, blue arrow indicate 

carbonaceous micro flower). Figure adapted from paper III. 

 
An interesting observation is the micro flower-like formations on the pyrolyzed scaffold surfaces 

(Figure 6.2-5). We suspected that these formations could be graphene because of their structural 

appearance and decided to conduct further material characterization. Raman, XPS, and EDS 

a b 

c 
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spectroscopy were used to examine the pyrolytic carbon structure to determine the graphitic 

composition.  

 

  

  
Figure 6.2-5: SEM images of the carbonaceous micro flower-like structures formed on the carbon scaffold surface: a) Fiber 

of the pyrolyzed structure (red arrow indicates rough surface, red arrowhead indicates carbonaceous micro flower). b-d) 

Different carbonaceous micro flower-like structure observed on the filament. Figure adapted from paper III. 

 
Raman spectroscopy is particularly common in analyzing carbon structures. In pyrolytic carbon, the 

prominent peaks are the D and G peaks which are typical for all amorphous carbons, and many 

properties can be analyzed from their peak forms195,196. The G band (E2g vibration mode at 1580 cm-

1) is seen in all carbon materials having sp2 hybridized electrons. The D band (A1g vibrational mode at 

1360 cm-1) can be seen in all carbon materials with structural defects, but it is not seen in pure 

graphene194,197.   

a b 

c d 
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Raman spectra of the embedded 3D printed structures after pyrolysis showed in Figure 6.2-6c.  As 

seen, both D and G peaks are present confirming pyrolytic carbon. The G peak is slightly higher than 

the D peak, which could be because of a significant number of sp2 hybridized sites. The number of 

active defect sites could be approximately high because of the high disorder considered a wanted 

characteristic of the material as an electrode due to the fast electron transfer occur in these sites. As 

expected, Si-O (stretching vibration mode at 1101 cm-1) observed at Raman198 spectra because of 

remained silica particles. Furthermore, the EDS results confirmed that the micro flower-like structures 

are mainly composed of C elements (Figure 6.2-6b). 

 

  

 
Figure 6.2-6: Material characterization of pyrolyzed carbon scaffold structures: a) Wide-range XPS spectra, b) EDS spectrum 

(79% C, 18.3% O, 2.5% Si), top right panel elemental mapped micro flower structures, c) Raman spectra. Figure adapted from 

paper III. 

b 

c 
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The XPS spectra results, for the scaffold before and after pyrolysis are shown in Figure 6.2-6a, and the 

results are summarized in Table 6.2-1. For the 3D printed SU8 scaffold before pyrolysis, the analysis 

showed silica (Si2p), carbon (C1s), and oxygen (O1s) peaks at 104.46, 285.78, 533.87 eV, respectively, 

and the atomic O/C ratio was 88%. The appearance of Si elements in the XPS spectra is due to the oil-

silica gel. The pyrolyzed samples have a low Si signal, which indicates that some of it released from 

SU8 scaffold during the pyrolysis process. The atomic O/C ratio for the pyrolyzed scaffold is lower than 

the non-pyrolyzed sample (see Table 6.2-1), indicating that most of the carbon remains and that the 

pyrolysis process has not affected the surface chemical composition. 

 
Table 6.2-1 Surface atomic composition measured by XPS before and after pyrolysis process. 

 C O Si O/C ratio 

 Atomic ratio (%) Atomic ratio (%) Atomic ratio (%) % 

Before Pyrolysis 42.6 37.54 17.47 88 

After Pyrolysis 61.9 26 12.1 42 

 

6.2.3 Electrochemical characterization of 3D printed pyrolytic carbon electrode 

Cyclic voltammetry is an electrochemical technique used to examine the reduction and oxidation of 

chemical species in a three-electrode electrochemical cells, comprising a working (WE), counter (CE), 

and reference electrode (Figure 6.2-7a). The technique involves sweeping the WE potential linearly, 

first in a forward scan and then backward again, as a function of time while measuring the resulting 

current. The applied potential represents a triangular potential waveform. The electrochemical 

properties of a chemical species or a WE to be characterized can be evaluated based on the resulting 

current/voltage data (Figure 6.2-7b), referred to as a cyclic voltammogram (CV). The shape of a CV 

gives essential information about electrode behavior. It depends on several factors, e.g., surface area 

and electrochemical activity of the electrode, conductivity of the electrode material, and diffusion 

profile, which can be related to both the surface area and geometry/design of the electrode. A linear 

diffusion profile is characteristic for planar electrodes with dimensions even at micrometer level. With 

such electrodes, a characteristic CV has two peaks, an anodic (for oxidation) and a cathodic (for 

reduction) one, due to diffusion limitation of the generated current. On the other hand, a radial or 

spherical diffusion profile is typically dominating for spherical or hemispherical electrodes as well as 
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for ultramicroelectrodes. The characteristic CVs approach the sigmoidal shape with a steady state 

limiting current that indicates absence of diffusion limitation199.  

In chronoamperometry, a constant potential is applied, and the resulting current is measured as a 

function of time. The current generated upon oxidation of a transiently introduced electroactive 

species (e.g., dopamine, epinephrine, norepinephrine serotonin, and histamine200–204) at the electrode 

surface is recorded as a function of time, appearing as a peak (Figure 6.2-7c). Since amperometry 

facilitates very fast response to concentration changes at the electrode surface, it has proved to be an 

effective tool for real-time measurement of dopamine (DA) release (exocytosis) even from single cells. 

Depending on the type of cells, such DA release events may last, on average, for 1 ms.  Pyrolytic carbon 

electrodes have been used by many scientists before for electrochemical detection of cellular DA 

release due to its excellent properties as an electrode material and biocompatibility205–208. 

 

   

Figure 6.2-7:  a) Illustration of the electrochemical setup: 3D carbon scaffold as working electrode (WE), a Pt counter 

electrode (CE), and an Ag|AgCl reference electrode (RE). b) Cyclic voltammogram with anodic and cathodic peaks. c) 

Amperometry shows a current peak as a response to transiently introduced electroactive species, as is observed during DA 

exocytosis. 

 
We characterized the 3D carbon scaffolds as working electrodes to assess their electrochemical 

properties. In the 3-electrode setup, we used a Driref-L (WPI, USA) as the Ag|AgCl (3 M KCl) reference 

electrode and a platinum wire (50HX15, Redoxme AB, Sweden) as the counter electrode. 

 

 

 

 

a b c 
RE CE WE 
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Figure 6.2-8: Cyclic voltametric characterization of the carbon scaffold electrodes using DA. a) CVs of 250 μM DA acquired at 

different scan rates. b) Peak current preserves linearity with the square root of scan rate for the carbon scaffold electrode. 

c-d) CVs acquired at different DA concentrations (scan rate 100 mV s−1). Figure adapted from paper III. 

 
The behavior of the 3D carbon scaffold electrodes in DA electrochemistry (250 μM DA in PBS, pH 7.4) 

was investigated using cyclic voltammetry (Figure 6.2-8a). The potential scan rates ranged from 100 

to 1000 mVs−1. Linearity between the oxidation peak currents and the square root of the scan rate 

throughout the applied range can be seen in Figure 6.2-8b. The result indicates that the 

electrochemical process predominantly diffusion controlled. The observed linearity also demonstrates 

that the 3D carbon scaffolds possessed sufficient conductivity to sustain scan rates up to at least 1000 

mVs-1 209. However, the separation between the anodic and cathodic peaks increased with scan rate. 

a b 

c d 
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Considering that DA electrochemistry is quasi-reversible, this represents a typical behavior. The 

sensitivity of the 3D carbon scaffold electrodes was determined by acquiring CVs at different DA 

concentrations (see Figure 6.2-8cd). The calculated sensitivity was 1 μA/μM. 

To perform further test of the sensitivity of the scaffolds, we designed an amperometric experiment 

that was conducted in a Faraday cage to eliminate the influence of environmental noise (see Figure 

6.2-10a). 150 μM DA solution was prepared in purged PBS and a volume of 25 μL was injected six 

times onto the scaffold surface by a syringe pump. The current peaks recorded at one scaffold are 

shown in Figure 6.2-10b. They clearly indicate that the 3D carbon scaffolds are capable of promptly 

and reproducibly responding to transiently introduced DA. 

 

  

Figure 6.2-9: Chronoamperometry experiment: a) Experimental setup, b) Current peaks recorded for 6 repeated 25 µL 

injections of 250 µM DA on to a carbon scaffold electrode poised at 600 mV vs. Ag|AgCl RE. Figure adapted from paper III. 

 

6.3 Dopamine Detection from hNSCs Differentiated on Carbon Scaffolds 

Our collaborator, Asli Aybike Dogan, affiliated with the Technical University of Denmark, optimized 

the protocol for culturing the human ventral mesencephalic neural stem cell line (hNSCs) on 3D 

scaffold electrodes (with and without cable connections) and differentiating them into dopaminergic 

neurons. She also prepared cells differentiated on scaffolds for immunocytochemical (ICC) analyses 

combined with fluorescence imaging as well as for SEM imaging. 

 

b a 
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6.3.1 Human neural stem cells culture on carbon scaffolds 

The 3D scaffold electrodes were first oxygen plasma treated to make the surface hydrophilic and 

coated with Poly-L-Lysine (PLL) to modify the surface positively charged to promote uniform cell 

adhesion. After 14 days of differentiation, a dense neuronal network was formed on the scaffolds, 

extending between filament layers of the scaffolds. Immediately after the completed differentiation, 

the cells on the scaffolds were fixed and permeabilized for ICC to visualize the presence β tubulin 

isotype III (TUBB3; neuronal skeleton identifier) and tyrosine hydroxylase (TH; the rate limiting enzyme 

in DA biosynthesis and a marker of dopaminergic phenotype), as shown in Figure 6.3-1. 

 

TUBB3 TH Merged 

   

   
Figure 6.3-1: 14 Days differentiation of hNSCs into dopaminergic neurons on a 3D printed electrode: Immunocytochemistry 

shows an even coverage of the electrode by the differentiated neurons, TUBB3 (green), TH (red), and merge, top panel 5X 

and bottom panel 20X magnification. Figure adapted from paper III. 

 
Unevenness of the 3D printed filaments resulted in formation of gaps between the filaments. This 

turned out to be beneficial for cell adhesion due to increased surface area. To examine the 

morphology of the differentiated cells on the scaffolds, SEM images were acquired, as shown in Figure 

6.3-2. They clearly show that the differentiated cells extended the neurites between the filament 

layers. The ICC analysis was used to determine the density of dopaminergic neurons after 

differentiation. The performed qualitative analysis showed that most of the differentiated cells in a 
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population expressed TH, the rate limiting enzyme of dopamine biosynthesis that converts tyrosine 

into L-dopa. Therefore, we concluded that the 3D carbon scaffolds were suitable for culturing and 

differentiation of hNSCs into dopaminergic neurons. 

 

  

  
Figure 6.3-2: SEM images: Morphology of hNSCs on a PLL coated 3D carbon scaffold after 14 days of differentiated. Figure 

adapted from paper III. 

 
For the detection of DA exocytosis, the cells were differentiated for 14 days on scaffolds with electric 

connection (see Figure 6.2-3c). The experimental setup for exocytosis measurements was the same 

as shown in Figure 6.2-10a. During the amperometric measurements the applied potential was 600 

mV. The scaffold electrode with differentiated cells was dipped in 9 mL of a low-K+ buffer (10 mM 

Hepes (pH 7.4), 5 mM glucose, 2 mM CaCl2, 1.2 mM MgCl2, 5 mM KCl, 150 mM NaCl) and a baseline 

was recorded until the signal became steady. Then, DA exocytosis was induced by injecting 1 mL of a 

high-K+ buffer onto the scaffold under stirring to elevate the K+ level to 150 mM. The released 

dopamine was immediately oxidized at the scaffold surface, generating a faradic current peak. This 

experiment was repeated for three scaffolds with differentiating cells (n = 3) and three scaffolds with 

non-differentiating (proliferating) cells as control (n = 3) (Figure 6.3-3). 
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Figure 6.3-3: Amperometric current-time traces recorded during detection of K+ induced DA exocytosis from hNSCs on 3D 

carbon scaffolds (poised at 600 mV vs. Ag|AgCl RE) after 14 days of differentiation (three scaffolds for both differentiating 

and non-differentiating (control) cells) Figure adapted from paper III. 

 

6.3.2 Optogenetic human neural stem cell on embedded 3D printed carbon electrode 

Optogenetics is an approach that uses light to control neuronal activity210. This is achieved by viral 

transfection with genetically encoded opsin protein that can modulate the cellular membrane 

potential, facilitating light-induced generation of action potential211. The approach allows precise 

stimulation and silencing of selected cells in a population. Consequently, several brain-related 

diseases can be studied using this advanced tool209,212–214. 

The optogenetic human neural stem cells (hONSCs), used in this project, were genetically modified 

with Channel Rhodopsin-2 (ChR-2) containing lentivirus, making the cells sensitive to blue light (470 

nm). The transfection of the cells was done by Dr. Tania Ramos-Moreno at Lund University, Sweden. 
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TUBB3 TH Merged 

   

   
Figure 6.3-4: hONSCs on a 3D carbon scaffold after 14 days of differentiation into dopaminergic neurons: Fluorescence 

imaging after ICC indicates an even coverage of the scaffold by the differentiating neurons (Left: TUBB3 (green), Middle: TH 

(red), and Right: merge; Magnification: top panels 5X and bottom panels 20X). 

 
The ICC results show that the hONSCs could adhere, proliferate, and differentiate on the 3D carbon 

scaffolds. Nevertheless, the differentiation rate of the cells into dopaminergic neurons was low, 

causing low expression of TH, as seen in Figure 6.3-4, compared to the hNSCs in Figure 6.3-1. The 

potential reasons could be that the hONSCs needed a longer differentiation period than 14 days. 

The setup and protocol for detection of exocytosis from the hONSCs was the same as described in 

sections 6.2.3 and 6.3.1, except that light triggering was used instead of high-K+ buffer. After 14 days 

of differentiation, amperometric exocytosis measurements were conducted by optogenetic 

stimulation using the same blue light laser diode as shown in Figure 5.1-6. The cells on the scaffold 

were exposed to light pulses but, unfortunately, no response could be recorded. As mentioned above, 

the low number of dopaminergic neurons made the detection of DA exocytosis impossible.  We 

decided to increase the differentiation duration for hONSCs and test the scaffolds again for 

optogenetic stimulation. However, the limited time of my Ph.D. prevented the long-term experiment 

in the cell lab from being repeated.
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Chapter 7 

CONCLUSION AND OUTLOOK 

7.1 Conclusion 

This dissertation is based on the development and commercialization of the Felix BIOprinter and 

its application relevant to the Training4CRM project. The scientific knowledge produced from 

the Felix BIOprinter with close collaborations of researchers from regenerative medicine 

allowed the technology to be commercialized. The development of the 3D bioprinter and its 

application presented in this thesis has been highly multidisciplinary, combining mechatronics, 

additive manufacturing, biology, materials science, and electrochemistry. 

At the start of my Ph.D., 3D bioprinting was a relatively new field and the available commercial 

bioprinters were quite costly. My task was to develop a 3D bioprinter and bringing it to market 

to allow researchers to get access to an advanced tool at a more affordable cost. First, a 

customer and market research report were carried out, which then was transformed into 

consumer demands and a product specification list. Second, 3D models and three prototypes 

were developed and used to collect the necessary knowledge from each version for future 

iterations. Based on these investigations, the final product was designed and successfully built, 

including all the required product specifications, which was decided upon at the beginning. 

Additionally, it was designed with considerations of any further developments, so that future 

modifications to adapt to potentially new technology needs would be simple. 

The Felix BIOprinter was developed in a modular fashion with two printing head that could be 

adapted to a large variety of applications for, e.g., 3D FDM printing, 3D extrusion based 

bioprinter, or combined 3D FDM- and bioprinting.  

My first application involved to test its use as normal 3D FDM printer by 3D printing of flat PCL 

scaffolds to be used as a tissue carrier for brain organoid (BO) research with the overall idea to 

adapt and control the form and dimensions of the BO. This work led to the successful generation 
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of engineered flat brain organoids (efBOs) that were comparatively large in dimensions (10 x 10 

x 1 mm). The efBOs derived from the flat PCL scaffolds did not show a necrotic tissue core that 

often is seen in regular (spherical) BO, indicating that the flat geometry overcame the common 

diffusion limitations of oxygen and nutrients into the core and allowed a uniform dispersion of 

growth factors to the BO. Importantly, the enhanced size of efBOs resulted in the folding of the 

outer neuroepithelium, which enabled mimicking the in vivo gyrification process, which 

previously has not been shown in vitro (Published Paper I).  

The second application was to develop potentially conductive scaffolds for electrochemical 

measurements or for electrical stimulation of cells, either to specifically detect release of 

compounds (dopamine) from the BOs or to electrically stimulate the BO into more mature brain 

constructs, respectively. These types of scaffolds were developed by coating the PCL scaffold 

with Polypyrrole (PPy), which previously have been shown to be a suitable interphase material 

for neural stem differentiation and electrochemical measurements. It was preliminarily shown 

that the PPy coated scaffolds seemed to be conductive, although with a relatively high resistance 

(50 kΩ), which would limit their use for electrochemistry or electrical stimulation. To see if the 

PPy itself affected the generation of efBO, these scaffolds were tested in the same way as the 

naked PCL scaffolds. efBOs on the PPy scaffolds were successfully achieved, however with a 

slightly different morphology as compared to on naked PCL scaffolds. The same folding of the 

outer neuroepithelium with in vivo-like gyrification was seen, but we observed that the tissue 

grew on top of the scaffolds and not in-between the holes of the scaffolds, as previously seen 

for naked PCL scaffolds. This was an interesting result, but the reason for this behavior is not 

understood and will need to be more deeply investigated in the future. 

Related to the above work, we also wanted to see if Matrigel, the extracellular matrix (ECM) 

hydrogel used for generating the above developed efBOs, could be replaced by a more brain-

like decellularized brain ECM (dECM) obtained from frozen pig brains. The dECM hydrogel was 

produced and characterized and compared to Matrigel using rheological and mass 

spectrometry-based characterization techniques. The most important difference between the 

two was that brain-specific proteoglycans, such as BCAN and VCAN, were detected in the dECM, 

but not in Matrigel. However, when comparing the formation of regular BOs using either 

Matrigel or dECM, we could not see any significant differences between the two on the formed 
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BOs in terms of morphological appearance or on the neural markers shown in the 

immunohistochemistry performed (Published Paper II). 

My final work involved the use of the FELIX Bioprinter for free form embedded extrusion-based 

3D printing of the photoresist SU8 in granular gel support bath to generate leaky optical 

waveguides and conductive pyrolytic carbon scaffolds, to be used for optical stimulation of 

optogenetically modified human neural stem cells (hNSCs) and neurotransmitter detection, 

respectively. Two different support bath types were investigated and characterized, i.e., 

commercial water-based Carbopol- and oil based fumed silica granular gels. It was found that 

the fumed silica granular had better rheological properties and compatibility with embedded 

printing of SU8 photoresist and was thus chosen as the material to continue with. SU8 based 

optical waveguides of different patterns were successfully 3D printed and further tested by 

coupling light through them using a blue laser. The results showed that that printed optical 

waveguides indeed showed leakage of light from their surface, which resulted in a low power of 

the transmitted light, however the light leakage was difficult to measure, and it was moreover 

difficult to print waveguides that leaked light in a controllable manner, which thus need further 

optimization. Due to the Covid-19 lockdown and delays in experimental work, the 3D printing 

process of optical waveguides could not be optimized in time and just remain in my thesis as a 

proof of concept.  

Flat SU8 scaffolds with similar internal honeycomb structures as the above-described PCL 

scaffolds were free form 3D printed using the oil-fumed silica granular gel, then cured and 

subsequently pyrolyzed into pyrolytic carbon to be used as potential conductive scaffolds for 

hNSC culture. The scaffolds were first characterized using SEM, Raman spectroscopy, wide-

range XPS spectra, EDS, and electrochemical techniques like cyclic voltammetry (CV), 

amperometry and electrochemical impedance spectroscopy. An interesting observation seen in 

SEM images and the EDS was that hierarchical graphene micro flowers were formed on the 

pyrolytic carbon surface, which has not been reported previously using pyrolytic carbon 

structures derived from microfabricated SU8. By using the pyrolytic carbon scaffold as an 

electrode, the CV showed high oxidation and reduction peak currents and low peak potential 

separation, indicating excellent electrochemical properties, which we believe is due to a 

combination of high porosity and presence of graphene micro flowers on the scaffold surface.  
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The pyrolytic carbon scaffolds were then further tested for culture and differentiation of hNSCs 

(both native and optogenetically modified) into dopaminergic neurons, which was successfully 

achieved for the two different hNSC lines, however, a comparatively low percentage of 

dopaminergic neurons were obtain with the optogenetically modified hNSC line. We finally 

showed that we could use the carbon scaffold to electrochemically monitor real time exocytotic 

release of dopamine from the neurons on the scaffolds using chemical depolarization whereas 

optical stimulation was not successful, probably due to the low degree of differentiated 

optogenetically modified hNSCs into dopaminergic neurons. The conductive carbon scaffolds 

studied here consequently presents the first proof of concept of a neural interface that 

potentially could be used as a conductive scaffold for generating efBOs in the future. 

 

7.2 Outlook  

A cost-effective and modular bioprinter can help adapt the bioprinting technology to research 

laboratories in the field of regenerative medicine and even clinics, however, ready-to-use inks, 

and easy-to-access assistance will also have an essential role. It would be interesting to develop 

a bio-ink portfolio by building a strategic alliance with bioink suppliers. Felixprinters B.V. already 

have an agreement with Xpect-INX to supply ready-to-use bioinks together with Felix BIOprinter 

as a first step. The current bioprinter uses third-party software for slicing (convert to toolpath) 

the designed models which are not fully compatible. Because of this, developing a specific slicer 

software for the bioprinter is needed. Another development could be to build a CAD library for 

organ models for researchers who do not have experience in 3D modeling software. Moreover, 

there is still room for technological adaptation and developments of different print heads, such 

as an electro writing & spinning tool. 

There are also new development and application possibilities for the efBO protocol. Matrigel 

could be replaced with more brain specific tissue and well-defined hydrogel to increase the 

reproducibility additionally. The gyrification, one of the novel features of the efBO, could 

observe beyond the currently forty days in long-term culture to further investigate tissue folding 

behavior. Besides this, the 3D efBO protocol could be modified to include growth factor modified 
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PCL scaffolds by growth factors immobilization or be combined with an external growth factor 

release system, as suggested in chapter 4. 

We have studied the free-form and omnidirectionally embedded 3D printing in oil-based silica 

nanoclay and confirmed its suitability as a support bath material for printing SU8 structures. 

More work could be done to improve printing of optical waveguides, especially to investigate if 

it is possible to produce reproducible leakage of the waveguides.  

In relation to pyrolyzed structures, the graphene-like formation phenomena seen on the SU8-

derived carbon scaffold surface could be explored more, investigating the influence of different 

support bath materials. Also, the carbon scaffolds could be embedded in hydrogel matrix 

together cells to use it for electrical stimulation or monitor the tissues' growth and 

differentiation and of course to grow brain organoid, similar as for the efBOs, on these scaffolds.  

Due to the hardness of the material, it would evidently be interesting to use them with other 

tissue types such as bone, heart, muscle, etc. Finally, these pyrolytic carbon structures are not 

limited to life science, I believe they would be highly interesting also for energy harvesting and 

storage applications.
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Abstract
Brain organoids are considered to be a highly promising in vitromodel for the study of the human
brain and, despite their various shortcomings, have already been used widely in neurobiological
studies. Especially for drug screening applications, a highly reproducible protocol with simple
tissue culture steps and consistent output, is required. Here we present an engineering approach
that addresses several existing shortcomings of brain organoids. By culturing brain organoids with
a polycaprolactone scaffold, we were able to modify their shape into a flat morphology. Engineered
flat brain organoids (efBOs) possess advantageous diffusion conditions and thus their tissue is
better supplied with oxygen and nutrients, preventing the formation of a necrotic tissue core.
Moreover, the efBO protocol is highly simplified and allows to customize the organoid size directly
from the start. By seeding cells onto 12 by 12 mm scaffolds, the brain organoid size can be
significantly increased. In addition, we were able to observe folding reminiscent of gyrification
around day 20, which was self-generated by the tissue. To our knowledge, this is the first study that
reports intrinsically caused gyrification of neuronal tissue in vitro.We consider our efBO protocol
as a next step towards the generation of a stable and reliable human brain model for drug screening
applications and spatial patterning experiments.

1. Introduction

The human brain is the most complex organ of the
body and due to its inaccessibility, we still lack sci-
entific knowledge about brain development and dis-
eases. Studies with animals are ethically restricted and
should be minimized. Besides, due to structural, and
metabolic differences between species, animals serve
as a very limitedmodel for the human brain [1]. Con-
sequently, a brain model is needed that sufficiently
resembles the human brain.

Brain organoids are three-dimensional (3D)
neuronal tissues grown from human pluripotent
stem cells in vitro [2]. The tissue is formed by
self-organization, which leads to structured neural
spheres of a few millimeters in size. The inner archi-
tecture shows similarities to the developing human

brain [2], which has led to extensive use of brain
organoids in neurobiological research studies. How-
ever, today’s brain organoids are far from being
optimal. Many challenges need to be addressed in
order to increase the reproducibility, applicability,
and reliability of brain organoids. For a start, the lack
of vascularization leads to diffusion limitations for
nutrients and oxygen, resulting in a necrotic tissue
core for organoids larger than approximately 500 µm
[3–5]. In an attempt to solve this problem, brain
organoids have been vascularized. While including
endothelial cells in the culture system increases the
complexity of the model, the generated vessel struc-
tures show no functionality (blood flow) in vitro
[6–8]. Other, more technical approaches involve
improving culture conditions, e.g. air–liquid inter-
face culture system [9], microfluidic systems [10, 11],
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or scaffolding using natural or/and synthetic bioma-
terials [12].

The use of brain organoids cultured on designed
scaffolds offers several advantages, expanding the
capabilities that generally cannot be achieved with
cells alone. The current shape of cerebral organoids
limits diffusion-based nutrient-, waste-, and oxygen-
flow. Cells on the surface of early-stage brain
organoids are exposed to different environmental
factors that can affect cell fate and differentiation,
while cells closer to the tissue core receivemuch less of
these external cues. Engineering organoids by includ-
ing a scaffold in the 3D culture, is a tool to overcome
these shape limits, and could enable spatial orient-
ation to a majority of the cells. We hypothesize that
a controlled shape can enhance reproducibility, and
moreover make brain organoids scalable, i.e. includ-
ing a scaffold can potentially help to control to some
extent organoid growth and organization.

3D printing is an additive manufacturing (solid
free-form fabrication) technique that allows layer-by-
layer deposition of material, enabling reproducible
fabrication of specific 3D scaffolds with high archi-
tectural complexity, precision and design versatility.
In this way, customized 3D structures having differ-
ent geometries with defined size and shape can be
generated. This technology enables new possibilities
for tissue engineering and biofabrication and is cur-
rently extensively applied in studies, exploring new
approaches [13–15].

In the present study, we introduce an engineering
approach in which brain organoids are generated and
cultured within both a Matrigel microenvironment
and a flat 3D-printed polycaprolactone (PCL) scaf-
fold macroenvironment. The shift from a spherical to
a flat shape leads to a significant increase in size and
surface-to-volume ratio of the brain organoids, min-
imizing necrosis in the tissue core due to enhanced
diffusion of oxygen and nutrients. Additionally, we
observe a consistent formation of neuroepithelial
folding, which resembles gyrification. Moreover, we
simplified the protocol for brain organoid generation
to make it more adaptable for automation processes
and thus for drug screening applications.

2. Methods

2.1. Stem cell culture
The studies conducted in the present work were
approved by the UAM Research Ethics Commit-
tee (Refs. CEI-74-1338 and CEI-96-1768), and
then authorized by the Madrid Local Government
Health Council under references 47/312421.9/17 and
07/654525.9/19.

Human embryonic stem cell (hESC) line H9
(WiCell) was cultured under feeder- and xenogen-
free conditions on LN521 (BioLamina, #LN521-02)
with Nutristem XF (Biological Industries, #05-100-
1A) as maintenance medium. Cells below passage 50

were used in this study, regularly tested for myco-
plasma and karyotype abnormalities and found neg-
ative.

2.2. Design and fabrication of polycaprolactone
(PCL) scaffolds
The design and fabrication of PCL scaffolds with
structured channels are schematically presented in
figure 1. Scaffolds were designed to be honeycomb
patterned (12 × 12 × 0.25 mm) using SolidWorks
2019 (Dassault Systemes) 3D CAD modeling soft-
ware. The outcome was saved in stereolithography
(.stl) file format to create a print pattern with the
3D printer software (Simplify3D, Simplify3D Inc.).
A commercial 3D-filament printer (Felix Pro 2,
FELIXprinters B.V.) equipped with a 0.25 nozzle was
used for scaffold production. PCL filament (Facilan
Orth, ElogioAM) was used as a 3D-printable scaffold
material. The printing infill density was varied to gen-
erate structures with different shapes and was con-
trolled by the 3D printer software. The infill density
is the amount of filament printed inside the object
and is connected to the porosity of the 3D-printed
structure. Changing the 3D-printing infill patterns
can change the object’s porosity without changing the
shape of the design. In the present study, scaffolds
were printed with an infill density of 30%.

To prepare scaffolds for cell culture, they were
incubated in 70% ethanol overnight and sub-
sequently washed three times with 1× PBS for 5 min
with gentle agitation and then air-dried under sterile
conditions.

2.3. Organoid generation and culture
2.3.1. Regular brain organoids
For regular brain organoid formation, the STEM-
CELL Technologies ‘STEMdiff Cerebral Organoid
Kit’ (#08570) was used to guarantee experimental
standardization. On day 0, feeder- and xenogen-free
cultured hESCs were detached when reaching 60%–
80% confluence and seeded with supplied embryoid
body (EB) formation medium. EB-medium on day
0 was supplemented with 10 µM RHO/ROCK path-
way inhibitor Y-27632 (STEMCELL Technologies,
#72302) to prevent dissociation-induced apoptosis.
hESCs were seeded as single cells (10000 per well)
onto a 96-v-bottom plate (Thermo Fisher Scientific,
#249952) to generate EBs. When EBs reached day
5, they were transferred to a 24-well plate (Corn-
ing, #3473) filled with supplied neural induction
medium. After neural induction on day 7, cerebral
organoids were included in hESC-qualified Matri-
gel (Corning, #354277) and transferred to a 6-well
plate. Polymerization was done at 37 ◦C for 30 min.
Cerebral organoids were then kept in supplied expan-
sion medium for 3 d and subsequently cultured in
supplied maturation medium under orbital shaking
(throw: 10 mm, speed: 103 rpm) until they reached
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Figure 1. Design and 3D printing of PCL scaffolds and protocol for generating efBOs. (A) 3D-printing procedure. (B) efBO
protocol (a) day 0: hPSCs in monolayer culture, (b) hPSCs are seeded together with Matrigel onto a 3D-printed PCL scaffold
(day 0), (c) day 5: tissue has formed in embryoid body medium, (d) days 5–7: induction of neuroectoderm, (e) days 7–10:
differentiation, (f) days 10–40: maturation under static or dynamic conditions.

40 d of culture. During maturation, medium was
changed every 3–4 d; 3 ml per well.

2.3.2. Generation of efBOs
We produced two batches with six engineered flat
brain organoids (efBOs) each. efBOs were seeded
at a seeding density of 1 × 106 cells in 100 µl
Matrigel. For seeding 1 cm2 organoids, 200 µl cell-
Matrigel suspension was used (2 × 106 cells). efBOs
were also generated using the STEMCELL Techno-
logies ‘STEMdiff Cerebral Organoid Kit’ (#08570).
However, the detached hESCs were not resuspen-
ded in EB-formation medium, but directly in hESC-
qualified Matrigel (50 µl per organoid). In prepara-
tion parafilm squares were placed into wells to cover
most of their surface, and one scaffold was placed
into each well. The cell suspension was then seeded
onto the 12 × 12 mm PCL scaffolds. The hydro-
gel was polymerized at 37 ◦C for 30 min. Afterward,
the supplied EB-medium, supplemented with 10 µM

Y-27632, was used to gently detach the scaffolded
EBs from the parafilm. Scaffolded ‘EBs’ were then
cultured free-floating in medium. After 5 d in EB-
formation medium, the medium was switched to the
supplied neural induction medium for 2 d. On day
7, the supplied expansion medium was added into
the wells and starting from day 10, cerebral organoids
were cultured with the supplied maturation medium
with orbital shaking (throw: 10 mm, speed: 103 rpm)
until day 40 (figure 1). During maturation, medium
was changed every 3–4 d; 3–4 ml per well.

2.4. Immunohistochemistry (IHC)
Forty days old regular cerebral organoids and efBOs
were fixed with buffered 4% paraformaldehyde
(20 min, RT), followed by three washing steps in
PBS. As preparation for cryosectioning, organoids
were incubated in 30% sucrose solution for 1 h
and subsequently embedded in freezing compound
(O.C.T.,Tissue-Tec). Prior to O.C.T. inclusion, efBOs
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were incubated for 20 min at 65 ◦C in PBS to par-
tially melt the PCL material to facilitate cryosec-
tioning. For immunohistochemistry (IHC), cerebral
organoids were cut into 20 µm sections with a cryo-
stat. The obtained sections were incubated in PBS
at 60 ◦C for 15 min. For doublecortin (DCX) stain-
ing, sections were pre-treated with 1% SDS solu-
tion for 5 min. Otherwise, blocking was done for
1.5 h with 10% donkey or goat serum in 0.5% Tri-
ton X-100 containing PBS buffer. Primary antibodies
were diluted in 1% donkey or goat serum in 0.5%
Triton X-100 containing PBS buffer: NES (1:100,
mouse, BD Transduction #611658), DCX (1:300,
goat, Santa Cruz #SC-8066), MAP-2 (1:300, mouse,
Sigma #M4403) and TUBB3 (1:500, rabbit, Sigma
#T2200). Primary antibodies were incubated over
night at 4 ◦C. Next day sections were washed two
times with 0.5% Triton X-100 containing PBS buffer.
Secondary antibodies were added and incubated for
2 h at room temperature: Anti-rabbit-(Alexa 488)
(1:1000, Invitrogen, #A-11034), anti-rabbit-(Alexa
647) (1:1000, Invitrogen #A-21245) anti-mouse-
(Alexa 647) (1:1000, Invitrogen, #A-31571), anti-
goat-(488) (1:1000, Life Technologies, #A-11055);
DAPI (Santa Cruz Biotechnology, #28718-90-3) was
used as nuclear counterstaining. Sectionsweremoun-
ted with MOWIOL (in-house) and imaged with con-
focal microscopes LSM710 (Zeiss) or A1R+ (Nikon).
Size of ventricular-like zones (VZs) were measured
using ImageJ.

2.5. RT-qPCR analysis
To compare regular brain organoids with efBOs on
gene expression level, RT-qPCR was performed for
16 genes. After 40 d of cultivation, regular brain
organoids (n = 6), and efBOs (n = 5) from dif-
ferent batches were rinsed once with 1× PBS and
directly used for total RNA extraction with RNeasy
Mini Kit according to manufacturer’s instructions.
RNA contents in all samples were quantified by using
NanoDrop. Prior to RT-qPCR, RNA integrity was
assessed using Agilent 2100 Bioanalyzer and RIN val-
ues for all samples were within the range 5.80–9.60.
For RT-qPCR, RT reactions were performed using
the iScript cDNA Synthesis kit following manufac-
turer’s instructions. Briefly 1000 ng of total RNA
from each sample were combined with 5 µl of master
mix. The reaction volume was completed up to 20 µl
with DNAse/RNAse free distilled water (50 ng µl−1).
Thermal conditions consisted of the following steps:
5 min, 25 ◦C, 20 min, 46 ◦C and 1 min, 95 ◦C.

The genes of interest analyzed were NES, TUBB3,
DCX, MAP2, GFAP, GABRR1, GABRR2, GATA6,
INSM1, NEUROD1, REELIN, SOX2, TBR2, PAX6,
and VSX2. Gene specific primers are listed in sup-
plementary table 1 (is available online at stacks.
iop.org/BF/13/011001/mmedia). The samples had a
final volume of 10 µl (4 µl of sample + 6 µl of mas-
termix and primers). A non-template control was run

in parallel (0 µl sample + 4 µl H2O + 6 µl of mas-
termix and primers). Retrotranscription mastermix
mixture was set up manually. The rest of reactions
were set up robotically, with an Eppendorf pipetting
robot. Thermal conditions consisted of the following
steps: 30 s, 95 ◦C + (5 s, 95 ◦C and 5 s, 60 ◦C) × 40.
Furthermore, a melting curve from 60 ◦C to 95 ◦C
(0.5 ◦C s−1) was also included at the end of the pro-
gram to verify the specificity of the PCR. Fluorescence
was acquired during both the 60 ◦Candmelting steps.
The assay specificity was confirmed with a melting
peak. Technical triplicates were performed to correct
pipetting errors in plate loading.

Results were normalized with selected reference
genes GAPDH, ACTB, ATP1B1, TBP and HPRT1.
Creation of diagrams and statistical analysis were
done using GraphPad Prism 8. ANOVA test was used
for results with normal distribution, andWelch’s cor-
rection applied if SDs were not equal. For results
with non-Gaussian distribution Kruskal–Wallis test
was applied.

3. Results

3.1. Morphology of efBOs
Cells seeded together with Matrigel attached firmly
to the PCL scaffold, forming a flat (1 mm) consist-
ent tissue (figure 2(B)). During the first 5 d, the tissue
changed its appearance from transparent to slightly
milky white (but not opaque), which is an indic-
ator that cells are alive and proliferating. Qualitative
in vivo observation of 2 million hESCs, seeded with
Matrigel onto 12 × 12 mm PCL scaffolds, revealed
that the cells started to spread out, contact each
other (figure 2(A)) and proliferate during the first
5 d in culture with EB-formation medium. The tis-
sue grew inside/throughout the scaffold and firmly
attached to the PCL material but remained unorgan-
ized, resulting in tissue with a homogenous appear-
ance (figure 2(A) a and b). During the neural induc-
tion phase between days 5 and 7, self-organization
was initiated, and ventricular-like structures started
to form throughout the whole tissue (figure 2(A) c
and d). After changing to expansion medium, further
differentiation was initiated, which led to the form-
ation of a thin, continuous neuroepithelium layer by
day 10 (figure 2(A) e and f) and amore distinct form-
ation of inner tissue structures, reminiscent of VZs.
During the maturation phase from day 10 to day
40, the neuroepithelium surrounding the complete
organoid, grew to a thickness of around 100 µm and
started to fold, resulting in a further increase of the
surface area (figure 2(A) g–j); resembling the gyrific-
ation processes during human brain development.

3.2. Immunohistochemistry (IHC)
IHC was used to examine the presence of neural
cell types and to visualize and compare tissue
architecture of efBOs and regular spherical/random
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Figure 2. Appearance and morphological development of 1 cm2 efBOs. (A) Morphological development of efBOs from day 5
until day 40. (a), (b) Homogenous tissue develops during culture in EB-medium (day 5). (c), (d) Formation of VZs (visible as
round structures, some marked with arrows) start to form after neural induction (day 7). (e), (f) A thin epithelium layer (arrows)
has formed after the differentiation step (day 10). (g), (h) At day 22 the epithelium is thick and many VZs are present throughout
the whole tissue, start of gyrification (arrows: gyri, arrow heads: sulci). (i) At day 40 gyrification is more distinct alongside most of
the tissue edge (arrow: gyri, arrowhead: sulci). (j) Close-up image of epithelium layer at day 40 (arrow: gyri, arrowhead: sulci).
(Scale bars: 500 µm). (B) Photo of a 1 week old efBO cultured with a honeycomb-structured PCL scaffold (picture shows scaffold
on top of tissue).

brain organoids. We could confirm the presence
of NES+, DCX+, TUBB3+ and MAP2+ cells
(figures 3(A) and (B)). NES, a neuronal progenitor
marker, is primarily present in the neuroepithelial
structures (radial glial cells), while DCXmarks young
neurons that start to migrate from the radial glia
regions towards the outside. TUBB3, a pan-neuronal
marker, is present in all neurons, while MAP2+ cells
are found in more mature neurons, located outside
of VZs and at the tissue margin.

We used IHC of NES and TUBB3 to com-
pare the tissue structures developed by regular
brain organoids and efBOs. Figure 3(A) shows the
similarities and distinctions between the different
groups. Both organoid types show the formation

of neuroepithelial structures. In the case of regular
brain organoids, the neuroepithelium occurs as VZs.
In efBOs, additionally to forming small VZs in the
inner tissue regions (figures 3(C) and 4), much lar-
ger and thicker neuroepithelial structures with folds
are forming in the outer tissue regions (figure 3(A)).
The presence of further neuronal markers DCX and
MAP2, which are typically highly present in reg-
ular brain organoids, could also be confirmed in
efBOs. As expected, MAP2+ cells were located in the
tissue outside of VZs, regions where more mature
neurons are located. The less mature DCX+ cells
were mainly present inside neuroepithelial structures
(figure 3(B)). Owing to the small tissue gaps visible
in figures 3(A) and 4 (red arrows), it is apparent that
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Figure 3. Comparison of the tissue structures of a regular (spherical) cerebral organoid and efBOs at day 40. (A) Differences in
sizes of neuroepithelial structures (arrows) can be seen between the two different organoid types. The necrotic tissue core of the
regular organoid is marked with a white circle. A neuroepithelial structure of an efBO is presented in a zoomed panel. Neuronal
progenitors are marked with NES, neurons with TUBB3. DAPI was used as counter staining. (B) Identification of DCX+ and
MAP2+ cells in efBOs. Young neurons marked by DCX are located around VZs, while more mature neurons marked by MAP2
are located in the space further outside of VZs. (C) Comparison of VZ sizes between regular brain organoid and efBOs.

the tissue of efBOs possesses a lower tissue density
than the spherical control group, which gives efBOs
advantageous diffusion conditions.

Therefore, the necrotic core visible in spher-
ical organoids, is not appearing in flat organoids
(figure 4). On the contrary, the whole inner efBO-
tissue consists evenly of smaller VZs While the DAPI
staining (DNA staining) in regular brain organoids
is still positive, it appears blurred, indicating kary-
olysis a characteristic of necrosis. Proteins like NES
and TUBB3 are almost completely degraded in the
tissue core of regular organoids and show very little
signal. In efBOs we found intact neuronal progenit-
ors and neurons in the tissue center (figure 4).

3.3. RT-qPCR analysis
RT-qPCR was performed to assess differences and
reproducibility in the gene expression of efBOs com-
pared to regular brain organoids.

In figure 5, the results of RT-qPCR for DCX,
GABRR1, GABRR3, GATA6, GFAP, INSM1, MAP2,
NES, NEUROD1, PAX6, RELN, SOX2, TBR2,
TUBB3, and VSX2 are presented. The gene expres-
sion of neuronal markers DCX, MAP2; neur-
onal progenitor markers INSM1, NES and TBR2;

neurotransmitter marker GABBR1; and glia marker
GFAP show a significant reduction in large efBOs
compared to regular brain organoids. Expression of
GFAP can also be found in very early neural pro-
genitor cells. Whereas the expression of neuronal
progenitor markers NEUROD1; neural stem cell
marker PAX6; and the retinal marker gene VSX2 is
significantly enhanced in efBOs compared to regular
brain organoids. Equally expressed genes are neur-
onal markers TUBB3, RELN; and neural stem cell
marker SOX2.

4. Discussion

The discrepancy between self-organization and con-
trolling the development of cerebral organoids is
one of the main challenges that need to be over-
come in order to enhance their reproducibility and
apply them as a reliable brain-like model. Here we
introduce efBOs, which are allowed to self-organize,
while guided in a controlled and highly reprodu-
cible manner using a 3D-printed scaffold. Compared
to earlier published ‘enCORs,’ which consist of cells
that randomly form embryoid bodies around float-
ing microfilaments of random length and amount
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Figure 4. Comparison of tissue core between regular brain organoids and efBOs. IHC of NES and TUBB3 was performed to
visualize cells. DAPI was used as counterstaining. Left side shows a tile scan and magnified tissue core area of a regular brain
organoid underneath. DNA degradation in the necrotic tissue core becomes apparent as blurry DAPI staining. On the right side, a
tile scan of an efBO is displayed with the magnified tissue core in the lower panel. White rectangles mark areas of magnification.
Red arrows mark diffusion gaps in the tissue.

[16], we approach the enhancement of surface-to-
volume ratio in a more controlled way. In the present
study, we produce a customizable and reproducible
scaffold made of PCL, which is a biocompatible and
biodegradable synthetic polymer. In initial experi-
ments we have tried different patterns for flat scaf-
folds, including honeycomb, triangles and squares,
which all lead to proper efBO formation. Honey-
comb pattern was finally chosen for the PCL scaf-
folds, because it has shown fine functionality in pre-
vious studies [17]. Additionally, this nature-inspired
geometry shows good mechanical properties while
using a minimum quantity of material, meaning less
weight and costs compared to other scaffold struc-
tures [18]. PCL has proven—alone and in combin-
ation with other biomaterials—to promote neur-
onal growth and differentiation [19–21]. To enhance
reproducibility even further, we maintained hESCs
under defined and xeno-free conditions, which resul-
ted in entirely undifferentiated, high quality starting
cells and used a commercial kit for brain organoid
generation.

By seeding the cells in both a macro- (3D-printed
PCL scaffold) and a microenvironment (Matrigel),

we can customize the size and shape of the organoid
right from the start, providing both structural sup-
port and guidance during its development. The
herein introduced PCL scaffold primarily serves as
a supportive structure that keeps the tissue in the
desired shape.

When looking at the results of RT-qPCR, a
concomitant decrease of early neurogenic markers
(e.g. Nestin, GFAP) and increase of neuronal progen-
itor (NEUROD1) expression can be seen. The data
indicates a preference towards the neuronal lineage,
although lowMAP2 expression indicates that cells are
not fully mature.

Another indication that brain organoids develop
well within their scaffold is the occurrence of gyrifica-
tion.Wepropose that our large efBOs could be a proof
of the theory of differential proliferation together
with the radial intercalation and buckling shell hypo-
theses, which collectively determine intrinsic forces
as a trigger for cortical folding [22]. We believe that
the elongated migration path in 1 cm2 organoids,
together with the massive amounts of starting cells
(≥2 million for 1 cm2 organoids), give rise to sig-
nificantly higher numbers of neuronal progenitors

7
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Figure 5. Results for RT-qPCR for 16 genes comparing regular brain organoids with efBOs. Analyzed gene expression included
neural stem cell markers PAX6, SOX2, NES; neuronal progenitor markers DCX, NEUROD1, INSM1; intermediate progenitor
marker TBR2; pan-neuronal markers TUBB3, MAP2; glia cell marker GFAP, neurotransmitter (GABBA-receptor) markers
GABRR1, GABRR3; cortical neuron marker REELIN, endodermal/mesodermal marker GATA6, retinal epithelium marker VSX2.

(apparent as high expression of NEUROD1 and PAX6
genes), leading to a thick neuroepithelial layer sur-
rounding the whole efBO. In vivo, gyrification occurs
around gestational week 10 [23]. The developing
brain at that time reaches a diameter of about 1 cm
[23] and thus is comparable to the in vitro model
developed in this study.We hypothesize that this sim-
ilarity in size leads to gyrification in vitro already
around day 20 when neurons are in the process
of maturation [2]. Folding and wrinkling of brain
organoids have been reported before, and were either
induced by deletion of the PTEN gene [24] or by fol-
lowing the external constraint theory [22] through
compression and strain in a microfluidic system
[25, 26]. To our knowledge, this is the first study
that reports gyrification in brain organoids through
cell/organ—intrinsic processes. This new feature adds
to the advantages of efBOs compared to regular
spherical/random brain organoids. Also, the thin tis-
sue guarantees sufficient nutrient and oxygen diffu-
sion, preventing the formation of a necrotic tissue
core. Avoiding processes like necrosis in the tissue
core eliminates one of the uncontrollable features of

brain organoids. Furthermore, by seeding cells dir-
ectly in a microenvironment (hydrogel), we can tune
tissue density through varying the seeding densit-
ies, and thus define the tissue diffusion. Another
advantage of a well-diffused thin tissue is the consist-
ent factor exposure throughout the whole develop-
ing organoid, which leads to a very even differenti-
ation and homogenous tissue with more stable gene
expression.

In order to form a consistent tissue growing on the
PCL scaffold, single cells had to be seeded together
with a matrix for proper attachment and cohesion.
This change of the standard brain organoid protocol
means that no additional steps are needed in which
the organoids have to be handled. This does not only
allow the tissue to develop completely undisturbed
but also simplifies the procedure significantly: Only
medium changes are required throughout the rest of
the culture period. Thismakes the efBOprotocol suit-
able for automation and screening processes. Albeit,
for drug screening applications a smaller tissue and
PCL scaffold size could be sufficient. It is not predict-
able that regular brain organoids or efBOs are at this

8
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point goodmodels for ADME pharmacokinetic stud-
ies, but efBOs’ diffusion condition may be advant-
ageous for studying mechanism of action of drugs in
a more complex and organized human tissue, rather
than traditional neuron cultures. Moreover, the thin-
ness of the tissue could make dynamic culture condi-
tions such as agitation unnecessary and could allow
live microscopy and analysis with whole tissue stain-
ing methods.

To further optimize the efBO model, and making
itmore reproducible, the next stepwould be to replace
Matrigel with a defined and brain-specific hydro-
gel; not only mimicking the stiffness of human brain
ECM, but also containing functionalization of recom-
binant proteins with specificity for the human brain.
Furthermore, we believe that it could be of interest
to culture flat brain organoids for a more extended
period (exceeding the 40 d limit in this study) to see
if further structural improvements in a more mature
state could be detected. Most importantly, we anti-
cipate that large brain organoids could enable spatial
patterning experiments. We demonstrated here that
whole-brain organoids of dimensions of 1× 1 cm can
be produced by including a PCL scaffold. This size-
enhancement is the first requirement for being able to
create a factor gradient in the tissue. The scaffold itself
could act as a precise factor release system, providing
factor gradients to the tissue from two poles over time
(4D culture).

Further characterization of efBOs by extended
IHC and gene expression analysis will be necessary to
determine the exact cell type composition in the tissue
and brain region identity. The primary neural genes
and proteins, chosen here for initial analysis, serve as a
preliminary overview, but do not cover brain region-
specific cell types.

5. Conclusion and outlook

In conclusion, we have developed a new generation
of efBOs. By introducing a 3D-printed scaffold into
the culture protocol, the size of the brain organoids
and the tissue density and thickness can be tuned.
In this way, a necrotic tissue core is avoided, and
a homogenous tissue development facilitated. Fur-
thermore, large efBOs feature gyrification caused by
intrinsic signaling, which could increase their rel-
evance as human brain model. However, we would
like to emphasize that in the future, extended char-
acterization of the tissue is necessary. Nevertheless,
we regard our protocol as a significant step towards
automatizing brain organoid generation, e.g. for drug
screening applications.
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Abstract

Human brain tissue models such as cerebral organoids are essential tools for developmen-
tal and biomedical research. Current methods to generate cerebral organoids often utilize
Matrigel as an external scaffold to provide structure and biologically relevant signals. Matri-
gel however is a nonspecific hydrogel of mouse tumor origin and does not represent the
complexity of the brain protein environment. In this study, we investigated the application of
a decellularized adult porcine brain extracellular matrix (B-ECM) which could be processed
into a hydrogel (B-ECM hydrogel) to be used as a scaffold for human embryonic stem cell
(hESC)-derived brain organoids. We decellularized pig brains with a novel detergent- and
enzyme-based method and analyzed the biomaterial properties, including protein composi-
tion and content, DNA content, mechanical characteristics, surface structure, and antigen
presence. Then, we compared the growth of human brain organoid models with the B-ECM
hydrogel or Matrigel controls in vitro. We found that the native brain source material was
successfully decellularized with little remaining DNA content, while Mass Spectrometry
(MS) showed the loss of several brain-specific proteins, while mainly different collagen
types remained in the B-ECM. Rheological results revealed stable hydrogel formation,
starting from B-ECM hydrogel concentrations of 5 mg/mL. hESCs cultured in B-ECM
hydrogels showed gene expression and differentiation outcomes similar to those grown
in Matrigel. These results indicate that B-ECM hydrogels can be used as an alternative
scaffold for human cerebral organoid formation, and may be further optimized for improved
organoid growth by further improving protein retention other than collagen after
decellularization.
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Introduction
The development of brain organoids for studies on neurodevelopment and disease has
emerged as a novel research field [1]. For example, brain organoids have been used for experi-
mental studies on microcephaly [2], schizophrenia [3], zika virus [4], and Alzheimer’s disease
[5]. Brain organoids are three-dimensional, neuronal tissues generated from human pluripo-
tent stem cells after embryoid body formation [2]. The differentiation and maturation of neu-
ronal tissue within brain organoids is induced by adding differentiation factors to the culture
medium. During this process, aggregated cells organize into a 3D spherical structure, with a
partly brain-like architecture with ventricular zones as well as deep- and upper-layer neurons
[2]. Besides these cortical structures, more specific brain regions can be developed in the orga-
noids, such as the midbrain and hypothalamus [4, 6, 7].

Most commonly, Matrigel is used as an outer hydrogel scaffold to give brain organoids
structural support and to supply the organoid tissue with differentiation factors [8]. However,
the composition of Matrigel differs from the composition of the extracellular matrix (ECM) of
the native brain and is therefore not specific [9]. Potential alternatives to Matrigel are ECM
hydrogels, which are obtained by decellularization of the native brain.

The ECM consists of structural and functional proteins that give cells structural support
and guide cell behavior. The composition of the ECM is specific for each tissue type and con-
tributes to the individual functions of every tissue [10]. The ECM of the brain is unique in its
composition, as it contains less fibrous structural proteins, such as collagen or elastin, and
more proteoglycans compared to other tissues [11, 12]. In addition to ECM, some proteogly-
cans are also anchored in cell membranes, where they regulate growth factor availability to
cells, e.g. by binding of nerve growth factor (NGF), vascular endothelial growth factor (VEGF),
or platelet-derived growth factor (PDGF) to proteoglycan carbohydrate side-chains, the gly-
cosaminoglycans (GAGs) [13]. Proteoglycans profoundly influence neuronal cell behavior by
regulating cell adhesion and neurite outgrowth [11]. Lecticans, which are a subfamily of pro-
teoglycans, are especially abundant in the brain ECM [11, 12]. Four members of the lectican
family have been identified in different splicing variants in the brain, namely brevican and
neurocan, which are unique for brain ECM, and aggrecan and versican, which exist in a variety
of tissues [11, 14]. The ECM composition is furthermore unique for specific brain regions, sug-
gesting that the brain ECM influences neuronal cell function. The brain ECM is continuously
regulated in vivo by cell-secreted enzymes, such as matrix metalloproteinases (MMPs), which
contribute to plasticity and dynamic remodeling of the brain. The total contribution of the
ECM in the brain in terms of mass or volume is low compared to other tissues, reported to be
~20% of the total weight of the brain [14, 15]. Due to the unique composition of brain ECM,
ECM hydrogels from decellularized brain tissue may be a more specific scaffold than those
derived fromMatrigel for in vitro differentiation of embryonic stem cells and human neural
tissues.

Decellularization (DC) is the process of removing cells from the ECM by chemical, physical,
and enzymatical methods [16]. DC generates cell-free ECM scaffolds, with minimal interfer-
ence from cellular antigens and metabolites. However, the DC process exhibits a risk of dam-
aging ECM proteins, and thus requires a balance between sufficient cell removal and preserved
integrity of the ECM. DC has been applied on multiple tissue types, such as blood vessels [17,
18], heart [19], lung [20], kidney [21], and also brain [22–30]. Once decellularized, the ECM
can be processed into hydrogels with a variety of methods [31]. The basic principle of hydrogel
formation is the solubilization of ECM proteins with acids and enzymes. Commonly, pepsin is
used for that purpose, which cleaves the nonhelical protein regions outside of the triple helix
protein structure of collagen (= telopeptides) that form the intramolecular bonds between
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collagen fibrils, therefore producing monomeric components [32]. After neutralization to
physiological pH, pepsin gets inactivated and the hydrogel formation then follows a collagen-
based self-assembly process at 37˚C or below [31]. B-ECM hydrogels have previously been
reported to enhance neuronal maturation compared to conventional substrates such as colla-
gen or laminin [22, 30] and have been used for site-specific differentiation effect on neuronal
stem cells and induced pluripotent stem cells [33]. However, B-ECM hydrogels have not yet
been used as a scaffold for cerebral organoid formation.

In the present study, we evaluated the use of decellularized whole pig brain ECM hydrogels
as a scaffold for cerebral organoid growth, in comparison to the commonly applied Matrigel.

Materials andmethods
Decellularization of porcine brain
Frozen whole pig brains (FarmLand, USA) were obtained via Amazon.com and stored at
-20˚C. Brains were derived from adult animals (6 months at the time of slaughter), mixed gen-
der, of Smithfield breed, raised in the USA. Brains were delivered in a sealed plastic cup with-
out any additives or preservatives. For decellularization, the brain tissue was thawed, cut into
small pieces with a scalpel, and added to a 1L glass bottle. The total tissue volume for one batch
was about 400g per bottle. The tissue pieces were then washed with H2O for 4–5 h in an incu-
bator at 37˚C under agitation at 150 rpm (New Brunswick Scientific Model G25), which
resulted in a thick slurry. For changing of reagents, the liquid was removed by decanting over
a porcelain filter (Porcelain Bitumen Filter Crucible, Cole-Parmer, USA) to retain brain tissue,
with slight stirring with a metal spatula. The brain tissue was then incubated with 1% sodium
deoxycholate (SDC, Sigma, USA). The SDC solution was changed twice daily. After 2–3 days,
the liquid usually was transparent and the remaining brain tissue volume remained constant,
indicating washout of most blood and other soluble components. After 4 days of SDC treat-
ment, the tissue was washed for 4–5 h in H2O and added to 125 mL 40 U/mL deoxyribonucle-
ase I (DNase, Sigma, USA) for incubation o/n. Finally, the tissue was washed in H2O for 4-5h
with several liquid changes, and the remaining tissue was collected. The final tissue weight was
measured, biopsies for analysis were collected, and the remaining tissue (B-ECM) was frozen
in a 50 mL falcon at -80˚C and then lyophilized.

B-ECM solubilization and hydrogel formation
Lyophilized brain tissue was solubilized following the method of Freytes et al. [34]. Briefly,
B-ECM was powdered with a mill (Wiley Mini Mill, 3383-L10, Thomas Scientific, USA) over a
60 mesh (equal to 250 µm particle size). Then, a desired volume of 0.1 M HCl solution diluted
in H2O was prepared, and pepsin (Sigma, USA) and B-ECM powder added at a ratio of 1:10
(e.g. 1 mg/mL Pepsin together with 10 mg/mL B-ECM). After 72h incubation at room temper-
ature with a magnetic stirrer, the solution was centrifuged at 13,000 rpm for 10 min, and the
supernatant consisting of the solubilized B-ECM was collected. The solubilized B-ECM was
stored at 4˚C until the solution was cooled down. The B-ECM solution was then kept on ice
and cold 10x PBS was added to make up a volume of 1/10th of the total volume, resulting in a
concentration of 1x PBS. While still on ice, the pH of the solution was adjusted to 7.2–7.8 with
cold NaOH, and the solution was quickly frozen and later lyophilized. Then, the lyophilized
tissue was powdered once more over a 60 mesh and stored until use. Directly before use, the
neutralized B-ECM powder was dissolved in cold H2O at the desired concentration and
strongly vortexed, which led to hydrogel formation at 37˚C. In this study, analysis on decellu-
larized B-ECM are labeled as “B-ECM”, and analysis on fully formed B-ECM hydrogels are
labeled as “B-ECM hydrogel”.
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DNA quantification
DNA from 10–30 mg wet tissue was extracted using the DNeasy Blood and Tissue Kit (Qiagen,
Germany), following the manufacturer’s protocols. Briefly, native brain tissue or B-ECM sam-
ples (n = 9) were incubated at 55˚C with proteinase K solution until the tissue was completely
digested. DNA was extracted with spin columns and quantified with a Qubit 3.0 Fluorometer
(ThermoFisher, USA). The total amount of DNA was calculated from the supplied DNA
standard.

Histology and immunohistochemistry
Samples of native brain, B-ECM or B-ECM hydrogel were fixated in 4% paraformaldehyde for
1h for fixation, embedded in paraffin, and cut in 5 µm sections (n = 3). The sections were
deparaffinized at 60˚C for 1h and rehydrated following standard protocols before use.

Nuclei in the native brain and B-ECM samples (sections and whole surface) were stained
with 25 µg/mL DAPI for 5 min. Histological staining with hematoxylin-eosin (H&E) was per-
formed following standard procedures. Pictures for DAPI or H&E stained samples were taken
with a fluorescent microscope (Keyence, Japan). For immunohistochemical staining, antigen
retrieval was performed in a Tris-EDTA buffer in a water bath at 95˚C for 15 min. Samples
were then incubated for 30 min at room temperature with FBS for blocking. For IHC, the fol-
lowing antibodies were used: anti-fibronectin (1:400, #ab23750, Abcam, UK), anti-vitronectin
(1:200, #ab13413, Abcam, UK), anti-myelin basic protein (MBP, 1:100, #ab124493, Abcam,
UK), laminin (1:100, #ab11575, Abcam, UK), and anti-human leucocyte antigen (HLA-DR,
1:100, #sc53302, Santa Cruz, USA). All antibodies were diluted in PBS. Following overnight
incubation at 4˚C in a wet chamber, slides were washed in PBS and incubated with secondary
antibody conjugated to AlexaFluor488 (donkey-anti mouse, #A-21202, ThermoFisher) or con-
jugated to AlexaFluor594 (donkey-anti rabbit, #A-21203, ThermoFisher) at a concentration of
1:200. Finally, samples were mounted with Prolong antifade (Fisher Scientific) and imaged
with a fluorescence microscope (Apotome Axioplan 2, Zeiss).

Scanning electron microscopy
Scanning electron microscopy (SEM) was performed on samples of native brain, B-ECM or
B-ECM hydrogel. The samples were dehydrated in a series of 35%, 60%, 80%, 90%, 95%, and
100% ethanol in time intervals of 10 minutes each, followed by incubation with hexamethyldi-
silazane (Sigma, USA) for 10 min. The liquid was aspirated, and the samples were air-dried.
Prior to SEM imaging, samples were sputter-coated with gold for 120 sec and imaged under
vacuum with a scanning electron microscope (Zeiss EVOMA10, Germany).

Quantification of collagen and glycosaminoglycans
Collagen and glycosaminoglycans (GAGs) in the native brain and B-ECM samples were quan-
tified with commercial kits. For the quantification of collagen, which can be solubilized with
the hydrogel preparation technique (described above), the Sircol soluble collagen assay (Bioco-
lor, United Kingdom) was used. Briefly, 10–20 mg samples (n = 15) were dissolved in 1 mL 0.1
M HCl containing 1 mg pepsin o/n at room temperature. Then, samples were incubated in the
supplied collagen isolation and concentration reagent o/n at 4˚C, after which the supplied dye
reagent was added. The absorbance of 200 µL sample was measured spectroscopically at 555
nm. The concentration was determined from a standard of known concentration. For GAG
quantification, the glycosaminoglycan assay (Chondrex, USA) was used, which detects sulfated
GAGs. 15–30 mg samples (n = 8) were dissolved in a 0.2 M sodium phosphate buffer
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containing 5 mM cysteine HCL, 5 mM EDTA and 125 µg/mL Papain o/n at 65˚C. Then, sam-
ples were centrifuged at 13,000 rpm (Eppendorf Centrifuge 5417R) and the supplied dye
reagent added to the supernatant. Absorbance was measured spectroscopically at 525 nm. Fol-
lowing the individual supplier’s instructions, collagen was measured from dry sample weight
and GAGs from wet sample weight.

Mass spectrometry
Mass Spectrometry (MS) of native brain, B-ECM, B-ECM hydrogel and Matrigel was per-
formed by standard shotgun proteomics analysis. For brain samples, 6 individual batches were
combined to a pooled individual sample. Lysate preparation and digestion was done according
to previously published methods [35]. Briefly, samples were lysed using 20 µL of lysis buffer
(consisting of 6 M guanidinium hydrochloride, 10 mM Tris(2-carboxyethyl)phosphine
(TCEP), 40 mM carbamoylamino acids (CAA), 50 mMHEPES pH8.5). Samples were boiled at
95˚C for 5 minutes, after which they were sonicated for 3x 10 sec in a Bioruptor sonication
water bath (Diagenode) at 4˚C. After determining protein concentration with a Bradford assay
(Sigma), 50 µg was taken forward for digestion. Samples were diluted 1:3 with 10% acetonitrile,
50 mMHEPES pH 8.5, then LysC (MS grade, Wako) was added in a 1:50 (enzyme to protein)
ratio, and samples were incubated at 37˚C for 4 h. Samples were further diluted to 1:10 with
10% Acetonitrile, 50 mMHEPES pH 8.5. Trypsin (MS grade, Promega) was added in a 1:100
(enzyme to protein) ratio and samples were incubated overnight at 37˚C. Enzyme activity was
quenched by adding 2% trifluoroacetic acid (TFA) to a final concentration of 1%. Prior to
mass spectrometry analysis, the peptides were desalted on in-house packed C18 StageTips
[36]. For each sample, 2 discs of C18 material (3M Empore) were packed in a 200 µL tip, and
the C18 material activated with 40 µl of 100%Methanol (HPLC grade, Sigma), then 40 µl of
80% acetonitrile with 0.1% formic acid. The tips were subsequently equilibrated 2x with 40 µL
of 1% TFA, 3% Acetonitrile, after which the samples were loaded using centrifugation at
4.000x rpm. After washing the tips twice with 100 µL of 0.1% formic acid, the peptides were
eluted into clean 500 µL Eppendorf tubes using 40% acetonitrile with 0.1% formic acid. The
eluted peptides were concentrated in an Eppendorf Speedvac, and reconstituted in 1% trifluor-
oacetic acid, 2% acetonitrile for Mass Spectrometry (MS) analysis.

MS data acquisition was performed by loading peptides of each sample onto a 2 cm C18
trap column (ThermoFisher 164705), connected in-line to a 50cm C18 reverse-phase analytical
column (Thermo EasySpray ES803) using 100% Buffer A (0.1% Formic acid in water) at 750
bar, using the Thermo EasyLC 1000 HPLC system, and the column oven operating at 45˚C.
Peptides were eluted over a 260 minute gradient ranging from 6 to 60% of 80% acetonitrile,
0.1% formic acid at 250 nL/min, and the Q-Exactive instrument (Thermo Fisher Scientific)
was run in a DD-MS2 top10 method. Full MS spectra were collected at a resolution of 70,000,
with an AGC target of 3×106 or maximum injection time of 20 ms and a scan range of 300–
1750 m/z. The MS2 spectra were obtained at a resolution of 17,500, with an AGC target value
of 1×106 or maximum injection time of 60 ms, a normalised collision energy of 25 and an
intensity threshold of 1.74. Dynamic exclusion was set to 60 s, and ions with a charge state<2
or unknown were excluded. MS performance was verified for consistency by running complex
cell lysate quality control standards, and chromatography was monitored to check for
reproducibility.

The raw files were analysed using Proteome Discoverer 2.4. Label-free quantitation (LFQ)
was enabled in the processing and consensus steps, and spectra were matched against the
Human Matrisome and theMouse Matrisome database obtained from the matrisome project
(matrisomeproject.mit.edu). Dynamic modifications were set as Oxidation (M), Deamidation
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(N,Q) and Acetyl on protein N-termini. Cysteine carbamidomethyl was set as a static modifi-
cation. All results were filtered to a 1% false discovery rate (FDR), and protein quantitation
done using the built-in Minora Feature Detector.

The results of detected proteins from the different samples (S1 File) were merged by the
uniprot accession ID for the samples of native, decellularized and hydrogel pig brain. The
gene names for the Uniprot accession IDs were retrieved applying the Retrieve/ID mapping
tool on the Uniprot homepage (www.uniprot.org). Thereafter, the data set was merged
with the results of detected proteins from the Matrigel sample, ordered by gene name. The
normalized abundances for each sample was log 2 transformed and the resulting data set was
quantile normalized applying the normalize.quantile() function in package preprocessCore in
R. The normalized protein abundances were then filtered to include only proteins that were
identified with at least 2 unique peptides (S2 File). To explore the ECM content of the data set,
the filtered data set was subsequently merged with the Human Matrisome (samples native,
decellularized and hydrogel) or theMouse Matrisome (matrigel) of the Matrisome Project
(matrisomeproject.mit.edu). To identify the overlapping Matrisome proteins from the differ-
ent samples, Venn diagram was constructed applying the function venn.diagram() in package
VennDiagram in R (S2 Fig). To extract the proteins from the different areas of the Venn dia-
gram the function calculate.overlap() was applied (S3 File).

Rheology
To obtain stiffness characteristics of the B-ECM hydrogel, rheological measurements were per-
formed with an ARES-LS2 Shear Rheometer (TA Instruments, USA). For all experiments,
neutralized B-ECM solutions at different concentrations were stored on ice to prevent prema-
ture gelling before assaying. The 25 mm parallel plates were cooled to 4˚C with a Peltier unit,
then B-ECM solution was added. A 1 mL sample (n = 3) was added, and the gap distance
between the plates set to 1mm. Mineral oil was applied to the borders of the liquid to prevent
evaporation. Dynamic time sweep test was performed at 37˚C and settings of 1 rad/s and 5%
strain. Following the dynamic time sweep test, a dynamic frequency sweep test was performed
at a constant strain of 1% along a frequency range of 1 rad/s to 200 rad/s. After the dynamic
frequency sweep test, a dynamic strain sweep test was performed at a constant frequency of 1
rad/s along a strain range of 0.1% to 200%.

Turbidimetrics
Turbidimetric kinetic analysis was preformed similar to previously described methods [37, 38]
to determine gelation rates. Neutralized B-ECM solution was prepared at different concentra-
tions and kept on ice at 4˚C until the measurement was started. The spectrophotometer was
preheated at 37˚C and 100 µL of B-ECM solution at different concentration (n = 6 replicates)
was added to the wells. The absorbance at 405 nm was measured at 1 min intervals for 90 min
and normalized between 0 (A0; the initial absorbance) and 1 (Amax; the maximum absor-
bance).

Normalized Absorbance ðNAÞ ¼
A � A0

Amax � A0

Furthermore, the time when the absorbance reached 50% or 95% of respective maximum
absorbance (t1/2 or t95) was noted. The gelation rate (S) was determined as the slope of the lin-
ear region of the gelation curve, and the lag time (tlag) was defined as the intercept of the linear
region of the gelation curve with 0% absorbance.
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Cell culture
Cell studies conducted in the present work were approved by the UAM Research Ethics Com-
mittee (Refs. CEI-74-1338 and CEI-96-1768), and then authorized by the Madrid Local Gov-
ernment Health Council under references 47/312421.9/17 and 07/654525.9/19. Human
embryonic stem cell (hESC) line H9 (WA09, WiCell Research Institute Inc.) was cultured
under feeder- and xenogen-free conditions on human recombinant laminin LN521 (BioLa-
mina, #LN521-02) with Nutristem hPSC XF medium (Biological Industries, #05-100-1A).
Cells below passage 60 were used for this study and regularly tested for mycoplasma and kar-
yotype abnormalities and found negative. When reaching around 60% confluence, hESCs
were collected for generating brain organoids.

Methodology for brain organoid generation
For brain organoid formation, the STEMCELL Technologies “STEMdiff Cerebral Organoid
Kit” (#08570) was used to guarantee experimental standardization. On day 0, feeder and xeno-
gen-free cultured hESCs (H9) were detached when reaching 60–80% confluence and seeded
with the supplied EB-formation medium as single cells (10.000 cells per well) into 96 v-bottom
well plates (Falcon, #353263) to generate embryoid bodies. When the EBs reached day 5, the
medium was changed to the supplied neural induction medium. After neural induction, brain
organoids were divided into two groups. For including EBs in the hydrogel matrices, EBs were
placed in prepared parafilm wells [39] and 15µL of pre-hydrogel solution was added in one
drop on top of each EB. EBs of the first group were included in hESC-qualified Matrigel
(Corning Matrigel hESC-qualified matrix, #354277) and the second group in B-ECM hydrogel
(15 mg/mL). For both groups, polymerization was performed at 37˚C for 30 min. Brain orga-
noids were cultured in the supplied expansion medium for 3 days, then media was switched to
the supplied maturation medium and culture conditions were changed from static to agitated
on an orbital shaker (throw: 10mm, speed: 105 rpm) until they reached 40 days of culture.

qPCR
To test the effect of B-ECM hydrogel on brain organoids, brain organoids were cultured in the
presence of B-ECM hydrogel (n = 13) or Matrigel (n = 12) in technical triplicates. After 40
days of cultivation, RNA was extracted from organoids using RNeasy Mini Kit (Qiagen,
#74104). RNA contents were quantified by using NanoDrop One. Reverse transcription (RT)
reactions were performed using the iScript cDNA Synthesis kit (Biorad PN170-8891) following
manufacturer´s instructions. Briefly, 1000 ng of total RNA from each sample were combined
with 5 µl of master mix (includes all necessary reagents among which a mixture of random
primers and oligo dT for priming). The reaction volume was completed up to 20 µl with
DNAse/RNAse free distilled water (50 ng/µl) (Gibco PN 10977). Thermal conditions consisted
of the following steps: 5 min 25˚C, 20 min 46˚C and 1 min 95˚C. A melting curve from 60˚C
to 95˚C (0.5˚C/sec) was included additionally at the end of the program to verify the specificity
of the PCR. Fluorescence was acquired during both the 60˚C and melting steps. The genes of
interest (GOI) analyzed were NESTIN, TUBB3, DCX, MAP2 and GFAP, with specific primers
(See S1 Table). Results were normalized with selected reference genes (GAPDH, ACTB,
ATP1B1, 18S, TBP) and statistical analysis was by t-test.

Immunohistochemistry of brain organoids
Forty day old brain organoids were fixed with buffered 4% paraformaldehyde (20min, RT), fol-
lowed by 3 washing steps in PBS. As preparation for cryosectioning, organoids were
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equilibrated in 30% sucrose solution for 1h and subsequently embedded in Tissue Tek O.C.T
(Sakura, Netherlands). For immunohistochemistry brain organoids were cut into 20 µm sec-
tions with a cryostat. The obtained sections were incubated at 60˚C for 15 min and pre-treated
with 1% sodium dodecyl sulfate (SDS) solution for 5 min. Blocking was done for 1.5 h with
10% donkey serum in PBS buffer containing 0.5% Triton X-100. Primary antibodies were
diluted in 1% donkey serum in 0.5% Triton X-100 containing PBS buffer. Primary antibodies
for neuronal progenitors were anti- Nestin (1:100, #611658, BD Transduction, USA), PAX6
(1:100, #901301, Biolegend, USA), SOX2 (1:200, #AB5603, Millipore). For more mature neu-
rons β-Tubulin III (1:500, #T2200, Sigma, USA), MAP-2 (1:300, #M4403, Sigma, USA), and
DCX (1:300, #SC-8066, Santa Cruz, USA). Primary antibodies were incubated over night at
4˚C. Next day sections were washed two times with PBS buffer containing 0.5% Triton X-100.
Secondary antibodies were added and incubated for 2 h at room temperature: Anti-rabbit
Alexa 488 (1:500, Molecular probes, #A-11008, USA), anti-rabbit [Alexa 647] (1:500, Molecu-
lar probes, # A-31573, USA) anti-mouse Alexa 647 (1:500, Molecular Probes, # A-31571,
USA), anti-goat FITC (1:500, Molecular Probes, #A16000 USA]; DAPI (Santa Cruz Biotech-
nology, #28718-90-3) was used as nuclear counterstaining. Sections were mounted with
MOWIOL (inhouse) and imaged with confocal microscopy (LSM710, Zeiss).

Statistical analysis
Statistical analysis was performed with GraphPad Prism 8. For comparisons of 2 groups,
unpaired t-test was used. For comparison of multiple groups, one-way ANOVA and Tukey´s
multiple comparison tests were applied. Significance is indicated in bar graphs with asterisk
signs (�), indicating p-value of p� 0.05 (�), p� 0.01 (��) or p� 0.001 (���). No significance
(n.s.) is displayed for p> 0.05.

Results
Pig brain decellularization and hydrogel formation
Native pig brains were obtained from a commercial supplier, delivered frozen in plastic cups,
hence the cylindrical form (Fig 1A). The brains were cut into small pieces and decellularized
with a novel SDC-, and DNase based protocol. Following DC, hydrogel formation at different
concentrations was achieved by acid-pepsin digestion of ECM proteins and subsequent neu-
tralization. DC with this protocol led to an approximate decrease of 98.7% of the total native
brain mass, resulting in remaining ECM wet weight of 6.21 ± 1.59 g per 450 g starting material.
Histological staining with DAPI showed only a few or no nuclei in the DC samples (Fig 1B).
Quantification of remaining DNA showed a significantly lower DNA content in the B-ECM
(13.07 ± 7.86 ng/mg wet tissue) compared to the native ECM (142.3 ± 67.01 ng/mg wet tissue),
which however indicates that some remnant DNAmolecules are still present in the ECM (Fig
1C). The content of sulfated GAGs was significantly decreased in the DC sample
(0.70 ± 0.33 µg/mg wet tissue) compared to the native sample (1.71 ± 0.63 µg/mg wet tissue)
(Fig 1D). Due to cell removal, the soluble collagen content was significantly increased in the
decellularized sample (113.5 ± 24.65 µg/mg dry weight) compared to the native sample
(14.11 ± 1.15 µg/mg dry weight) (Fig 1E). Given these results, a hydrogel prepared at a concen-
tration of 15 mg/mL with lyophilized B-ECM would contain a total amount of 1.70 mg/mL
collagen. Taken together, these results show that the DC process removed more than 90% of
the nuclear material and structural proteins such as collagen were retained. However, func-
tional proteins such as GAGs were partly washed out during DC.
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ECM composition
ECMmorphology was visualized with histology and immunohistochemistry (Fig 2). H&E
staining confirmed the presence of cells in the native tissue, but did not show cells in the
B-ECM or B-ECM hydrogel groups. We found that fibronectin was preserved in all groups,
while less staining of vitronectin was evident in the B-ECM and B-ECM hydrogel groups.
Laminin was preserved in the native and B-ECM samples but showed fragmentation in the
B-ECM hydrogel. Both immunogenic cell surface markers MBP and HLA-DR were present in
the native samples, but significantly decreased in the B-ECM and B-ECM hydrogel samples.

Mass spectrometry analysis showed that decellularization and hydrogel processing removed
most proteins except for collagen, which made up more than 90% of total protein abundance
in both the B-ECM and the B-ECM hydrogel group (Fig 3A and 3B, S1–S4 Files). In the native
ECM, 101 proteins included in the matrisome (ECM proteins and ECM-associated proteins)

Fig 1. DNA and ECM content of decellularization pig brain. (A) Native pig brains were decellularized with detergents, lyophilized, and solubilized in a pepsin-
HCl mix. After neutralizing the solution (15 mg/mL) to physiological salt and pH concentration, hydrogel formation at 37˚C was observed. (B) DAPI staining of
whole tissue samples en face (upper panel) and tissue sections (lower panel). (C) DNA content in native brain and B-ECM samples (n = 9) was measured after
extraction of DNA from wet tissue with a commercial kit. (D) GAGs from wet tissue (n = 8) and (E) collagen from dry tissue (n = 15) were quantified by extraction
of proteins with commercial kits.

https://doi.org/10.1371/journal.pone.0245685.g001
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were detected, of which 64 are ECM-associated proteins, and 37 are ECM proteins consisted
mostly of glycoproteins and proteoglycans (S2 File). In B-ECM, 91 matrisome-proteins were
detected, of which 60 are ECM proteins, including 16 collagens, 31 glycoproteins, and 13 pro-
teoglycans (S3 File). The collagens account for about 90% of the matrisome-proteins abun-
dance in B-ECM, while they account for less than 5% in the native ECM (Fig 3A and 3B). 50
matrisom- proteins overlapped between native ECM and B-ECM (S2 Fig Venn diagram). In
B-ECM hydrogel, 18 matrisome-proteins were detected, of which 15 were ECM proteins
including six collagens (COL1A1, COL1A2, COL2A1, COL3A1, COL5A2, COL6A1), that
accounted for greater than 95% of the abundance of the matrisome-proteins, eight glycopro-
teins (FBN1, FBN2, FGB, LAMB1, LAMB2, LAMC1, SRPX, and VWF), and one proteoglycan

Fig 2. Staining of native, B-ECM and B-ECM hydrogel samples.Histological and immunostaining was performed
on paraffin-embedded samples after rehydration and antigen retrieval (n = 3). For general morphology, the samples
were stained with hematoxylin-eosin (H&E). Fibronectin, vitronectin, laminin, myelin basic protein (MBP) and
human leucocyte antigen (HLA-DR) were detected with antibodies (immunofluorescence). Scale bar represents
100 µm.

https://doi.org/10.1371/journal.pone.0245685.g002
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(HSPG2) (Fig 3A and 3B). All ECM proteins except FBN2 and VWF overlapped between the
B-ECM hydrogel and the B-ECM group (Fig 3B, S2 Fig, S3 File). Other brain-specific proteo-
glycans such as aggrecan (ACAN), brevican (BCAN), and versican (VCAN), were detected in
the native samples, while only BCAN and VCAN were detected in B-ECM as well. None of
these mentioned brain-specific proteoglycans were detected in the Matrigel or the B-ECM
hydrogel. In the Matrigel, 75 matrisome -proteins were identified, of which 38 are ECM pro-
teins, including ten collagens, 20 glycoproteins, and two proteoglycans (S2 File). The glycopro-
teins account for about 90% of the abundance of the matrisome proteins. 39 matrisome-
proteins detected in Matrigel overlapped with the matrisome content of the different tissues
from the pig brain. In total, 105 matrisome-proteins detected in the different tissues from the
pig brain did not overlap with the matrisome content of the Matrigel (S2 Fig). In conclusion,
mass spectrometry showed that most structural ECM proteins such as collagens were pre-
served, while several functional proteins were affected by decellularization and hydrogel pro-
cessing. These results show a further need for optimization of decellularization and hydrogel
processing strategies, in order to avoid the loss of functional proteins which may have benefi-
cial effects on organoid development.

Surface structure analysis
Surface structure analysis of native brain tissue, B-ECM and B-ECM hydrogel were analyzed
with scanning electron microscopy (SEM) (Fig 4). While native brain tissue showed the pres-
ence of cells covering the surface, decellularized ECM was mostly free of cellular material and
collagen fibers were clearly visible. The hydrogel also showed reorganization of collagen fibers
in a more disordered, porous 3D structure. These results confirm the successful DC of brain tis-
sue and the reorganization of brain ECM proteins following solubilization and neutralization.

Rheological measurements and gelation kinetics
To obtain mechanical characteristics of the B-ECM hydrogels, rheological measurements were
performed at different concentrations, similar to previous protocols [40, 41] and summarized

Fig 3. Protein analysis performed by mass spectrometry on samples from native brain, B-ECM, B-ECM hydrogel,
and onMatrigel. (A) Stacked bar chart of the abundance of the matrisome-proteins that were detected in the analyzed
samples, categorized in different matrisome categories (Collagens, ECM-affiliated, Glycoproteins, Proteoglycans, ECM
Regulators or Secreted Factors) (B) The abundance of ECM proteins found in the B-ECM hydrogel sample compared
to Native, B-ECM, and Matrigel samples, sorted by ECM categories (collagens, glycoproteins, and proteoglycans) with
their gene identifier. Besides, the abundances of the brain-specific ECM proteins brevican (BCAN), aggrecan (ACAN),
and versican (VCAN) in the different samples are shown as well. Y-axis is in the logarithmic scale.

https://doi.org/10.1371/journal.pone.0245685.g003

PLOS ONE Brain organoid formation on ECM hydrogels

PLOS ONE | https://doi.org/10.1371/journal.pone.0245685 January 28, 2021 11 / 22

https://doi.org/10.1371/journal.pone.0245685.g003
https://doi.org/10.1371/journal.pone.0245685


in Table 1. The hydrogels showed viscoelastic-solid behavior, as the storage modulus (G´, indi-
cating elasticity) was higher than the loss modulus (G´´, indicating viscosity). The final stiff-
ness of the B-ECM hydrogels was 0.7 Pa, 12.8 Pa, and 36.4 Pa for 5 mg/mL, 10 mg/mL and 15
mg/mL respectively (Table 1, S1 Fig). B-ECM showed an increased rate of gelation and higher
storage modulus (more stiffness) with higher concentration. Dynamic strain sweeps were per-
formed to determine the linear viscoelastic region of the hydrogels in relation to strain. The
results showed that all three B-ECM hydrogel concentrations showed linear viscoelastic behav-
ior up to 10% strain, as less than 5% change in elasticity (storage modulus) was detected within
this range (S1B Fig). This value is similar to Matrigel, which has a reported linear viscoelastic
behavior up to 13% strain [42].

The turbidimetric gelation kinetics of B-ECM hydrogels at concentrations of 10, 7.5 and 5
mg/mL were characterized spectrophotometrically and the gelation parameters at the

Fig 4. SEM of native, B-ECM and B-ECM hydrogel samples. Images taken with 4000x (upper panel) and 1000x (lower panel) magnification.

https://doi.org/10.1371/journal.pone.0245685.g004

Table 1. Analysis of mechanical properties and gelation kinetics of B-ECM hydrogels at different concentrations.

Rheology
5 mg/mL 10 mg/mL 15 mg/mL

Storage Modulus (G’; Pa) 0.7 ± 0.05 12.8 ± 1.6 36.4 ± 6.5
Loss Modulus (G”; Pa) 0.09 ± 0.0008 2.1 ± 0.3 8.4 ± 0.6
Turbidimetric analysis

5 mg/mL 7.5 mg/mL 10 mg/mL
Lag phase (tlag; min) 13.7 ± 3.7� 8.5 ± 0.9� 11.3 ± 1.2
50% gelation (t1/2; min) 23.5 ± 9.7 16.8 ± 1.1 15.2 ± 1.5
95% gelation (t95; min) 67.5 ± 11.6� 59.2 ± 4.3 47.7 ± 2.8�

Speed (S; min) 0.041 ± 0.017 0.044 ± 0.004 0.046 ± 0.002

Statistical differences in turbidimetric analysis between different rows are indicated with an asterix (�).

https://doi.org/10.1371/journal.pone.0245685.t001

PLOS ONE Brain organoid formation on ECM hydrogels

PLOS ONE | https://doi.org/10.1371/journal.pone.0245685 January 28, 2021 12 / 22

https://doi.org/10.1371/journal.pone.0245685.g004
https://doi.org/10.1371/journal.pone.0245685.t001
https://doi.org/10.1371/journal.pone.0245685


exponential phase of gelation were calculated (S1C Fig). The start of gelation phase, or lag
phase (tlag), was slower for the B-ECM hydrogels at 5 mg/mL (tlag, 13.71 ± 3.69 min) than the
hydrogels at 7.5 mg/mL (tlag, 8.53 ± 0.95 min) and 10 mg/mL (tlag, 11.27 ± 1.23 min). There
was no statistically significant change in the time required to reach half the final turbidity (t1/2)
and the speed of the turbidimetric gelation kinetics (S), however a trend towards shorter times
to reach gelation was observed. The maximum gelation time (t95) took longer for lower
B-ECM concentrations. These results determined the hydrogel assembly kinetics and con-
firmed the concentration-dependent behavior of the B-ECM hydrogels.

Rheological measurements were performed on B-ECM at concentrations of 5, 10 and 15
mg/mL with an ARES-LS2 Shear Rheometer (n = 3). Dynamic time sweep analysis, strain
sweep analysis and turbidimetric analysis were performed (S1 Fig). Summary of rheological
and turbidimetric measurements shown. Storage modulus is indicated by G’, and loss modulus
is indicated by G”. Lag time of B-ECM hydrogels is defined as the intercept point of the slope
at log t1/2 and turbidimetry baseline with 0% absorbance. t1/2 and t95 are defined as the time
point when 50% or 95% of maximum absorbance is measured. The gelation rate S is defined as
the slope at the linear region of the gelation curve.

Growth of cerebral organoids on porcine B-ECM and Matrigel
Embryoid body formation and neural induction were performed following the standardized
protocol of the “STEMdiff Cerebral Organoid Kit”, based on previously published protocols
[39]. During the expansion step, EBs were either included in Matrigel or in 15 mg/mL B-ECM
hydrogel, a concentration range that showed the best mechanical support. During the follow-
ing three days, differences in development were observed between these two groups (Fig 5).
While Matrigel-surrounded brain organoids show neural budding [1], which gave them a
cloud-like shape during early development, the B-ECM hydrogel brain organoids showed a
more even growth without budding, but seemed to be slightly more transparent. Although
neuronal budding was not observed, ventricular like zones, which usually emerge during neu-
ronal budding, were numerously forming, which indicates correct neuroectodermal develop-
ment in the B-ECM hydrogel brain organoids (Fig 5B) [2]. At a later stage during maturation
(around day 20), when the buds of the Matrigel-grown organoids developed into a smoother
morphology, the difference between the groups was less apparent. On day 40, when organoids
were fixed and prepared for analysis, no significant morphological difference was visible. RT-
qPCR was performed to observe the effect of B-ECM hydrogel or Matrigel on gene expression
during brain organoid development. We chose NESTIN, TUBB3, DCX, MAP2 and GFAP as
relevant neural markers. No significant differences in gene expression were found, indicating
equal effect of Matrigel or B-ECM on gene expression (Fig 5B). To visualize the inner structure
and to validate our morphological observations, we analyzed both groups with immunohis-
tochemistry. In line with previous studies [1], radial glia cells (stained with SOX2+, Nestin+,
PAX6+) were located in the ventricular like zone of the organoids, from where they have been
found to start migrating towards the outside while maturing into neurons (stained with β-
tubulin III+, DCX+, MAP2+) (Fig 5C). Taken together, these results indicate that both Matri-
gel and B-ECM hydrogel supported the maturation process of hESCs into brain organoids.

Discussion
Current methods to generate cerebral organoids often utilize Matrigel as an external scaffold.
Matrigel, however, is a nonspecific hydrogel of mouse tumor origin and does not represent the
complexity of the brain protein environment. In the present study, we investigated the applica-
tion of a hydrogel derived from porcine brain ECM to be used as a scaffold for culturing

PLOS ONE Brain organoid formation on ECM hydrogels

PLOS ONE | https://doi.org/10.1371/journal.pone.0245685 January 28, 2021 13 / 22

https://doi.org/10.1371/journal.pone.0245685


cerebral organoids. We found that the native porcine brain could successfully be decellularized
with little or no remaining DNA content, and the prepared hydrogel formed a stable gel start-
ing from concentrations of 5 mg ECM/mL. Functional ECM proteins such as GAGs were
partly removed during the DC and hydrogel processing, and the remaining proteins consisted
of a high percentage of different collagen types. When B-ECM hydrogels were used as scaffolds
for cerebral organoid growth, cerebral organoids were obtained that were similar to the control

Fig 5. Growth and gene expression of brain organoids embedded in B-ECM hydrogel or Matrigel. (A) Timeline of
experimental steps of human brain organoid maturation embedded in Matrigel or B-ECM hydrogel. (B) Brain
organoids (n = 4) on day 10 in Matrigel (top pictures) or B-ECM hydrogel (bottom pictures). On day 40, no significant
difference is apparent. White arrows at day 10 point to ventricular-like zones located in the formed neuronal buds
White arrowhead at day 40 indicates residual B-ECM hydrogel. Scale bar: 500 µm. (C) Expression of the genes NEST,
TUBB3, DCX, MAP2 and GFAP was measured by extraction of RNA from organoids grown in the presence of B-ECM
hydrogel (n = 13) or Matrigel (n = 12) in technical triplicates with RT-qPCR. Statistical analysis performed with
unpaired t-test. (D) Tissue sections of brain organoids cultured in Matrigel (left panels) or B-ECM hydrogel (right
panels) for 40 days were immunostained for neuronal progenitor markers (SOX2, Nestin, PAX6) and mature neuronal
markers (DCX, β-Tubulin III, MAP2). Images were taken with a 10x objective (10x, scale bar: 300 µm) and 40x
objective (40x, scale bar: 100 µm). DAPI was used as nuclear counterstaining. White arrowheads indicate ventricular-
like zones that were chosen for magnification.

https://doi.org/10.1371/journal.pone.0245685.g005
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group cultured in Matrigel, but with morphologically divergent neuroepithelial development.
Taken together, our results show that B-ECM hydrogels are a suitable scaffold for the genera-
tion of cerebral organoids and may be further optimized to obtain more specific cerebral orga-
noid development.

Brain decellularization has previously been performed for various applications such as
direct injection into the brain [23, 29], in combination with other hydrogel scaffolds [26], dis-
ease modeling [28], or as a scaffold for neuronal growth [22]. In the present study, we used
brains from pigs for preparation of B-ECM. We chose the pig brain as it is commonly used as
a model for human brain in biomedical research, due to morphological, structural and compo-
sitional similarities as well as availability [43]. Initially, we tested different DC protocols based
on combinations of SDS, TritonX or SDC as well as DNA removing enzymes. From these ini-
tial experiments, we developed a new protocol based on the ionic detergent SDC and DNase.
SDC proved to be a suitable DC detergent for the large brain volume, with little or no cellular
remnants or antigens detectable after DC. The use of SDC-based protocols has previously
shown to be beneficial over SDS-based protocols, as increased damage to ECM proteins in dif-
ferent tissue DC applications has been reported with SDS [44–46]. Another advantage of this
protocol is that it only applies a single detergent and a single enzyme, which simplifies the eval-
uation and optimization of the protocol compared to protocols using multiple different deter-
gents for DC [22, 23, 25]. Furthermore, we observed a beneficial effect of cutting the brain into
smaller pieces, as larger pieces did not allow for full penetration of the tissue by detergents and
required longer incubation times. DC of smaller tissue pieces has previously been shown as
beneficial for the removal of lipids in human pancreas [47], which otherwise might interfere
with the gelation of the hydrogel. The smaller tissue pieces may be a reason for the observed
weight loss of the total brain tissue of 98.7% after DC, due to loss of small tissue particles dur-
ing filtration. Alternative methods to increase the yield of B-ECMmay include smaller filter
pores or alternative methods to separate tissue from liquid, such as ultra-centrifugation or
lyophilization between liquid changes.

After DC and subsequent acid-pepsin degradation, B-ECM hydrogel formation was initi-
ated after the neutralization of pH and salt concentration, as described previously [31]. While
previous publications reported that neutralized pre-hydrogel solution did not gel at 4˚C [37],
we observed gelation at this temperature when stored overnight. Gelation was affected by tem-
perature, pH and salt concentration, and already minor adoptions of these parameters can
have a strong effect on the hydrogel mechanical properties and gelation kinetics [48]. In some
cases, we observed heterogenous or immediate gelation directly after adding NaOH for pH
neutralization. To better standardize the hydrogel process, we added a step in which the neu-
tralized hydrogel was frozen down, lyophilized and milled it into a powder. The powder could
then be dissolved in water to then form a hydrogel. This method removes time dependence for
starting an experiment and allows the formation of a stock of B-ECMmaterial, which can
readily be turned into a hydrogel within 30 minutes. Nevertheless, the inconsistency of ECM-
based hydrogels is a commonly observed obstacle, which could be optimized with improved
hydrogel formation processes [47].

The protein composition of the B-ECM is responsible for its specific function, and the
B-ECM contains proteins not found in other tissues of the body. Given the functional implica-
tions of the ECM as a stem cell niche, the loss of proteins during the DC process must be mon-
itored. Mass spectrometry results showed that several functional proteins were lost during the
hydrogel preparation process, which may affect the growth of organoids in the brain hydrogel.
The B-ECM and B-ECM hydrogel group had a high abundance (greater than 90%) of colla-
gens. Collagen is less abundant in brain tissue compared to other tissue types [11], however
different collagen types are present in parts of the brain such as the microvasculature [49].
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This may explain the remaining collagen content, which has also been reported in other stud-
ies performing brain DC [22]. As whole pig brains were used in this study, also collagen from
the dura mater and pia mater may be responsible for the observed collagen content [50].

The high abundance of collagens is an issue of common concern in proteomics of decellu-
larized tissues, as it interferes with the detection of low abundant proteins. Therefore depletion
of collagens may be considered to facilitate the identification of matrisome-proteins that are
masked by the collagens [51]. Nevertheless, the B-ECM retained about 50% of the matrisome-
proteins that were observed in the native tissue. Noteworthy, label-free mass spectrometry pro-
teomics has an intractable problem of missing values, which may exceed 50% of the dataset
and is a limitation of this method [52]. The sources for the missing data include low abun-
dance, weak ionization, and random sampling, resulting in that peptides that were identified
in some samples are not detected in others [53]. Hence, the difference between the native tis-
sue, B-ECM, and B-ECM hydrogel regarding the composition of the matrisome-proteins may
be due to a low abundance of proteins and or other technical errors. The remaining ECM pro-
teins observed with IHC were mainly structural proteins such as different types of collagen,
laminin, fibronectin, vitronectin. These structural proteins have been shown to mediate and
engage in neuronal proliferation and outgrowth [54–56]. Laminin was fragmented in the
hydrogel, a result also previously reported [47]. Quantification of collagen showed a remaining
content of 113.5 µg/mg dry weight. Pure collagen hydrogels are most commonly applied at a
concentration of approximately 2 mg collagen/mL [57], however, gelation can already occur at
a concentration of 1 mg/mL or below [58]. This explains the gelation observed in this study,
where hydrogels of 15 mg/mL B-ECM contain 1.70 mg/mL of pure collagen. Loss of GAGs in
the DC process may in part be explained by the removal of cells, which contain membrane–
bound GAGs. Removal of GAGs is seen as unbeneficial, as GAGs can guide cell behavior [59].
However, GAG removal is a common result of detergent/enzyme based DC, and has been
observed in multiple different studies [16, 60–62]. Improvement of the DC protocol may lead
to a better retention of GAGs in the decellularized tissue [63].

Mechanical properties (e.g. stiffness) are a cellular cue and can guide cell behavior, therefore
it is important to analyze the mechanical properties of the hydrogel, which also depend on the
decellularization method [64, 65]. Gelation times observed in this study ranged from 20–25
min until gelation was completed. Brain tissue storage moduli, indicating the stiffness of the
gel, have been reported between 200 and 1,000 Pa as a target moduli range [41, 66, 67], and
neurons have been shown to grow better on hydrogels with a similar stiffness to the native
brain [67, 68]. Reported values for storage modulus of decellularized brain ECM typically
range between 20 and 60 Pa and loss modulus between 2 and 10 Pa [37]. Similar storage and
loss moduli were observed in this study as 15 mg/mL B-ECM hydrogels had a storage modulus
of 36 Pa and a loss modulus of 8 Pa. The lower stiffness of the B-ECM hydrogel compared to
the native brain tissue may be adjusted by changes in B-ECM concentration or addition of
another crosslinking material. However, an increase in concentration, needed to obtain a
desired rheological property, may affect the ability of cells to penetrate the hydrogel as well as
diffusion of oxygen, nutrients, and waste products across the gel, which may negatively affect
the outcome in non-vascularized organoids [69, 70]. We therefore chose a concentration of 15
mg/mL, which showed lower stiffness than the native brain, but provided a suitable environ-
ment for organoid growth.

No significant differences in the expression of neurogenic genes between organoids grown
in the presence of Matrigel and B-ECM were observed. However, a distinct difference in the
morphological development in the early organoid (day 10) was noted. Instead of the character-
istic neural-budding of neuroepithelial tissue, B-ECM brain organoids developed more uni-
formly. The transparent external border is highly enhanced for B-ECM organoids compared
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to the Matrigel group. The development of transparent tissue after neural induction is a sign of
tissue differentiation into neuroectodermal lineage. Neuroectodermal tissue gives rise to all
neuronal cell types and thus beneficial for brain organoid development [1]. Furthermore, the
identification of neural progenitor and immature neuronal markers by IHC confirmed a regu-
lar maturation process for 40 days old brain organoids in both groups. In our overall assess-
ment, the B-ECM group showed a tendency to have slightly more distinctive ventricular like
zones. From these observations, we conclude that the B-ECM produced by this protocol sup-
ports the development of neuroepithelial tissue as well as Matrigel and can thus be considered
as a suitable alternative hydrogel for developmental studies of the human brain. Further opti-
mization of DC protocols to improve the retention of functional proteins could lead to more
enhanced effects of applying B-ECM.

While decellularization is an attractive method to recreate the native cell environment,
batch-to-batch variations, variabilities and operator dependency in the process are disadvan-
tages for standardization efforts [71]. Already small alterations in the DC protocol might lead
to a different outcome and reduce reproducibility. Also, donor starting material can be vari-
able in terms of animal species, origin and age. Especially the age of the animal could affect
neuronal network formation, as the ECM is dynamically remodeled and shows a different pro-
tein composition at different life stages [72], as previously shown in a comparison of fetal and
adult pig brain ECM [22]. Also in this study, adult pig brains were used, due to good availabil-
ity, cheap costs and the practical and economical difficulties of utilizing embryonic pig brains.
Indeed, embryonic pig brains may be a more suitable model for brain organoid development
[22], however the high costs of obtaining embryonic pig brains and ethical concerns may be a
practical hurdle for large scale adoption as a model for brain organoid development compared
to Matrigel. Nevertheless, this study shows the potential application for decellularized brain
hydrogels, and further efforts to reduce variability and optimize DC protocols and hydrogel
formation could lead to improved native hydrogels for biomedical applications.

Conclusions
In this study, we showed that porcine B-ECM hydrogels could be produced from native adult
porcine brain, with few host cells remaining. During DC and hydrogel processing, several
functional proteins were lost, however, this did not negatively impact organoid utility. After
DC, the B-ECM consisted mainly of different collagen types, which is beneficial in terms of
hydrogel stability, but may not have the same beneficial functional effect as if more functional,
brain-specific proteins were retained. Hence, the process described here can be further opti-
mized to reduce extraction losses and increase the content of functional proteins in the hydro-
gel. The B-ECM hydrogels were successfully applied as native scaffolds for cerebral organoid
formation and were as efficient as Matrigel. Thus, the B-ECM could provide a more native
environment, and a more consistent matrix source, for studies that aim to investigate the
development of the human brain with organoids.

Supporting information
S1 Fig. Rheological characterization of B-ECM hydrogels at different concentrations. Rhe-
ological measurements were performed on B-ECM at concentrations of 5, 10 and 15 mg/mL
with an ARES-LS2 Shear Rheometer (n = 3) (A) Dynamic time sweep analysis of hydrogel at
different concentrations, showing storage modulus (G’) and loss modulus (G”) after initiation
of gelation. (B) Strain sweep shows the physical failure of the gel at increased strain values
between 0.1% to 200%. Gelation kinetics were furthermore observed by turbidimetric analysis.
(C) Result of turbidimetric analysis for B-ECM hydrogels at concentrations of 5, 7.5 and 10
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mg/mL (n = 6) at 37˚C, measured at 405 nm in a photo spectrometer.
(TIF)

S2 Fig. Venn-diagramm of overlapping ECM proteins, detected by mass spectrometry. A
Vonn-diagramm, showing the overlapping proteins per group which were detected with mass
spectrometry.
(TIF)

S1 File. Raw data of ECM proteins, analyzed by mass spectrometry. Excel file of ECM pro-
teins analyzed with mass spectrometry for Matrigel, Native, B-ECM and B-ECM hydrogel
groups.
(XLSX)

S2 File. The normalized and filtered proteomics data, obtained by mass spectrometry.
Excel file of ECM proteins analyzed with mass spectrometry for Matrigel, Native, B-ECM and
B-ECM hydrogel groups.
(XLSX)

S3 File. The normalized and filtered proteomics data, showing the overlapping protein
identification. Excel file of ECM proteins analyzed with mass spectrometry for Matrigel,
Native, B-ECM and B-ECM hydrogel groups, corresponding to the Venn-Diagram (S2 Fig).
(XLSX)

S4 File. The normalized and filtered proteomics data, filtered for matrisome proteins.
Excel file of ECM proteins analyzed with mass spectrometry for Matrigel, Native, B-ECM and
B-ECM hydrogel groups.
(XLSX)

S1 Table. Primers used for the RT-qPCR experiment. Fw = forward, Rv = reverse.
(DOCX)
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Abstract 

Carbon is a widely used electrode material for diverse applications ranging from biosensing to 

neurotransmitter detection. Fabrication of pyrolytic carbon electrodes, derived from 

lithographically patterned photoresist structures, have increased the degree of freedom for 

patterning diverse 2D and 3D electrode structures. Moreover, pyrolytic carbon electrodes 

derived from the negative photoresist, SU8, have shown capability to enhance differentiation 

of neural stems cells into dopaminergic phenotype and facilitate in situ detection of dopamine 

exocytosis. Here, we present fabrication of dimensionally up scalable SU8-derived pyrolytic 

carbon scaffolds based on embedded 3D printing of free form SU8 precursor structures in a 

shear-thinning granular gel support bath composed of silica nanoparticles (7%) in mineral oil. 

Through rheological tests, we demonstrate the properties of the silica-oil gel that provides its 

ability to support 3D printing of low-viscosity material, such as SU8, which would otherwise 

be unable to maintain any structural features. The 3D carbon scaffolds were characterized by 

SEM imaging, as well as Raman, Energy Dispersive X-ray, and X-ray Photoelectron 

Spectrometry to reveal the distinctive micro/nanostructure and chemical composition, 

characterized by a dense coverage of carbonaceous ‘microflowers’. Electrochemical 

characterization of the pyrolytic carbon proved their excellent properties for dopamine 

detection. Their ultimate functionality was demonstrated by differentiation of human neural 

stem cells into dopaminergic neurons, characterized by immunocytochemistry, followed by 

real-time detection of dopamine exocytosis upon depolarization of the differentiated cells.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 



1 Introduction 

Due to its excellent electrochemical surface activity, broad potential window, chemical 

stability, and high potential for surface modification and functionalization1,2,  carbon in its 

different forms is popular as electrode material for electrochemical detection in various 

applications3–5. Screen-printing and ink-jet printing are simple, low cost and flexible techniques 

to easily generate 2D carbon electrodes6–9. Another way to fabricate carbon electrodes, is to 

use the carbon microelectromechanical systems (CMEMS) process, pioneered in the 1970s.10 

It is based on photolithographic patterning of micro and nanostructures of a polymer precursor 

template, which is heated and carbonized at high temperatures (i.e., 900°C and above) in 

nitrogen or argon inert atmosphere to achieve carbon microelectrodes.11,12 Although it is a 

significantly more costly process that ink-jet or screen-printing, it provides more precise, 

reproducible and completely flat and non-porous surfaces.13 Importantly, with this process 

carbon electrodes can be structured and patterned in 3D with different geometries having, e.g.,  

pores and cavities14,15, pillar arrays16, and micro/nanograss17, which provides higher sensitivity 

due to their larger surface area available for electrochemical detection.18–20 However, the size 

of the 3D structures that can be realised is limited, moreover only photocurable resins can be 

used, which are some of the reasons for why scientists are trying to find alternative methods to 

fabricate 3D structured carbon structures. 3D printing is one such possibility where a polymer 

precursor structure is first 3D printed, which then can be pyrolyzed at a high temperature in an 

inert atmosphere21, generating a glassy carbon-like surface.22 In principle any 3D printable and 

able to pyrolyze structure could be explored in this way. 

 

In our recent work we have shown that 3D micro and nano carbon topographies derived from 

pyrolysis of the negative photoresist SU8 can lead to improved differentiation of human neural 

stem cell (hNSCs) into dopaminergic neurons when cultured on such surfaces.16,17 At the same 



time, the 3D carbon surface could be used as an electrode to determine the dopaminergic 

phenotype of the neurons by detecting dopamine released by exocytosis when stimulated 

optically or chemically.15,16  

Here, our aim was to develop larger conductive carbon scaffolds derived from 3D printed SU8 

using the same basic pyrolysis process, but also to explore how and if the characteristics of the 

carbon surface changes due to how the SU8 precursor structure is formed. 

A simple fabrication process was developed based on embedded 3D printing of SU8 in a 

granular gel support bath, which allows free form or omni-directional printing of non-viscous 

liquids (like SU8) that cannot support their own weight when printed.23 Such printed structures 

can be removed from the granular gel if cured in some way before their release.24 3D scaffolds 

were printed from SU8 in a granular gel composed of a mixture of mineral oil and fumed silica 

nanoparticles, followed by UV curing of the SU8 before release from the gel, and then its 

pyrolysis to obtain 3D carbon scaffolds. The carbon scaffolds were characterised in terms of 

their surface micro- and nanostructure and chemical composition, as well as their 

electrochemical properties. The functionality of the 3D carbon scaffolds was then explored on 

the one hand, as a scaffold for hNSC differentiation into dopaminergic neurons and, on the 

other hand, as an electrode to detect the dopamine released after chemical stimulation of 

exocytosis. 

 

2 Experimental Section 

2.1 Preparation of Fumed Silica Nanoparticle Suspension 
 
Preparation of fumed silica nanoparticle suspension was adapted with slight changes from the 

approach presented by Jin et al.24 Commercial hydrophobic fumed silica nanoparticles with an 

average diameter of 150 nm (Aerosil@R 972 Pharma from Evonik Industries AG, Germany) 

were used as the support bath material. The suspensions were prepared by dispersing the 



appropriate amount of dry fumed silica powder in light mineral oil (Sigma-Aldrich) at room 

temperature to obtain suspensions of 6, 7, and 8 % (w/v). After continuous mixing overnight 

using a magnetic stirrer at 400 rpm, the fumed silica nanoparticle suspensions were aged for at 

least overnight. Before use, the suspensions were centrifuged at 3000 rpm for 15 min to 

completely remove bubbles trapped in them.  

 

2.2 Characterization of Fumed Silica Suspensions 
 
Rheological characterization was performed based on an adaptation of the protocol presented 

by Chen et al.25 using a Discovery Hybrid Rheometer 2 (TA instruments, New Castle, 

Delaware) equipped with a 40 mm steel parallel plate and a steel Peltier plate. Dynamic strain 

sweeps were conducted in the range of 0.01 to 500 %. Dynamic frequency sweeps were 

performed at a low strain of 0.2 %. Shear rate sweeps were performed by varying the shear rate 

from 0 to 50 s−1. During transient step shear rate tests, the fumed silica suspensions at different 

concentrations were sheared at 10 Hz and a low strain of 0.2 % for 120 s and at the increased 

strain of 500 % for 60 s. The viscosity variation was shown during the five cycles of the same 

step order. Temperature sweep was conducted by raising the temperature from 25 to 100 °C at 

a rate of 1°C/10 s and the storage modulus was measured. UV transparency of the fumed silica 

suspensions was determined spectrophotometrically (Spark Multimode Microplate Reader, 

Tecan, Sweden) scanning the wavelength from 200 to 1000 nm. 

 

2.3 Design and Fabrication of 3D Printed Scaffolds 
 
Scaffolds with honeycomb pattern were designed using SolidWorks 2020 (Dassault Systems) 

3D modelling software and exported as stereolithography (STL) files. The STL files were 

imported into Simplify3D slicer software (Simplify3D Inc.) to create the print path. The 

extrusion-based 3D bioprinter (Felix BIO, FELIXprinters B.V.) was used as the dispensing 



system. A 30-gauge metal blunt-end dispensing tip was used for SU8 printing (Fisnar, USA). 

For embedded 3D printing using SU8-2035 negative photoresist (Microchem Corp.), a 7 % 

(w/v) fumed silica nanoparticle suspension was used as the support bath. The 3D printed SU8 

scaffolds were cured together with the oil-based silica gel under UV for 15 min followed heat 

treatment in a convection oven at 60 oC for 1 h. The cured scaffolds were removed from the 

gel and washed in isopropanol (VWR) and toluene (VWR) to remove leftover gel. The cleaned 

scaffolds were then developed in SU8 developer solution (Propylene glycol methyl ether 

acetate, Sigma Aldrich). Finally, the developed scaffolds were pyrolyzed in a PEO-604 furnace 

(ATV Technology, Germany) under N2 gas flow (200 sccm) at 900 °C. The temperature was 

ramped up at a rate of 2 °C/min until 410 °C was reached, at which it was maintained for 2 h. 

After the completed dwelling time, the temperature was ramped up again at the rate of 2 °C/min 

until 900 °C and kept there for 1 h, after which the furnace was cooled down (5 °C/min rate) 

to room temperature. 

 

2.4 Characterization of the Structure and Material Properties of 3D Scaffolds  
 
Scanning electron microscopy (SEM) characterization of the surface topography and porosity 

of the 3D scaffolds was performed in low-vacuum mode using a Zeiss Supra VP 40 (Carl Zeiss 

NTS GmbH, Germany)21. Image J software (National Institute of Health, Bethesda, USA) was 

used to determine the dimensions in the SEM images. Surface composition of the 3D printed 

SU8 structures and 3D carbon scaffolds was characterized using a K-Alpha X-ray 

Photoelectron Spectrometer (XPS) system (Thermo Fisher Scientific Inc., USA) equipped with 

a monochromatic Al Kα X-ray source (pass energy: 200 eV for survey spectra). Data analysis 

was done using an Avantage software package (Thermo Fisher Scientific Inc., USA). To 

analyze carbon composition of the 3D carbon scaffolds, visible Raman spectroscopy was 

performed using a DXR Raman Microscope (Thermo Fisher Scientific Inc., USA) at an 



excitation wavelength of 532 nm (10× objective and 10 mW laser power). Data processing was 

done using OMNIC software (Nicolet Instruments, USA). Energy Dispersive X-ray 

Spectroscopy (EDS) elemental distribution analysis was performed using a FEI Quanta 200 

FEG-SEM coupled with an energy dispersive spectrometer (Oxford X-Max). 

 

2.5 Electrochemical Characterization of 3D Carbon Scaffolds 
 
All reagents were purchased from Merck/ThermoFischer. The electrochemical measurements 

were performed using a CHI 1010 potentiostat (CH Instruments, Austin TX) with a three‐

electrode setup. The 3D carbon scaffolds were employed as the working electrode, a platinum 

wire (500 µm in diameter) spiral (Advent Research materials Ltd., Oxford, England) as a 

counter electrode, and a DRIREF‐L Ag|AgCl (3 M KCl) (WPI, Sarasoata, FL) as the reference 

electrode. 3D carbon scaffolds were characterized by acquiring cyclic voltammograms (CV) 

in dopamine (DA) hydrochloride solutions (concentrations ranging from 25 × 10−9 to 250 × 

10−6 M) prepared in PBS (pH 7.4) degassed by purging with nitrogen gas for 20 min. The 

solutions were used immediately after preparation to prevent uncontrolled oxidation of DA. 

Electrochemical characterization of the scaffolds was performed after oxygen plasma treatment 

for 75 s using a Zepto Plasma Cleaner (Diener Electronic GmbH + Co. KG, Germany) at a 

pressure of 0.6 mbar and power of 120 W. 

 

2.6 Stem Cell Culturing and Differentiation 
 
Scaffold were prepared for cell culture by treating them with oxygen plasma (details can be 

seen in section 2.5) to sterilize them.26 Human ventral mesencephalic neural stem cells (hVM1-

Bcl-XL)27,28 between passage numbers 68 and 73 were used in this study. The cells were 

cultured for two passages after thawing them from a cryovial. For experiments, the cells were 

seeded on poly-L-lysine (PLL, ThermoFisher Scientific) coated (10 µg/ml in PBS) 3D carbon 



scaffolds at a density of 105 cells/scaffold A basal medium containing DMEM/F12 with 

GlutaMAX (ThermoFisher Scientific), 6 g/L glucose (Sigma‐Aldrich), 1% (w/v) AlbuMAX 

(ThermoFisher Scientific), and 5 mM HEPES (ThermoFisher Scientific) was prepared as the 

basis for growth and differentiation media. Cells were cultured in the growth medium, which 

was composed of the basal medium supplemented by 1× non-essential amino acids (NEAA, 

Merck), 1× N‐2 supplement (ThermoFisher Scientific), 1× penicillin/streptomycin mixture, as 

well as 20 ng/mL of epidermal growth factor (EGF, R&D systems), and basic fibroblast growth 

factor (FGF, R&D systems). After 24 h incubation, the growth medium was replaced by the 

differentiation medium containing the basal medium supplemented by 1× NEAA, 1× N‐2 

supplement, 1× penicillin/streptomycin mixture, 1 mM di-butyryl adenosine 3′, 5′‐cyclic 

monophosphate sodium salt (dbcAMP, Merck), and 2 ng/mL human recombinant glial cell-

derived neurotrophic factor (GDNF, PeproTech). After 48 h, the differentiation medium was 

entirely replaced by fresh medium. Then, 2/3 of the differentiation medium was replaced with 

fresh medium every second day. Cells were proliferated and differentiated in a humidified 

incubator (HeraCell, ThermoFisher Scientific) at 37 °C in an atmosphere of 95% air / 5% CO2. 

Differentiation was concluded 14 days after the first addition of differentiation medium. 

 

2.7 Immunocytochemistry  
 
The differentiated hVM1 cells on 3D carbon scaffolds were rinsed in phosphate buffered saline 

(PBS) for 5 mins followed by fixation with paraformaldehyde (PFA) in PBS (2 % (v/v) PFA 

for 2 mins and 4 % (v/v) PFA for 10 min). After thorough rinsing with PBS twice for 5 mins, 

the cells were incubated in PBS containing 1 % (v/v) goat serum (Gibco), 1 % (v/v) horse 

serum (Gibco), and 0.3 % (v/v) Triton X‐100 (Merck) for 1 h on the plate shaker (150 rpm) to 

permeabilize the cell membranes and block unspecific binding of antibodies. The cells were 

then incubated overnight at 4 °C with primary antiobodies: rabbit polyclonal antibody against 



tyrosine hydroxylase (TH; 1:1000; #P40101, PelFreez Biologicals) and mouse monoclonal 

antibody against β-tubulin (TUBB3; 1:1000; #T8660, Merck). After rinsing the cells trice for 

10 min, first in PBS containing 1 % goat serum, 1 % (v/v) horse serum, and 0.3 % (v/v) 

followed by PBS containing 0.3 % Triton X‐100, and finally PBS, they were incubated with 

fluorescently labeled secondary antibodies for 30 mins at room temperature: anti-mouse Alexa 

546 (1:500; #A‐11030, ThermoFisher) and anti-rabbit Alexa 647 (1:500; #A‐21245, 

ThermoFisher), both generated in goat. The cell nuclei were counterstained with 2 µg/mL 

DAPI (1:1000; #D1306, ThermoFisher Scientific) for 10 mins, followed by thorough rinsing 

in PBS for 10 min. Finally, the cells were mounted with an antifading solution containing 2.4 

g Mowiol 4-88 (#31381, Sigma-Aldrich), 6 g glycerol (#G5516, Sigma-Aldrich), 2.5 % 1,4-

Diazabicyclo(2.2.2)octane (DAPCO, #D27802, Sigma-Aldrich) in Milli-Q water and kept at 4 

°C until fluorescence microscopic imaging. An inverted AxioObserver Z1 (ZeissTM, 

Germany) epifluorescence microscope equipped with 5x, 10x (EC Plan-Neofluar 10x/0.30 

Ph1, ZeissTM, Germany), and 20x (LD Plan-Neofluar 20x/0.4 Corr Ph2 M27, ZeissTM, 

Germany) objectives was used for imaging. Images were processed using Zen and Fiji NIH29 

image analysis software packages. 

 

2.8 Scanning electron microscopy (SEM) of cells on 3D carbon scaffolds 
 
Cells on the 3D carbon scaffolds were rinsed in PBS for 5 min followed by fixation with 2 % 

(v/v) glutaraldehyde in PBS for 1 h. After thorough rinsing with PBS twice for 15 mins, the 

cells were finally rinsed in distilled water (dH2O) for 15 min. The samples were then 

dehydrated by immersing them for 15 min in a sequence of ethanol-dH2O solutions ranging 

from 10 % to 100 % ethanol. SEM Imaging was done using a Carl Zeiss Auriga microscope. 

 



2.9 Detection of Dopamine Exocytosis 
 
Prior to chronoamperometric detection of DA exocytosis (600 mV vs. DRIREF‐L Ag|AgCl (3 

M KCl) RE), the cell culture medium was replaced with a baseline buffer (pH 7.4) containing 

10 mM HEPES, 5 mM glucose, 1.2 mM magnesium chloride, 2 mM calcium chloride, 150 mM 

sodium chloride, and 5 mM potassium chloride. For measurements, a scaffold with hNSCs was 

dipped into a beaker containing 9 mL of baseline buffer. After recording a stable baseline 

current, depolarization of the cells was induced by adding 1 mL of a high-K+ buffer into the 

baseline buffer under stirring to elevate the final K+ concentration to 150 mM. 

 

3 Results and Discussions 

3.1 Characterization of granular gel supports 
 
Oil-silica-based granular gels were investigated for their shear-thinning behavior, which is the 

most critical parameter determining their suitability to be used as a support bath for embedded 

3D printing. Concentrations of silica in oil varying from 6 to 8 % were characterized by 

rheological tools. The dynamic frequency sweep test revealed the non-Newtonian behavior of 

the gels by increased frequency. As indicated by the storage modulus (G’) crossing the loss 

modulus (G’’) (Figure S4a), the increased frequency caused the granular gels to shift from the 

fluid phase to the solid phase. The dynamic strain sweep test showed that 6 % granular gels 

had the lowest yield strain, i.e. the point at which G’’ crosses G’, compared to the other 

analyzed concentrations (Figure S4b). This means that its viscosity and holding capacity as 

support material for embedded 3D printing were lower than those of the higher concentrations. 

Shear rate sweeps at 10 Hz were performed by varying the shear rate from 0 to 50 s-1 to 

determine the complex viscosity (the frequency-dependent viscosity) of the granular gels. The 

viscosity decreased as the shear rate increased for all concentrations, which means that they 

behaved as a shear-thinning gel (Figure S4c). The shear-thinning behavior of the gels was also 



demonstrated by the transient step shear rate test. The cyclic change of strain, which is typically 

applied to characterize granular gels, revealed the self-healing capacity by showing a sudden 

drop in viscosity at high shear followed by a quick increase in viscosity when the applied shear 

was removed (Figure S4d). The temperature sweep showed that all the gels were thermally 

stable until 60 °C, which is high enough a temperature for the postprocessing of SU8 together 

with the granular gel (Figure S4e). Absorption spectra (Figure S4f) showed no significant 

difference between the tested concentrations in the wavelength range from 300 to 400 nm, 

which is the UV region needed for curing SU8. Hence, all the gels would be suitable for UV 

curing of SU8. 

 

The printing tests revealed that the 6 % w/v gels had low holding capacity, causing destruction 

of the printed structures. In the case of 7 % w/v and 8 % w/v gels, both concentrations showed 

great holding capacity until curing and release of the printed scaffolds. Therefore, we 

proceeded with 7 % w/v concentration for further experiments. 

 

3.2 Fabrication of 3D carbon scaffolds 
 

The scaffold design was cylindrical (diameter: 15 mm) with honeycomb shaped infill 

(diameter: 2 mm, height: 1 mm, wall thickness: 0.25 mm) to maximize the scaffold surface 

area for cell adhesion (see Figure S1 for detailed dimensions). To allow attachment of a wire 

for electrical connection, the design had a ‘handle’ (length: 15 mm, width: 2mm) connected to 

the solid periphery of the scaffold structure (see Figure S3a,b for details of electrical 

connection). After embedded printing in the silica-based granular gel, the printed structure was 

cured and then released from the granular gel by multiple washing steps (see the details in 

Section 2.3).  After pyrolysis, the dimensions of the 3D printed SU8 scaffolds shrank ~50 %, 



as shown in Figure S2. Upon shrinkage, the 3D carbon scaffolds with the ‘handle’ for wire 

connection could fit in a 12-well microtiter plate (Figure S3c). 

 

3.3 Material characterization of the 3D printed scaffolds 

Morphological characterization analyses were conducted using scanning electron microscopy 

(SEM) to investigate the microstructures formed on the SU8 scaffolds during embedded 3D 

printing in the fumed silica-mineral oil suspension and how the microstructures were 

reproduced after pyrolysis. Figure S5a and b illustrate the non-uniform filament thickness in 

the 3D printed SU8 scaffolds and pyrolyzed 3D carbon scaffolds, respectively, due to non-

uniform extrusion rate during printing. Due to this condition, the printed and pyrolyzed 

structures did not exactly reproduce the design but caused formation of gaps between the 

filament layers. We found, though, that the formed gaps improved degassing of the scaffold’s 

segments during pyrolysis. If the printed filament layers had remained dense, the entire scaffold 

structure could have been detrimentally affected by the high inner pressure caused by the 

trapped gases during pyrolysis. Gaps formed between the non-uniform filament segments 

increased the release rate of the gaseous byproducts during the pyrolysis process.21 

SEM imaging after pyrolysis revealed that the carbonized embedded 3D printed structures had 

a rough surface texture and microflower formations (Figure 1). As shown in Figure 1b and 

Figure S5c, the microflowers were homogenously spread all over the scaffold surface. 



  

  

Figure 1. SEM images of the microflower-like structures: a) General overview of a section of 

a pyrolytic carbon scaffold; b) Magnification of pyrolyzed fiber segment (red arrow indicates 

rough surface, red arrowhead indicates graphene micro flower); c,d) Different microflower-

like structure observed on the filament. Scale bars: a) 25 µm and b -d) 5 µm 

To further characterize the surface composition of the pyrolytic carbon and especially the 

microflower structures, Raman, XPS, and EDS spectroscopic analyses were performed. Raman 

spectra are commonly used to analyze carbon materials. The characteristic D and G bands are 

investigated for the study of glassy carbon because those bands are well-known for amorphous 

carbons, and several characteristics can be interpreted based on their relative intensity and 

form.30 While all carbon materials with sp2 hybridized electrons present the G band (E2g 

a b 

c d 



vibration mode at 1580 cm-1), structurally defect carbon materials, except pure graphene, show 

the D band (A1g vibrational mode at 1360 cm-1).21 As shown in Figure 2a, the presence of the 

D and G bands confirm that the embedded 3D printed structures had after pyrolysis the 

composition characteristic of pyrolytic carbon30. The obtained G band was slightly higher than 

the D band, which is most likely due to a significant number of sp2 hybridized sites. The high 

degree of disorder, indicated by the D band, is generally a desired characteristic of carbon 

electrode materials because the active defect sites promote fast electron transfer. Si-O 

(stretching vibration mode at 1101 cm-1) peak31 was also seen in the Raman spectrum. This 

result shows that residual SiO2 originating from the fumed silica of the bath still remained even 

after the pyrolysis process. Composition of the microflower structures were investigated by 

EDS. The results show that these structures were mainly composed of carbon (C) as shown in 

Figure 2 b. The performed EDS analysis also confirmed the presence of Si. Figure 2c presents 

XPS spectra of a 3D printed SU8 structure and the resulting carbon after pyrolysis. Analysis 

of the spectra indicated the presence of peaks at 104.46, 285.78, and 533.87 eV, which are 

characteristic binding energies for silica (Si2p), carbon (C1s), and oxygen (O1s) respectively. 

The atomic ratio O/C was 88 before pyrolysis, which is characteristic of SU8. The lower atomic 

ratio O/C (42) of the pyrolyzed sample showed that mostly carbon remained after the pyrolysis 

process (see Table S1 in the Supplementary Information). The Si2p peak in the XPS spectra 

confirmed the presence of remaining silica from oil-silica gel as also indicated by the Raman 

and EDS analysis. The analyzed XPS spectra indicated that pyrolysis decreased the atomic 

ratio of Si, which may be explained by the fact that the silica particles that were loosely trapped 

on the SU8 surface were released during volatilization and carbonization of the SU8 matrix. 



  

 

Figure 2. Material characterization of scaffolds: a) Raman spectrum for the pyrolytic carbon; 

b) EDS spectrum (79% C, 18.3% O, 2.5% Si) for elemental mapping of microflower structure 

(inset); c) Wide-range XPS spectra for SU8 (before pyrolysis) and pyrolytic carbon (after 

pyrolysis). 

 

3.4 Electrochemical characterization of 3D carbon scaffolds 

The 3D carbon scaffolds were characterized by cyclic voltammetry after oxygen plasma 

treatment to evaluate their behavior in DA oxidation, and hence, their suitability for detection 

of DA exocytosis. Figure 3a shows CVs for 250 µm DA at different scan rates ranging from 

b 

c 

a 



100 mVs-1 to 1000 mV-1. Figure 3b shows the linear relationship between the anodic peak 

current and the square root of the scan rate up to 1000 mVs-1. The primary indication is that 

the electrochemical process was predominantly under diffusion control. However, the result 

also demonstrates that the conductivity of the 3D carbon scaffolds was not a limiting factor at 

higher scan rates.15 The CVs in Figure 3a show that the separation between the anodic and 

cathodic peaks increased with scan rate. This is typical for DA electrochemistry which is quasi-

reversible.  Besides CVs at different scan rates, the 3D carbon scaffolds were also assessed in 

terms of their sensitivity to DA detection by acquiring CVs at different DA concentrations in 

the range from 25 nM to 250 µM (Figure 3c,d). The anodic peak currents were proportional to 

DA concentration and the calculated sensitivity was 1 μA/μM. 

To test how the 3D carbon scaffolds respond to transient introduction of DA, we performed 

amperometric measurements by injecting six times a volume of 25 µL of 150 µM DA solution 

to the center of the scaffold using a syringe pump (see Figure S8a). Typical amperometric 

responses from a 3D carbon scaffold are shown in Figure S8b. The recorded current peaks 

clearly showed that the 3D carbon scaffold could promptly and reproducibly respond to 

transiently introduced DA. 

 



 
 

  

Figure 3. Cyclic voltammetric characterization of 3D carbon scaffolds using DA: a) CVs for 

250 μM DA in PBS at different scan rates; b) Peak current vs. square root of scan rate for the 

CVs in a), c,d) CVs for varying concentrations of DA in PBS (scan rate: 100 mV s−1). 

 

3.5 Differentiation of hNSCs on 3D carbon scaffolds and detection of DA exocytosis 
 
We have previously shown that photoresist-derived pyrolytic carbon is an efficient substrate 

for differentiation of human neural stem cells (hNSCs), and it has been used as an electrode 

material for the detection of dopamine exocytosis.15–17 Hence, influence of the 3D carbon 

scaffolds on adhesion and morphology of hNSCs during differentiation into dopaminergic 

a b 

c d 



phenotype was investigated.17 hNSCs were cultured for 24 hours at an initial density of 

105 cells/scaffold on oxygen plasma treated and PLL-coated scaffolds. The morphology of the 

cells was assessed after 14 days of differentiation. Uneven segments in the 3D printed filament 

formed gaps between the printed layers. However, the surface roughness of the 3D carbon 

scaffolds was heterogenous due to the formed microflowers during pyrolysis. Therefore, PLL 

coating after the O2 plasma treatment was performed to make the surface positively charged 

to promote uniform cell adhesion. The hNSCs differentiated effectively on the PLL-coated 

scaffolds, displaying typical neuronal morphology. As seen in Figure 4 and Figure S7, hNSCs 

covered the electrode surface and between the filament layers with a uniformly distributed 

dense network as indicated by a significant amount of TUBB3+ (β-tubulin isotype III positive: 

neuronal skeleton identifier) cells (green). Moreover, the cells were differentiated into 

dopaminergic phenotype as indicated by TH+ (tyrosine hydroxylase: the rate-limiting enzyme 

of DA biosynthesis and an identifier of DA) cells (red) (Figure 4 and Figure S7). The neurons 

grow and differentiate on both the surface of the scaffolds and span accross the gaps, as seen 

in both the ICC (Figure 4 and Figure S6) and SEM (Figure 5 and Figure S7) images. These 

results were consistent with our previous results, where observed that the pyrolytic carbon 

material has an essential role in differentiation into neuronal and dopaminergic phenotype, 

demonstrating that 3D carbon scaffolds are highly suitable as an alternative substrate for neural 

tissue engineering applications.15–17 

 
 
 
 
 
 
 
 
 
 
 



TUBB3+ TH+ Merge 

   

   

Figure 4. Immunocytochemistry characterization of hNSCs after 14 days of differentiation on 

a 3D carbon scaffold: TUBB3+ (neuronal cytoskeleton, green), TH+ (tyrosine hydroxylase, 

red), and merge (top panel 10x and bottom panel 20x magnification). 

 

 

  



  

Figure 5.SEM images of differentiating hNSCs on a 3D carbon scaffold: Morphology of 

hNSCs after14 days of differentiation (the right panels show a magnification of the left panels).  

 

Previous characterization has shown that TH+ hNSCs do not release any other catecholamines 

except DA. As shown in our previous work, immediately after K+-induced depolarization the 

DA released by a cell population is oxidized at the surface of the carbon electrode, generating 

a faradic current peak during amperometric recordings.15,16 Figure 6 shows the recorded 

amperometric current response from three different 3D carbon scaffolds, each having a 

population of hNSCs that had undergone differentiation for 14 days. Amperometric control 

meausrements were also performed for three scaffolds, each having a population of non-

differentiating (proliferating) hNSCs. Due to the absence of dopaminergic neurons in the 

populations of non-differentiated hNSCs, no current response was recorded. The presented 

amperometric recordings show that the 3D carbon scaffolds were suitable for electrochemical 

detection of dopamine exocytosis. 



 

 



 

Figure 6. Amperometric recordings on 3D carbon scaffolds: Upon exposure to K+ (final 

concentration ∼150 mM), differentiated hNSCs (14 days) generated a faradaic current response 

characteristic of DA exocytosis from a cell population (three scaffolds), whereas non-

differentiated hNSCs showed no response (three scaffolds). 

4 Conclusion 

In summary, the described embedded 3D printing in a shear-thinning support bath composed 

of 7 % fused silica nanoparticles in mineral oil is a relatively simple way to create complex 3D 

structures that upon pyrolysis are converted into 3D carbon scaffolds with rough surface 

covered by microflower-like formations. The 3D carbon scaffolds showed remarkable 

electrochemical properties for DA oxidation down to 25 nM. The scaffolds demonstrated 

compatibility for culturing and differentiation of hNSCs into dopaminergic phenotype as well 

as real‐time detection of dopamine exocytosis. In the light of our findings, we regard our 

protocol as a significant step towards neuronal applications with potentials for electrical 

stimulation of hNSC differentiation.  
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Figure S1: Design, printed, and pyrolyzed electrodes, a) Detailed electrode dimensions, b) 

After printed cured and cleaned electrode. 

 

 

Figure S2: Embedded 3D printed electrode before (dark brown) and after pyrolysis (black). 

Shrinkage is around 50%. 
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Figure S3: Cell culture experimental setup, a) Illustration of the fully prepared electrodes for 

detection (Blue arrow indicates Cable, Blue Arrowhead indicates SEBS coating, green 

arrowhead indicates silver epoxy), b) Ready electrode after curing and coating steps. c) Cell 

culture experiment setup. 
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Figure S4 Rheological tests of three different oil-based silica granular gels (6, 7, and 8 w/v of 

fumed silica in mineral oil): a) Strain sweep. (b) Frequency sweep at low 0.2 % strain. (c) Shear 

rate sweep at 10 Hz. (d) Cyclic strain time sweep starting at low 0.2 % strain for 120 s and then 

increase to 500 % strain for 60 s, and then back again to 0.2% for a new cycle. e) Temperature 

sweep rheology experiments for hydrogels of 6, 7, and 8 wt % concentration of fumed silica 

suspensions, using the presented method and rheological parameters. f) UV/VIS light 

absorption for the three different concentrations of granular gels. 
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Figure S5: SEM images of embedded 3D printed carbon structures, a) before pyrolysis, b) 

after pyrolysis (graphene microflowers covers all around the structure), c) after pyrolysis fiber 

section (red arrow indicate rough surface, red arrowheads indicate holes inside the fiber, blue 

arrowhead indicate smooth internal structure, blue arrow indicate graphene micro flower).  
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Table S1 Surface atomic composition measured by XPS before and after pyrolysis process. 

 C O Si O/C ratio 

 Atomic ratio (%) Atomic ratio (%) Atomic ratio (%) % 

Before Pyrolysis 42.6 37.54 17.47 88 

After Pyrolysis 61.9 26 12.1 42 
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Figure S6 IHC staining of 14 days differentiated hNSCs on 3D printed electrode. (5X 
magnification) 
 
 
 
 
 
 
 
 
 
 
 
 
 



  

  

  
 
Figure S7 SEM images of 3D printed electrode after 14 days differentiated hNSCs 

 
 
 



  

Figure S8 Chronoamperometry, a) experimental setup, b) 6 repeated 25 µL 250 µM dopamine 

hydrochloride solution injection. 
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4. DTU Xtech Entrepreneurship, 2020, Top 10 Copenhagen, Denmark 
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Competition, 2019, Finalist, Rhodes, Greece 
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Blinky & Brain Collaborations 

 
1) EXECUTIVE SUMMARY 

In an aging society, the occurrence of neurodegenerative diseases with no cure available is 
increasing, which has a great impact on both patients and community. Our proposal focuses 
on treatments for Parkinson’s Disease (PD) due to high prevalence and unsatisfying current 
treatment strategies. In 2016, the total PD medicine market was valued at 2.18 billion USD 
[1]. According to the Parkinson’s Foundation, the number of patients suffering from PD is 
expected to be triple over the next 50 years. Although available treatments can ameliorate 
symptoms, they lose efficacy over time, and new solutions need to develop. 
 
Our business idea is based on an interdisciplinary collaboration between leading European 
scientists in the fields of neurology, cell biology, micro-, and nanofabrication and electrical 
engineering. The goal is to develop a carbon-based optoelectrical device that can emit 
light in a controlled manner. This light emission can furthermore be used to optically 
stimulate light-sensitive cells attached on the surface of the device to release 
therapeutic factors (i.e., dopamine in case of PD). These cells are growing on the 
conducting 3D-carbon scaffold, encapsulating the device, which transplanted into the 
patient’s brain. The patient will be able to control the factor release with remote control (app 
on a smartphone) before/when symptoms occur to get relief (Fig. 1). The whole product is 
developed in the course of the four years lasting Marie-Curie ITN Training4CRM (grant no.: 
722779, http://training4crm.com) by 15 early stage researchers and their supervisors. 

 
 Fig. 1: Schematic of the product. An optoelectrical device with cells grown on the surface which release 
dopamine when stimulated by light, to treat PD. 

  

http://training4crm.com/
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2) MARKET NEED 
There is so far no cure for patients with PD. Existing treatments are focusing on alleviating the 
symptoms and increasing the quality of life of these patients. Symptoms include tremor (Fig. 2), 
rigidity and balance issues, as well as psychological manifestations. 
Existing treatment includes drug treatment, deep brain stimulation (DBS) with neurostimulators 
surgically implanted into targeted sites of the brain, gene, and stem cell therapies [2], that attempt 
to specifically replace, regenerate and stimulate neurons that are not functional. Problems of 
these current methods that need to be addressed are poor graft survival and potential graft 
immune rejection (Table 1). Therefore, developing a continuous source of homogeneous, 
quality-controlled neurons with a specific function is of main importance. Ideally, the graft with 
added cell would have a life-span of about 20 years to avoid repeated surgeries. 
Our product aims to improve the idea behind stem cell therapy. New dopamine-releasing cells 
would be implanted into the patients’ brain, which would make the use of drugs unnecessary. 
Our system also would protect the implanted cells from the patients’ immune system by 
encapsulation. However, our system would go a big step ahead and make these cells 
controllable by the patient himself. 

Table 1: Summary of currently available PD therapies 
and their shortcomings or reason for failure 

 

 

 

 

 
Fig. 2: Tremor, a visual effect of PD 

3) PRODUCTS AND/OR SERVICES 
Our product is developed to overcome the above-described shortcomings of available 
therapies for neurodegenerative disorders like PD. The cause of the disease (for PD: the death 
of dopamine-producing neurons), will be treated by replacing, protecting and controlling these 
cells. The product consists of a patient self-administrating treatment for PD through an 
upgraded Optoelectrical DBS, which can be remotely controlled by an app on the smartphone.  
An optoelectrical waveguide (OEW) serves both as a cell carrier for genetically neurons to 
grow on, a light emitting device and an electrical/electrochemical sensor for measurements to 
confirm proper operation/administration of the therapy (Fig. 3). Optogenetics is achieved by 
specifically modifying neurons with light-sensitive proteins [3], that is activated by light triggers 
factor release of dopamine for PD treatment. 
Fig. 3: The brain disease 
personalised device  
Left: A patient self-administrating 
treatment through an app on their 
smartphone. Optoelectrical DBS bio-
implant by remote control. Right: the 
envisaged OEW serves both as a cell 
carrier for cell replacement, an 
actuator for optogenetic stimulation, 
and an electrical/electrochemical 
sensor for measurements, confirming 
proper operation/administration of the therapy: Highlighted areas: (A) a nanophotonic crystal -based leaky optical 
waveguide (LOW) used to (B) optically stimulate light sensitive grafted cells (blue light for PD and orange for 
epilepsy) (C) growing on a conducting 3D-carbon scaffold, encapsulating the LOW.  

Available therapies Shortcomings /  Reasons 
for failure 

Drugs (L-Dopa) Side effects and chronic treatment 
leads to loss of efficacy 

Neurostimulator (DBS) Drugs are still necessary (but in 
reduced dose) 

Gene and stem  
cell therapy 

No protection or control of implanted 
neurons (cause for PD could induce 
death of new neurons as well).  
Immune response, if not autograft. 

Theresa
Dusko removed the source here. You think that is ok??

Robin Simsa
I guess so, its not a public document after all
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4) MARKET AND COMPETITION ANALYSIS 
At 2016, the total PD medicine market was valued at 3.2 billion USD [1]. As per the Parkinson's 
Foundation, one million Americans are suffering from PD, and every year, around 60,000 are 
diagnosed with PD. These numbers are expected to be triple over the next 50 years with the 
increase in the aging population. Therefore, it will drastically result in increasing market size (Fig. 
4).  

 
Figure 4: TAM/SAM/SOM Analysis 

To our knowledge, there is currently no company which tries to tackle PD with optogenetic 
devices; however, basic research and early pre-clinical trials are performed at several academic 
institutions [4]. Indirect competitors include DBS Devices, which have an overall market size of 
4.11 billion USD (Fig. 5).   

Fig. 5: Revenue comparisons 

The biggest companies distributing DBSs are Medtronic and Boston Scientific, which all have 
a diversified product portfolio and worldwide distribution network. Other companies in DBS 
include Aleva Neurotherapeutics, which is in clinical trial stage (Table 2).  

Table 2: Competitor analysis. 

Company Product Phase of 
Development 

Revenue/ 
Funding 

Location 

Medtronic 
medtronic.com 

Electrical stimulation, 
marketed for Epilepsy 

On the market 494 Mill $ 
(2015) [5] 

USA 

Boston Scientific 
bostonscientific.com 

Electrical stimulation, 
marketed for PD 

On the market 780 Mill $ 
(2018) [6] 

USA 
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Aleva 
Neurotherapeutics 
aleva-neuro.com 
 

Electrical stimulation, 
marketed for PD 

Clinical Trial 46 Mill USD in 
total funding 
[7] 

Switzerland 

 
For our proposed product, market penetration following clinical trials, which are expected to be 
performed within 4-5 years, is a strategic goal. Our first target markets are the European Union 
(EU) and the USA. Our competitive advantage is the constellation of the team, with technical 
expertise in brain biology, neurodegenerative diseases, electronics, and biomaterials, which 
combines with experience of several team members with biotech start-ups and the associated 
structures. Furthermore, funding of more than 2 Mill € from the EU Horizon 2020 grant for the 
Training4CRM project has led to the accumulation of knowledge and technical expertise before 
the founding of the company, as well as testing of multiple technical parameters and the start of 
pre-clinical trials (mice, pig). Had this been performed without academic collaboration, the cost 
for development up to this stage would have been significantly higher, which is another 
competitive advantage. 
5) STRATEGY AND IMPLEMENTATION 
The product is currently in early stage developed within the Training4CRM project. First in vivo 
studies in mice will be performed to verify the biocompatibility of the prepared electrodes. At a 
later stage study with established PD models (mice, primates) will be conducted. To date, 
optoelectrical neuronal stem cells have been generated and are currently tested for their 
potential to differentiate into dopamine-producing neurons. The dopaminergic neurons will be 
encapsulated and grown on the carbon-based optogenetic device, which will stimulate them to 
release dopamine. The optogenetic device is in a developmental stage, and large-scale pre-
clinical trials can be started by 2021. The cells will be stimulated with specially designed optical 
circuit, and we will monitor their activities with electrochemical and impedance measurements 
using a custom integrated circuit (IC). The whole stimulation/measurement-system is only a few 
mm2 large and based on a chip that can be connected with an app on a smartphone. For patients 
not comfortable with using a smartphone, other patient-controlled devices can be used, similar 
to the ones applied for self-administered pain treatment. Administrative procedures will be 
initiated following first pre-clinical trial results, and clinical trial preparations will be started in 
2024. 
For defining our marketing strategy, we used the SWOT analysis tool (Fig. 6). It shows that there 
are many initiatives within the healthcare reform bill that identifies the need for new types of 
treatments, more significant impact from these new devices, more preventative technologies, 
and increased home care. Moreover, of course, there is an undeniably strong demand coming 
out of emerging markets. If an opportunity presents itself, we need to act quickly and steer clear 
of just putting out a 'me-too' product. Doing so will allow our company to remain competitive by 
pitching services and demonstrating how our technologies can help bring costs down, rather 
than just concentrating on the clinical value of a product. 
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Fig. 6: Dynamic SWOT Analysis 

We will compile a list of potential clinical partners and initiate contacts near the end of preclinical 
studies. During the process, we will also initiate communication with business advisors to 
evaluate our further progress. Investment by larger medical device distributors (such as DBS 
suppliers) are an attractive option which will be actively sought for, as this would allow us to use 
current distribution and marketing networks as well as expertise with European health markets 
and regulatory aspects. Under European Medicines Agency (EMA) regulations, clinical trials 
following pre-clinical trials enter at stage II, since devices must not be transplanted into healthy 
people. Stage II is performed on a small patient group consecutively, while stage III requires a 
larger patient group (Fig. 7). Risks to commercialization include inefficiency of therapy, severe 
side effects or neglectable benefits compared to current drug medications. Risks of inefficient 
marketing will be limited by starting marketing activities of major European health care providers 
following bio-business advisors from clinical stage II onwards.  

 
 

 

 

 

 

 

Figure 7: Timeline of product implementation. 

The optoelectric device for treatment of neurodegenerative diseases is a product of the Marie-
Curie program Training4CRM and is subjected to non-discloser until results are published. The 
patent for “OPTOELECTRIC SCAFFOLD FOR PHOTO-RESPONSIVE BIOLOGICAL 
COMPONENTS” (WO2018002237 (A1) ― 2018-01-04), which is the base of our product, is 
currently in the hands of PI Prof. Jenny Emnéus and her group. Licencing for using a 
differentiation protocol of hiPSCs into clinical grade dopaminergic neurons will be obtained from 
Malin Parmar and Biolamina AB (Sweden). The license for using cell encapsulation will be 
obtained from the consortium member Gloriana Therapeutics (Fig. 8).  
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Fig. 8: Summary of patents that are relevant for our project and will be seeked to license. 

We are planning to protect our final product and variations of it (for other neurological diseases 
like epilepsy) before going into clinical trials. The intellectual property (IP) management will be 
based on the new DESCA model for Consortium Agreement (www.desca-2020.eu). Intellectual 
property is shared between stakeholders, e.g., participating universities and industrial partners, 
and licensing agreements will be sought. Strong technical knowledge which can only with 
difficulties be protected by IP due to simple adaptations will be treated as trade secrets. 
 

The responsibility for managing risk is shared amongst all the stakeholders of the company. 
However, decision authority for selecting whether to proceed with mitigation strategies and 
implement contingency actions, especially those that have an associated cost or resource 
requirement rest with the Project Manager who is responsible for informing the funding agency 
to determine the requirement for a contract modification. The following table (see Table 3) details 
specific information for the different aspects of risk management..  

Table 3: Risk management. 

RISK MITIGATION CONTINGENCY IMPACT (Low 
Medium or High) 

FDA/EMA does not 
agree with the 
characterization results 
(non-clinical and clinical 
studies planned, 
example if FDA/EMA 
requires nonhuman 
primate (NHP) instead of 
used animal model) 

Early and frequent meetings with the 
FDA/EMA prior to study execution 

Update program design with FDA/EMA 
input, and provide budget (High) 

Lab unable to produce 
an adequate amount of 
product to conduct all 
studies that are 
currently scheduled 

Subcontract negotiations with 
contract manufacturing 
organizations (CMO) to produce 
product for use in non-clinical 
studies 

1.Slow the pace of the studies to 
accommodate the production availability 
2.Use available lab product until contract 
research organizations (CRO) current 
good manufacturing practice (GMP) 
product is available 

(Medium) 

Contract negotiations 
failure 

Subcontract negotiations with CMO 
to produce non-GMP product for use 
in non-clinical studies. 

1. Use available lab product and schedule 
studies based on available product. 
2. Transition financial resources from 
subcontract to expansion of lab for 
production. 
3. Transition financial resources to 
expedite the execution of the GMP 
subcontract. 

(Low) 

Manufacturing failure Complete technical package and 
assistance available from lab 

1. Second manufacturing attempt                 
2. Discontinue contract and use lab 
product  
3. Discontinue contract and expedite the 
GMP manufacturing contract. 

(Low) 

http://www.desca-2020.eu/
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Contract negotiations 
failure with GMP facility 

Early request for proposal (RFP) for 
evaluation of multiple CMO facilities Alternate facility RFP (Low) 

Tech Transfer failure 
(lack of detailed 
information) 

Completion of detailed 
manufacturing technical transfer 
package and SME provisions during 
pilot lot preparations 

Manufacturing process development, 
testing, optimization and validation 
requirement 

(Low) 

Study tasks could yield 
negative results, not 
meet success criteria 

Preliminary studies conducted with 
positive results 

Alternate study design and potential 
product redesign (Low) 

Serious errors in 
analysis of data 

Ensure that all key research data is 
analyzed by two independent 
persons, with a statistician involved 

1. Pilot test data analysis instruments.  
2. Use multiple measures for the same 
construct. 
3.Double check all data for accuracy.  

(Medium)  

Serious breach of 
confidentiality 

1.Require all research staff to sign 
privacy / confidentiality declarations 
annually 
2.Require all staff new to research to 
attend course in Good Research 
Practice 
3.Unit heads and research auditor to 
emphasise requirement for privacy 
to 
staff 
4.Research auditor to review data 
storage during audits 
5.Senior management to create a 
culture of confidentiality 

1.Notify key personnel immediately 
2.Revoking access rights/permissions 
from unauthorized staff 
3.Improving Cybersecurity 

(High) 
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6) FINANCIAL PLAN 
Our first trials will be carried out in Germany and Sweden, due to excellent clinical infrastructure, 
highly trained workforce and the great abundance of public and private funding. We are planning 
to apply for public funding and loans for university spin-offs or start-ups both EU- as well as 
national from 2020 on to cover fixed operating costs. Possible EU-grants include Horizon 2020 
InnovFin or SME Instrument, as well as programmes like COSME (loans up to 150,000 €). Public 
Swedish funding sources for life science companies include Vinnova (Swedish innovation 
agency, up to 500,000 €), ALMI (up to 400,000€) and Swelife (up to 25,000€). Possible German 
grants include KMU innovative or ProFIT. 
Initially, we seek a private investment of € 1.5 Mill to ensure renting of laboratory and office space 
as well as recruitment of staff for the first year of operations. We expect initial yearly fixed costs 
for personnel, facilities, and consumables of 600-800,000 €, which will increase yearly by 10-
15%. Further significant costs include contractors and partners for clinical trials, which we expect 
to start in 2024 (Stage I/II) and 2027 (Stage III) and are calculated with a total cost of 15 – 30 
Mill €. This money will be acquired after successful pre-clinical trials by seeking private 
investment partners. If successful, we will be able to apply for approval to use our product for 
neurodegenerative medicine from the EMA and the FDA in 2030. Since there is no comparable 
product on the market for PD treatment, we expect to gain a high market share from DBS 
companies quickly, with total revenue of 300 - 400 Mill € after an initial adoption phase of 1-2 
years after commercialization. Upon approval in the USA and the EU, we additionally apply for 
approval to market our product in China, Japan, Australia, and India, as well as other countries.  
7) MANAGEMENT TEAM AND SKILL RESOURCE 

 

Fig. 9: Organogram of Blinky & Brain with scientific background (Training4CRM) and advisory board 

The management team consists of TR, RS, and HG. TR is the company’s CEO; she has a 
background in applied bio-and nanotechnologies focusing on biomaterials, biocompatibility, and 
brain tissue engineering and holds a GMP certificate. RS is the company’s CTO; he has been 
responsible for process engineering and product development at a biotech start-up in Sweden 
where he learned to combine his knowledge of bioengineering with practical and regulatory 
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aspects in the health sector. HG serves as CFO, has previously co-founded a 3D bioprinting 
company in Turkey, focused on dendric implant printing. He has managed major governmental 
seed grants and attracted private investment to grow the company further. He currently works at 
a 3D printing company in the Netherlands, where he is involved in developing surface coatings 
for proper implementation of biomaterials into the brain. Principal advisors include a professor of 
microfabrication, Jenny Emnéus, and a professor of molecular neuropathology, Alberto Martinez 
Serrano (Fig. 9). Two out of three of the relevant patents are within the Training4CRM 
consortium (optoelectric device and cell encapsulation technology), and there are good relations 
to the holders of the third (dopaminergic neuron differentiation). 
There is a need to recruit both research and production staff (both two employees) as well as 
one GMP specialist. Furthermore, we will need a CRA to overview of clinical trials.  
 
ABBREVIATIONS 
CEO, chief executive officer; CFO, chief financial officer; CMO, contract manufacturing organization; CRA, clinical 
research associate; CRO, contract research organization; CTO, chief technology officer; DBS, deep brain 
stimulation; EMA, European Medicines Agency; EU, European Union; FDA, Food and Drug Administration; GMP, 
good manufacturing practice; IP, intellectual property; ITN, innovative training networks; NHP, nonhuman primate; 
OEW, optoelectrical waveguide; PD, Parkinson’s Disease; RFP, early request for proposal; SAM, serviceable 
available market; SOM, serviceable obtainable market; SWOT, strengths weaknesses opportunities threats; TAM, 
total available market. 
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