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Abstract

Organ-on-Chip (OoC) is a technology that aims to increase the efficiency of drug development pro-
cesses and organ models by engineering well-defined cell culture environments. Physiological rele-
vant mechanical, chemical, or electrical cues provide in vivo-like microenvironments for realistic cell
maturation. Biodegradable technologies have gained attention for the development of novel OoCs by
integrating transient features to the culture platforms imitating the ever-changing environment inside
the human body. Current efforts to replicate durable brain tissue models from organoids are limited by
the lack of sufficient vascularisation introducing cell necrosis inside the 3D cell culture.
This report presents the design and fabrication of a 3D-printed OoC-platform that combines two in-
dependent cell protocols for a Vessel-on-Chip and a cortical brain organoid. The microfluidic chip is
embedded with a biodegradable membrane, that separates the two cell cultures for a strictly defined
time period. The membrane, composed of bayberry wax, lanolin, and carbonyl iron particles, enables
the controlled opening via alternating magnetic field exposure. The thermal behaviour of the membrane
is analysed with DSC and the magnetic particles with a SQUID magnetometer. Inductive heating ex-
periments determine the optimal composite composition and exposure profile to facilitate membrane
opening and subsequent communication between neural and vascular cells. The integrated membrane
proved to be successful during the injection and evacuation phase. This positive result paves the way
for co-culturing two inherently different cell protocols on a single chip. This master project lays the
foundation for collaborative efforts towards vascularised brain organoids-on-chip and showcases the
potential of additive manufacturing and biodegradable materials in OoC technology.
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1
Introduction

Organ-on-Chip (OoC) is a technology that aims to increase the efficiency of drug development pro-
cesses and disease modeling. OoCs are cell culture platforms that mimic the mechanical, chemical
and/or electrical microenvironments of an organ promoting in vivo-like cell maturation in a strictly engi-
neered space. Through on-chip culturing of specific cells in a three-dimensional configuration, OoCs
yield a high relevance for human physiology while maintaining reproducibility due to the microfabrica-
tion process. Combining these features, they extend common in vitro cell culture settings and in vivo
animal models for the purpose of drug development and disease modeling [1, 2, 3].

One of the most complex organs in the human body is the brain. Studying disease pathologies, brain
evolution, and neurodevelopment is the focus of many research groups. Realistic in vitro models exist
in the form of organoids. These are 3D cell culture models closely recreating the architecture, cell
composition, and functionality of the target organ [4]. However, a lack of vascularisation limits the
significance of organoid models. With the absence of an intact perfusion network, insufficient mass
transfer of oxygen and nutrients causes the build-up of a necrotic core inside the organoid. To illustrate,
the survival rate of cells drops drastically when the next vessel is more than 200 µm away [5].

There is a high need for the development of new OoCs that allow co-culturing of organoids with vas-
cular networks. Adding vessels to the organoid allows for the penetration of nutrients and oxygen to
the core of the cell cluster. Thereby, this approach extends the longevity and also increases the tissue
complexity. However, the main challenge lies within the inherently different handling of vascular cells
in distinction to brain organoids. The vascular network in the human body is permanently subjected
to the pulsating blood flow. Each heartbeat carries the blood stream further through the vessels. This
generates a shear stress on the cell wall that is an integral part for inducing cell growth. In contrast,
brain organoids are fragile constructs that are cultured in a steady and static environment. A realistic
OoC-model would need to satisfy both: shear stress for the vascular network, and stability for the fragile
structure of brain cells.

Biodegradable technologies have gained attention for the development of novel OoCs due their ability
to provide a changing profile of properties and functionality during the culture period. Biodegradability
adds a new dimension to cell culture systems like OoCs: transient behaviour of the environment. In
the human body, no state is constant. With the integration of biodegradable materials, OoC-platforms
themselves can provide changing environments to satisfy cells’ varying requirements on their environ-
ment during their maturation progress. This approach can be exploited to create a timely separation of
the two cell cultures to allow the cross talk only when the distinct features of the protocols are sufficiently
matured.

Acknowledging the different efforts to mimic cell environments, I use the strength and weaknesses of
previous efforts on OoC technology, vascularisation of brain organoids and biodegradable materials to
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answer the following research question:

How to develop an Organ-on-Chip platform for multi-cell culture with transient separa-
tion of a brain organoid and vascular network?

The deduced objective of this thesis is to develop an Organ-on-Chip platform that is suitable to pro-
vide two different culture environments at the same time to effectively co-culture a vascular network
with brain organoids. The microfluidic chip will be embedded with a biodegradable membrane, that
separates the two cell cultures for a precisely defined time.

This report acts as documentation of the experiments conducted towards answering that research
question. In the following chapter 2, the state of the art of the Organ-on-Chip technology in terms of ma-
terial choices and fabrication is presented. Recent advances of the vascularisation of brain organoids
are presented leading to the introduction of two specific cell protocols for a Vessel-on-Chip and a brain
organoid model, respectively. Wax-based composites are discussed as selected class of biodegrad-
able materials to build the embedded membrane. In Chap. 3, the conducted experiments and selected
materials are presented followed by the demonstration of the results in Chap. 4. The results are dis-
cussed with reference to other works and future recommendations in Chap. 5 before the report is
concluded in Chap. 6.



2
State of the Art

2.1. Organ-on-Chip: Materials and Fabrication
Organ-on-Chip (OoC) technology is a specific cell culturing approach that is employed to achievemore
realistic organ models for drug research and disease modelling. OoCs focus on eliminating the need
for animal models while providing high-throughput devices for research with live cells. It encompasses
microfluidic platforms that mimic the environment of one or more human organs [6]. The geometrical,
mechanical, and physicochemical properties are imitated which creates an engineered functional unit
of the target organ [2]. The OoC technology incorporates the expertise from cell biology, medicine and
engineering whichmakes it a highly interdisciplinary field. Through on-chip culturing of specific cells in a
three-dimensional configuration, OoCs yield a high relevance for human physiology while maintaining
reproducibility due to the microfabrication process. Hence, they extend common in vitro cell culture
settings and in vivo animal models for the purpose of drug development and disease modeling [3]. In
research, OoCs exist for several organs. Amongst the organs replicated are the liver [7], lung [8] and
heart [9], as well as intestines, kidney, brain, and multi-organ chips [10].

The OoC technology is a promising lead towards animal free research and accessible organ models
are set to expedite the drug developing process. The dimensional scale in the micron range demands
high accuracy during the fabrication process. This poses strict requirements to the materials and fab-
rication methods employed. This section gives an overview over the state of the art for the relevant
advancements to draw informed conclusions on the material and fabrication methods for this master
project.

2.1.1. Materials for Organ-on-Chip
In order to select a suitable material for OoC-platforms, the required properties of the materials are
considered. These can be deducted from the intended use of the microfluidic platforms, leading to
three main properties [11]. Firstly, the material must be biocompatible in order to host cells and pro-
mote their growth. In the research of drugs and organ models, this is essential to generate realistic
models. Secondly, the materials for OoCs must be transparent. The predominant analytic method for
cell cultures is optical microscopy. This demands for the visible spectrum for light microscopy, but also
ultraviolet (UV) light must transverse the material to enable advanced imaging such as immunofluores-
ence. Thirdly, the material must be processable in a cost efficient and rapid manner. One advantage
of OoC is the efficient fabrication of the chips generating high-throughput culture devices. The material
therefore must support the requirements of these methods to be eligible for OoC. These three main
requirements define the decision framework for the available materials and are depicted in Fig. 2.1.

In previous studies, a wide range of material classes has been considered for the fabrication of OoC
devices. Amongst the most common choices are polymers (elastomers and thermoplastics), inorganic
materials, and natural materials. Beyond the three main requirements mentioned above, the mechan-
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2.1. Organ-on-Chip: Materials and Fabrication 4

Figure 2.1: Key material properties and required characteristics for OoC device fabrication. Reproduced from [12].

ical performance, chemical behaviour in contact with cells and/or media, gas permeability and the
smallest possible feature size are parameters that influence the device performance [12]. Therefore,
the material selection process allows to tune the functionality of the device by actively focusing on
relevant material parameters.

Elastomers
Since the origin of the technology, the majority of OoC-devices are fabricated with Polydimethylsilox-
ane (PDMS) [13]. PDMS is an elastomeric polymer with Si-O bonds. The main advantages of this
polymer lay in the mechanical properties and the optical transparency. The elasticity of PDMS is close
to native tissue properties and hence replicates realistic microenvironments on the chip. Next to the
optical transparency, chips fabricated from PDMS exhibit a good gas permeability. This is beneficial for
cells as they are passively supplied with oxygen even in closed microfluidic cavities. However, draw-
backs set a limit to the application of PDMS. Untreated, the hydrophobic surface of PDMS tends to
absorb hydrophobic molecules. This aggravates the handling of biological fluids and can lead to false
interpretation of drug efficiency due to the loss of test compounds from the media to the substrate [14].

Alternative elastomers for OoC-fabrication are poly-(lactic-co-glycolic acid) (PLGA) and Poly (octamethy-
lene maleate (anhydride) citrate) (POMaC) [15]. In addition to depicting similar material properties as
PDMS, both PLGA and POMaC are biodegradable. Hence, they advance the possibilities for device
design. PLGA has successfully been used as chip substrate and cell scaffold on a Lung-on-Chip de-
vice by [16]. POMaC is used as a substrate material and favourable due to its double crosslinking
mechanism, which allows to mimic the mechanical properties of a wide variety of tissues [17].
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Thermoplastics
Thermoplastics are polymers that can be reversibly melted and solidified. Advantages for microfluidic
devices are their excellent transparency, low-cost and high-throughput mass fabrication, and vis-a-vis
PDMS, high resistance towards leaching and absorption of small molecules [13]. Multiple thermoplas-
tics have been utilised to fabricate OoCs. For example, Poly(methyl methacrylate) (PMMA) is suitable
as a replacement for PDMS [18]. The main distinction is the ability to be recycled due to its thermo-
plasticity. The key properties were found to be stable after several cycles of reusing the material [19].
Other thermoplastics employed for OoC are Cyclic olefin polymers and copolymers (COPs/COCs),
Polysterene (PS), and Polycarbonate (PC) [20, 21, 22]. Based on these studies, drawbacks of thermo-
plastics for the fabrication of OoCs are their high rigidity, limitations in device design complexity, and
low gas permeability [6].

Inorganic materials
Next to polymeric materials, inorganic materials can be advantageous in the design and fabrication
of OoCs. To mention the most relevant examples, paper, silicon, and glass are options for microfluidic
devices [13]. Paper-based microfluidics combine low-cost production with a vast material availability
easing the fabrication of inexpensive OoCs [23]. Glass features high optical transparency and biocom-
patibility [12]. Compared to PDMS, glass substrates exhibit a lower drug absorbance which is beneficial
to the assessment of drug models [24]. In [25], an OoC fully made of glass is reported. However, the
non-permeability of glass for oxygen inspired a variety of multi-material platforms. A commercialised
example is the OrganoPlate from MIMETAS which features a glass substrate, polymer structures and
cell-laden hydrogel [26]. Silicon-based devices show similar properties as glass-based OoCs, yet their
main drawback is the optical intransparency [12]. Therefore, elements of the device must be fabricated
from a different material for the imaging of the cell cultures. An advantage of using silicon as substrate
is the integration of sensing and stimulation units on the chip. The electrical properties of the semicon-
ductor can be exploited to create smart cell culture platforms. To illustrate, a smart temperature sensor
based on CMOS-technology has been integrated on the same silicon wafer as a custom OoC-platform
[27], which allows real-time monitoring of the experimental conditions of the cell culture.

3D-printing resins
Another class of materials this report sheds light on are 3D-printing resins. In most cases, resins
consist of monomers of a specific molecule but factually are hybrid materials since functional chemicals
must be added [28]. These function as stabilisers and most importantly, as photo initiators that absorb
UV light in order to trigger the cross linking of the liquid resin. Meeting the requirements presented
in Fig. 2.1 is equally important for resins as for PDMS or PS, but certain material and fabrication
properties aggravate the fulfilment. The monomers in the resin, most often acrylate or methacrylate,
exhibit a high toxicity [29]. Therefore, the (post-)processing of resins must be closely monitored to
eliminate all uncured resin. Another hurdle is the transparency of resin-based devices. On the one
hand, the resin must absorb the UV light in the range of 380-410 nm to initiate the cross linking during
the fabrication. The cured device, however, must be transparent in this range for imaging with light
and fluorescence microscopy [28]. On the other hand, the surface roughness which influences the
scattering of light, is highly dependent on the spatial curing resolution as well as the roughness of the
print head. Dedicated measures must be implemented into the workflow to produce highly transparent
OoCs [30]. Nevertheless, the perspective of overcoming these issues bears several advantages which
make resins a promising candidate for OoCs [6]. They feature low fabrication costs and enable quick
processing with additive manufacturing (AM). Additionally, AM allows for a high design freedom as
the processing is independent of global device structures but proceeds layer by layer. In [28], the
authors compared the mechanical properties of three different resins to PDMS and PS, showing an
elastic modulus between the two standard OoCmaterials. Furthermore, the absorbance of hydrophobic
molecules was in the order of three to four magnitudes lower in devices from resins compared to PDMS
(see Fig. 2.2) [28].

Bringing the findings of the different classes of materials for OoC devices together, demonstrates a
high variability of available options. Exceeding the sheer fulfilment of the three main requirements
elaborated above - namely, biocompatibility, optical transparency and cost-efficiency -, distinct material
properties can advance the functionality of the chip. To explain, the right choice of materials is not
only circumventing limitations but provides the user with the ability to create higher specificity for the
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Figure 2.2: Comparison of three different 3D-printing resins for OoC fabrication to PS and PDMS. Characterisation for their
elastic modulus by nanoindentation (left) and the diffusivity of hydrophobic molecules into the substrate (right). Reproduced

from [28].

intended application, i. e. more realistic microenvironments for cell cultures. However, the material
selection stands in mutual dependence of the selected fabrication method. Therefore, the following
section focuses on available fabrication methods for OoC devices.

2.1.2. Fabrication Methods for Organ-on-Chip
Despite the recency of the OoC technology, a multitude of fabrication methods have been established.
In general, OoCs are fabricated using microfabrication to realise typical feature sizes in the micron
range. In microfabrication, material is either added or removed and substrates are patterned to transfer
the desired geometry or to modify the surface. In this subsection, the most common techniques are
briefly described. In the following, 3D-printing is compared to conventional means of fabrication to
highlight it as preferred and thereby selected fabrication process for the OoC-platform designed in this
report.

Soft lithography
An often-employed technique is soft lithography. It has its origin in the established cleanroom method
of photolithography and subsequently follows a similar approach. While photolithography can reach
smaller feature sizes and higher accuracy, soft lithography is applicable to a wider range of materials
[31]. Especially the integration of soft materials, like elastomers, makes soft lithography suitable for
OoCs. The term soft lithography summarises several techniques to transfer a pattern to mechanically
soft materials. The general procedure includes four steps: design of the pattern, fabrication of the mask
and the master, fabrication of the PDMS stamp and fabrication of structures by printing, molding, and
embossing [31].

A typical workflow of soft lithography is presented in Fig. 2.3 [32]. A photoresist is spin coated on the
surface of a wafer and subsequently patterned through a photo mask with UV light. In case a negative
photo resist is used as in Fig. 2.3, only the illuminated areas of the photoresist will cross link and
become robust towards the developer (step C) in Fig. 2.3). The patterned photoresist on the wafer
after development is the master for the device fabrication. Pouring PDMS over the structures yields
the microfluidic device after bonding the microfluidic structure to a substrate from glass or PDMS. In
case of replica molding, the pattern in the PDMS is transferred to a replica of the original master. This
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Figure 2.3: Overview of the soft lithography process for OoC fabrication. A master is created with patterning a photoresist on a
wafer substrate. The PDMS is poured over the structure to create the bulk of the OoC device. After bonding the PDMS

structure to a substrate, the device is readily usable. Reproduced from [32].

can be achieved by solidifying a liquid pre-polymer against the PDMS [33]. Replica molding increases
the throughput since many replicas can be built in one processing step.

Examples of OoCs fabricated with soft lithography are available from different research groups. For
example, [34] illustrates a Brain-on-Chip model for the study of neurodevelopment and neurotoxicity.
The device consists of three layers to mimic the blood brain barrier (BBB) of neuronal tissue. Another
application is a gut-liver-system which is reported in [35]. Two layers of microfluidic channels are
fabricated, as depicted in Fig. 2.3, to build chambers for two different cell types. The compartments
are separated by a porous membrane to enable crosstalk between the different cell types.

While the fabrication steps requiring cleanroom facilities (producing master) can be avoided by em-
ploying replica molding, the photolithography step to create the master mold remains an intensive part
of the device fabrication. Efforts have been made to fully eliminate this step. A promising possibility
is the use of 3D-printed molds. To illustrate, [36] established a simple post-processing protocol for
3D-printed molds. This improves the compatibility of resins with PDMS and subsequently eases the
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whole fabrication process.

Injection molding
Injection molding is a technique applicable for thermoplastic polymers. It requires the fabrication of
two-parted molds containing the negative microstructures of the OoC-platform. The molds are pressed
together to form a sealed cavity. The melted material is injected into the cavity and allowed to cool
down before the device is released from the mold [37]. [38] presents a protocol for the fabrication of
microfluidic devices from COP. The process is solvent-free and compatible with mass fabrication. The
researchers used patterned metal blocks as master molds for the injection of the melted COP. The
injection molding process is depicted in Fig. 2.4. Injection molding is suitable for large scale fabrication
but requires precise pressure and temperature control as well as high machine costs to satisfy accuracy
requirements [32]. Additionally, the design complexity is limited by the set-up of the process which
impedes undercuts.

Figure 2.4: Overview of the injection molding process for OoC fabrication. A master is created from metal blocks. The molds
are pressed together to form a cavity which is filled by the melted material. Reproduced from [38].

3D-printing
3D-printing, or more broadly additive manufacturing (AM), recently advanced into the field of OoC. AM
fabricates three-dimensional physical objects from a computer aided design (CAD) model in a single
processing step [30]. In contrast to conventional manufacturing or microfabrication, AM methods add
material only at exact positions intended by the CADmodel. This reduces material loss and accelerates
the fabrication process. The printing of the object proceeds layer-by-layer, i. e., material is added in
increments from the bottom to the top of the part. For this, the CAD object is converted to the STL
file format which sections the surfaces into triangulated shapes. The file is then digitally sliced in 2D
layers with a layer thickness defined by the user. The individual layers are sequentially fabricated by
the machine [30]. As a consequence, the processing is independent of the overall part geometry, since
the process virtually becomes two-dimensional. This enables excellent design freedom and complex
3D structures.

Elaborating the deployment of 3D-printing for OoC requires to distinguish between the fields of ap-
plication. 3D-printing is implemented in two ways: fabrication of the whole platform, and bioprinting
[37]. Bioprinting processes biomaterials, such as hydrogels. Optionally, living cells can be laden in
the ink. To illustrate, Homan et al. created a perfusable chip with bioprinting [39]. Here, fugitive ink is
deposited in the shape of the aspired perfusion network onto the substrate and subsequently covered
with engineered extracellular matrix (ECM). The removal of the fugitive ink at low temperatures leaves
a hollow structure inside the ECM that accommodates cells in a three-dimensional structure.

Available AM techniques for the fabrication of whole OoCs are inkjet printing (i3DP), two-photon-
polymerisation (2PP), fused deposition modelling (FDM) and digital light processing (DLP) as example
of stereolithography (SLA) [30, 40]. The factors to consider for the process of choice are resolution,
speed, material and build size [40]. In the following, the different techniques are discussed. The ad-
vantages and drawbacks are summarised in Tab. 2.1 at the end of this subsection.

Inkjet printing (i3DP) manufactures powdered or liquid phase materials on a substrate. A fixed vol-
ume of the material is ejected through a nozzle as a droplet according to the CAD model. Mechanical
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pulses on the material reservoir in the nozzle trigger the formation and ejection of the droplets [41]. In
recent machines, these pulses are generated thermally or with piezoelectric volume changes [30]. The
technique combines a high accuracy with a fast building speed while reaching a high reproducibility.
However, the necessity for support structures to build cavities and the lack of process- and biocompat-
ible, transparent materials limit the application of i3DP for OoCs [40].

Two-photon-polymerisation (2PP) utilises a near-infrared laser to selectively crosslink photosensi-
tive material. Compared to other curing techniques, the principle of two photon absorption (TPA) is
applied. In TPA, the energy level of a molecule is elevated by the simultaneous absorption of two
photons. The combined energy exceeds the polymerisation threshold of the photo initiator in the mate-
rial at the focal point of the laser causing a photochemical reaction between the monomers and photo
initiator. Therefore, a single pulse solidifies material in a well-defined unit volume (voxel) [30]. TPA
is a non-linear mechanism. To illustrate, the absorbed energy decays exponentially with increasing
distance from the focus point of the laser. This leads to highly localised crosslinking of the material
enabling a high resolution in 2PP-parts. Additionally, the materials used are usually transparent to
NIR-light, enabling the direct fabrication of 3D-structures compared to the layer-by-layer approach of
other AM processes [42].

Fused deposition modelling (FDM) processes thermoplastic polymers. The raw material is supplied
as filament and deposited through a heated nozzle. After deposition, the material solidifies almost im-
mediately while cold welding to the previous layer [43]. FDM is particularly interesting for the fabrication
of prototypes for OoCs. Due to the wide range of thermoplastics employed for these devices, the gen-
eral accessibility to FDM printers holds potential for efficient proof of concept models. In [44], the
development of a microfluidic device for preparation of nanoparticles and electrochemical sensing is
reported using a consumer-grade FDM printer.

Stereolithography (SLA) is a laser-based manufacturing process similar to 2PP. A focused laser
light source causes the polymerisation of a photosensitive polymer resin in a vat [45]. Conventionally, a
single UV laser scans and traces a substrate to spatially polymerise the liquid resin. After curing the 2D
cross section, the substrate is lowered such that the part is built bottom-up. In a different configuration,
the object is fabricated hanging upside-down from the suspended print head. In this case, the light
source is located beneath the resin reservoir which features a transparent, non-sticky bottom. To print
one layer, the print head is suspended at the distance of the layer height. The trapped resin is exposed
to the light source to cure in the desired areas [30].

Alternatively, to a single laser as light source in SLA printers, digital light processing (DLP) operates
with a digital mirror device (DMD). This element consists of multiple controlled micromirrors. By rotation,
they control the path of the laser beam and project an optical pattern on the resin corresponding to the
areas to be cross linked. Hence, in DLP all points of one layer are printed simultaneously as opposed
to the serial approach described for i3DP (drop-by-drop), 2PP (voxel-by-voxel), FDM (line-by-line) and
SLA (dot-by-dot) [46]. Accordingly, the resolution of the parts in the layer plane depends on the pixel
density (spacing) of the DMD which typically reaches 15-100 µm [47]. A typical set-up for DLP is
schematically shown in Fig. 2.5.

DLP is an up-and-coming method to fabricate OoCs due to advancements in material science and
increased printing resolution. To replace common techniques such as soft lithography, the parts must
meet the same requirements. Especially the transparency is a challenge to overcome with DLP-printed
parts. In order to fabricate transparent devices, the material must not absorb visible light. However,
the polymerisation of the part is in fact initiated by the absorption of light. The absorbance of the resin
A is given with

A = ln I0
I

= ϵ(λ)cL (2.1)

where I0 and I are the intensity of incident and transmitted light, respectively, ϵ is the molar extinction
coefficient at wavelength λ, c is the concentration of the photo initiator in the resin and L is the pene-
tration depth. The molar extinction coefficient measures how strongly the light of a distinct wavelength
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Figure 2.5: Schematic overview of the set-up for DLP. The specified 3D coordinates are transmitted as sliced information to
the UV-source which illuminates the photosensitive polymer in the vat. The part is built from the slices layer-by-layer hanging

upside-down from the build head. Reproduced from [48].

is absorbed by the material [49].

Therefore, the absorption spectrum (ϵ(λ)) of the photo initiator and the operating wavelength of the
machine must be carefully matched. This issue becomes evident with printing cavities such as microflu-
idic channels. When the ceiling of the channel is printed, liquid resin is trapped inside the channel. If
the ceiling layer is easily penetrated by the light used to cure the resin, the resin in the channel will cross
link leading to clogged channels. In addition, smooth surfaces and defect-free bulks are necessary to
realise transparency since irregularities diffract the light. Efforts to increase the transparency of prints
have been described in [28] and [49] as depicted in Fig. 2.6. Both groups used a glass surface for the
vat bottom and attached a polished steel plate and glass plate to the build platform, respectively.

Advantages of 3D-printing for OoC-platforms
As shown above, the use of 3D-printing technologies holds great promises to advance the innovation
of OoC-platforms. Compared to the conventional fabrication methods, soft lithography and injection
molding, clear technique-specific advantages for 3D-printing arise. Yet, clearly defined needs for im-
provement remain. Due to the promising features DLP offers for the application in this master project,
the benefits and drawbacks of using DLP are briefly commented on.

The widespread application of 3D-printing is mainly limited by two factors. The transparency of devices
and the toxicity of the employed materials. As described in the previous section, the transparency is
influenced by both the machine and the material properties. Early efforts show that with modulation
of the printer truly transparent devices can be fabricated. The toxicity of the materials stems from the
monomers contained in the resin which are often acrylates, methacrylates or urethanes [28]. Ideally,
all monomers are cross linked in the printing process, but oxygen inhibition on the surface as well as
trapped resin in microfluidic cavities increase the emergence of toxic monomers. In brief, oxygen binds
free radicals that originate from the excited photo initiator. The free radicals are supposed to initiate the
polymerisation of the monomers, which cannot happen if they are inhibited by oxygen [50]. Therefore,
DLP-printed parts require an extensive post-processing including cleaning, UV-, and heat treatment
[29].

While soft lithography employing PDMS or injection molding of COP or PMMA is free from toxicity
constrains, DLP shows significant advantages in other process parameters. In general, DLP is an
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(a)

(b)

Figure 2.6: Alterations of the printing head and vat of DLP machines to improve transparency of devices. (a): Modified DLP
system with a highly polished and hardened steel build plate (B2) and glass petri dish as vat (B3). Reproduced from [28]. (b):

Modified DLP system with glass slide as build plate and salinised glass plat as vat bottom. Reproduced from [49].

easy-to-use approach due to the fact that it is a single step fabrication from CAD model to device. Addi-
tionally, the layer-by-layer manufacturing releases the design process from any geometrical constrains
as arbitrary 3D structures are feasible [51]. This is especially beneficial for OoC fabrication since
the microenvironment on the chip can be closely adapted to the requirements of different cell types.
The single-step fabrication further allows for completely leakage-free channels, since the substrate,
microstructures and ceiling are bonded during the build [52].
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Table 2.1: Advantages, drawbacks and typical materials for 3D-printing technologies used for OoC devices [30, 40, 46].

Method Energy source Advantages Drawbacks Materials

i3DP UV • fast build time
• multi-material
printing

• low cost

• requires post pro-
cessing

• support structures
for cavities

• photocurable
resins/polymers

2PP Femtosecond laser • very high resolu-
tion

• small feature size

• slow build time • photocurable
resins/polymers

FDM Thermal • cheap materials
• processing of ther-
moplastics

• slow build time
• low accuracy
• non-transparent
materials

• thermoplastics
(PC, ABS...)

• elastomers

SLA Laser/UV • high resolution
• good surface fin-
ish

• low cost

• requires post-
processing

• removal of sup-
port structures

• photocurable
resins/polymers

DLP UV • good resolution
• fast build time

• limited building
volume

• requires post-
processing

• photocurable
resins/polymers

2.2. Vascularisation of Brain Organoids
In the previous section, some examples of OoC applications have been adduced to illustrate typical
materials and fabrication methods. Here, recent advancement of vascularisation of brain organoids
are presented. Organoids are 3D stem-cell derived cultures mimicking an intact compartment of a
specific organ in terms of architecture, cell-composition, and functionality [4]. The environment of the
culture is crucial to reach organ-like development and is highly dependent on the organ [53]. One
way to create specific conditions for various types is to employ OoCs. There have been investigations
to combine OoC and organoid technology [54, 55, 56, 57, 58]. While organoids offer more realistic
in vitro organ models, the lack of vascularisation undermines the significance and comparability to live
organs [58]. Without vascularisation, current organoids are reliant on the free diffusion length of oxygen
and nutrients, which is around 200 µm in organoid tissue [59]. In addition, the amount of oxygen and
nutrients that is provided by diffusion remains insufficient to back the organoid formation.

The form and function of the vasculature are important factors to consider [5]. The most important
task of the vasculature is to deliver oxygen and nutrients to promote cell survival, but it can also be
crucial for cell signalling and tissue specific maturation [60]. This becomes especially evident in the
brain, where 15-20 % of the cardiac output is received by the vasculature in brain tissue due to its high
metabolic action [61]. It is important to mention that the vascular network not only delivers oxygen and
nutrients, but conversely evacuates carbon-dioxide and metabolic waste products. All these functions
together benefit the realistic maturation of organoids and reduce the risk of cell necrosis in its centre.

There are three distinct approaches to vascularise organoids in the literature: biological self-organisation,
implantation of organoids in a living host, and microfluidic engineering [5]. The focus hereafter is on
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the third approach as it is the focus application of this thesis. In short, the first approach of biological
self-organisation exploits the cellular and molecular signalling between different cell types. The cells
are added together in close proximity leading to the spontaneous formation of the intended structures
[62, 63]. As a second approach, in vitro cultured organoids are transplanted into animal hosts. The
vessels of the host penetrate the organoid to form a vascular network in the organoid. Animal models
used for this approach so far are mice [64] and chicken [62].

As the third approach, the fusion of OoC technology and cortical organoids for vascularisation is a
relative recent approach to improve the quality of in vitro brain models. A decisive advantage of mi-
crofluidic platforms for the formation of vasculature is the incorporation of fluid forces to the vasculature
[5]. The form of the vascular network greatly depends on the amount of shear stress the cells experi-
ence during the culture period. Vessels like arteries in the human body consist of several layers that
are concentrically aligned to form tube-like structures transporting the blood. Layers of smooth muscle
cells define the shape and strength of the tissue, however the innermost layer is constituted from en-
dothelial cells (EC) [65]. The ECs feature mechanotransduction, i. e. mechanical stimuli influence their
gene expression and behaviour [66]. Hemodynamic forces resulting from the blood flow through the
vessels as well as cyclic strain from intravascular pressure cause the load [67]. Hence, the integration
of these stimuli to the culture model are pivotal for realistic 3D network formation.

The state of the art to create vascular networks for organoid perfusion sees three different approaches
when using OoC technology. Firstly, the successive generation of a vascular bed on-chip and implan-
tation of a matured organoid on that structure. In [68], the authors engineered a 3D vascular network
from human vascular ECs (HUVEC) on a PDMS microfluidic chip. The network spanned over the area
of an open top chamber which allowed the introduction of a lung cancer spheroid used for co-culturing
with the network in the same hydrogel. While the vascular bed can be connected to the outside to
actively perfuse the system, the maturation process proceeds without introduction of shear stress. The
lack of hemodynamic forces in this system leaves room for improvement accounting for the complexity
of the vascular network. Additionally, spheroids show less complexity than organoids in terms of ar-
chitectural and histological compliance with the real organ [69]. As a consequence, co-culturing in the
same hydrogel is more likely to be successful.

The second approach is to place amatured organoid in an avascular hydrogel which is then penetrated
by progressing sprouts of a vascular network. Salmon et al. 3D-printed a OoC co-culturing platform for
a vascular network and an organoid [58]. The protocol foresees to seed the different cell cultures with
an exact time separation to reach fusion at the optimal maturation point of both cell cultures. The chip
is SLA-printed from the material Dental SG. The design features an open well chamber for organoid
seeding which is flanked by microfluidic channels that host the microvascular network. The cell com-
partments are almost completely separated by a wall that leaves a 50 µm gap on the channel bottom
for diffusion and cell spreading. The design of the chip and intended progress of vascularisation is
presented in Fig. 2.7.

The chip was confirmed to be biocompatible with both cell cultures. The vascular differentiation and
organoid culturing were initiated off chip. The size of the organoid as well as the sprout length was
not influenced by the co-culture. While vessel sprouts reached the organoid chamber repeatably, the
core of the organoids were penetrated less frequently. Whereas no alternative explanation could be
validated, the confined spatial access of vessels to the organoid and lacking on-chip shear stress for
the vascular network could be reasons for this result.

A third method to vascularise organoids on-chip is to spawn artificial network structures. For this,
the organoid is encapsulated together with a sacrificial scaffold in a hydrogel. Upon evacuation of the
sacrificial element, the resulting cavities can either be used to perfuse media or to seed ECs in the
luminal structures. Simple approaches to create the voids are inserting needles or strings prior to the
gelation of the hydrogel. A more sophisticated approach is bioprinting of the 3D network with fugitive
inks. Compared to the generation of vascular networks in microfluidic channels as described in the
two methods above, the sprouting and complexity of the network is less pronounced with engineered
cavities [5].
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Figure 2.7: Schematic overview of the design of OoC-platform and intended vascularisation of cerebral organoid as reported in
[58]. Sprouts of the vascular network spread towards the organoid in a central well through a 50 µm gap at the bottom of the

channel. Reproduced from [58].

The state of the art of organoid vascularisation on-chip points to the need for a system that combines
a realistic environment for the ECs to form strong networks (hemodynamic forces) with a convenient
culture well for the organoid. To date, there is no on-chip approach available that offers the opportunity
to repeatably create vascularised cortical organoids. Deduced from the presented cases above, it
seems favourable to use two independent cell protocols and tailor the platform to their needs rather
than cutting back on either of the two at the expense of the other. The advances described in [58] about
3D-printing the platform are a promising lead to create an accessible OoC-platform. However, the
vessels mainly populated the surface of the organoid, which might be linked to the spatial constraints.
Additionally, these efforts rely on a precisely timed co-seeding of the cells with off-chip initialisation of
the maturation. Hereafter, two distinct cell protocols are presented for a 3D vascular network on-chip
and a cortical organoid, respectively. They are intended to be co-cultured on the same chip with a
transient separation which eliminates the need for relocating fragile cell cultures and which enables a
flexible start of cross talking.

2.3. Cell Protocols for Vessel-on-Chip and Brain Organoid
This section contains the relevant information of the cell cultures that are employed in the scope of this
master project. In order to design a OoC-platform that conveniently combines the spatial, mechanical,
and accessibility requirements of the two protocols, a thorough understanding of the individual proce-
dures is pivotal. Therefore, the details of the Vessel-on-Chip (VoC) and the cortical brain organoid (CO)
are elaborated before a comparison between the main differences is drawn.

Before elaborating on the specific cell protocols, induced pluripotent stem cells (iPSC) are briefly in-
troduced. iPSCs are stem cells which have been reprogrammed to a pluripotent, embryonic stem
cell-like state. In an appropriate environment, developed somatic cells are genetically reprogrammed
to a pluripotent level by forcing specific gene expression [70]. Pluripotent stem cells can be differen-
tiated to different tissue types depending on the added growth media in the direct environment. By
”de-differentiating” somatic cells, researchers do not rely on embryos to generate in vitro cell cultures
anymore; this has previously been a controversial approach [71]. At the same time, the tissue genesis
can be tightly monitored and controlled, while obtaining tissue models of high compliance with the cell
donors’ tissue. The protocols presented in the following both include the use of iPSCs to generate a
vascular and brain model, respectively.

2.3.1. Vessel-on-Chip Protocol
The protocol for the engineered 3D Vessel-on-Chip is described in detail in [72]. The VoC consists of
human induced pluripotent stem cells (hiPSC). These cell lines are generated from healthy individuals
and patients reflecting the genetic background of the donor [73]. While being generally accessible
for research, this allows for application in personalised medicine exploiting a high throughput of OoC
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technology. Cuenca et al. combine ECs with vascular smooth muscle cells (VSMC) [72]. The addition
of hiVSMC improved the self-organisation of the endothelial cells and supported the vessel stability.
The result is a 3D vascular network exhibiting luminised and perfusable vessels based on hiPSCs on
a microfluidic chip (Fig. 2.8).

The chip used in this protocol is the commercially available AIM Biotech idenTx chip. It features
three adjacent channels, each with a separate inlet and outlet. The central channel is filled with a fibrin
hydrogel laden with the cells. The flanking channels are used to supply medium and shear stress to the
cells. The shear stress is generated by a gravity-driven flow as a result from adding 100 mL of medium
to the inlet and 50 mL to the outlet of each medium channel [72]. The medium contains specific growth
factors to promote network formation and is refreshed daily including recalibration of the inlet/outlet
difference. After a culture period of approximately 7 days, a stable vessel network is formed.

Figure 2.8: Representative immunofluorescence images of microvascular network showing hiPSC-EC (magenta; agglutinin)
vessels spanning the complete length of the microfluidic channel. The image shows hiPSC-ECs cultured with hiPSC-VSMCs,

HBVSMCs, or HBVPs, respectively. Scale bars are 200 µm [72].

2.3.2. Brain Organoid Protocol
The protocol established in [74] for the culturing of a cortical brain organoid is based on hiPSC. In the
neural development as well as in adult brains, the interaction of neurons and astrocytes is critical [74].
Astrocytes promote the synaptic transmission between neurons and generally enhance the functional
maturation of the brain. Therefore, a realistic model of the brain should include both cell types. One
method to reach this in vitro, is to co-culture two different cell lines. While this approach allows for a
higher experimental control of the ratio of the two components, it introduces variability by adding two
strange cell lines together.

Another approach, as pursued in [74], is the differentiation of neurons and astrocytes from a common
progenitor. This mimics closer the development of neural networks in vivo. The neuronal progeni-
tor cells (NPC) are transferred to a coated 384-wells plate for cultivation at 37°C. The differentiation
medium is exchanged every two to three days. In this process, a very gentle handling of the culture
system is required. When verging on the cells too harshly, the risk of organoid damage increases. The
mature organoid can reach a diameter of 2-3 mm and a height of approximately 200 µm. The culture
period comprises approximately 35 days.

2.3.3. Comparison of Vessel-on-Chip and Brain Organoid Protocols
Table 2.2: Comparison of Vessel-on-Chip and cortical organoid protocols. The two cell protocols are the intended use case for

the technology developed in this thesis and based on [72] and [74].

Parameter Vessel-on-Chip Cortical Brain Organoid
culture platform commercial microfluidic chip 384 multi-wells plate
culture period 7 days 35 days
media refreshment daily every 2-3 days
environment dynamic, requires shear stress static, fragile during maturation

Asmentioned above, both protocols use hiPSCs to build the respective tissuemodel. The environment
in which the cells are cultured and the requirements they pose to their environment strongly differ. The
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VoC is cultured on a three-channel microfluidic device. The flanking channels are filled with media
while the central chamber provides the space to generate the vessel. The shear stress generated by
the equilibration of the media through the medium channels makes it a dynamic culture environment.

By contrast, the brain organoid protocol makes arrangements to specifically avoid any (mechanical)
disturbance of the cells during the maturation. The organoid is rather fragile and the disturbance, by,
e. g. flow induced shear stress, potentially impedes the differentiation into a robust tissue model. To
create the static culture environment, the organoid is placed in a well which offers sufficient volume for
the medium. The resulting differences of the two protocols are summarised in Tab. 2.2.

Conclusively, the protocols do not have a natural overlap during the differentiation of the cells or the
maturation of the tissue structures. However, as elaborated in the Sec. 2.2, the scientific relevance of
organoid models is significantly reduced by the lack of vascularisation. Due to the high risk of necrosis
in the core of the organoid, the longevity of the organoids is limited. Therefore, the design of a OoC-
platform that can accommodate multiple, inherently different cell cultures as they are in the present
case, is an ambitious goal with high potential.

2.4. Wax-based Composites
In the scope of this master project, a transient membrane is developed that temporally separates
two chambers to create fundamentally different culture environments. The objective is to design a
material, that functions as a barrier for the necessary maturation time but can be activated from off-chip
to open the membrane. This section investigates biodegradable, hydrophobic composites made of wax
enriched with functional particles. To inspect possible materials and methods to fabricate and activate
this membrane, a systematic literature review was conducted focusing on wax-based composites with
electrically conductive particles. Activation of the membrane means here the addressing of the filler
particles in the intended way, e.g. electric field to trigger electrically conductive particles. A wax binder
as matrix creates hydrophobic composites [75]. The thermal behaviour of wax conforms with phase
change materials (PCM). PCM are latent heat storage materials which absorb and release a large
amount of heat when changing their phase [76]. To illustrate, when transitioning from a solid to liquid
phase, thermal energy is stored in the material, and released when re-solidifying, making them viable
for energy storage applications [77]. Conversely, PCM exhibit isothermal phase change behaviour, i.
e. they fulfil the transition at a constant temperature [78]. Selected results are presented hereafter.
Additionally, the focus is shed on magnetic particles as active infill material for wax-based composites.
As the elaborations below will show, magnetic particles are favourable in terms of activation due to the
contact-less inductive heating and the cells’ transparency to the magnetic fields.

2.4.1. Electrically Conductive Particles for Wax-based Composites
Electrically conductive composites were considered due to the vast availability of biodegradable con-
ducting metals. The activation of these composites was expected to be possible in a straightforward
set-up. Upon application of an electric field, it is hypothesised that the composite heats up due to Ohmic
heating. The metallic particles form a conductive path through the composite, working as electrical re-
sistor. Thus, part of the electrical energy is converted into thermal energy. The excessive heat results
in a temperature rise in the surrounding of the particles heating up the matrix. Under sufficient applied
voltage, the matrix carries out a phase change and can be flushed away from the location of the barrier.
Hence, the membrane opens for cross-chamber exchange of vascular network and brain organoid.

In the literature, different waxes are combined with different conductive agents to create electrically
conductive pastes, as listed in Tab. 2.3. Applications of these pastes are summarised in Fig. 2.9.
Usually, they are used to build degradable circuit elements like antennas [79] and resistors [80]. Al-
ternatively, a printed line can function as an interconnect in transient electronics [81]. Wax is used as
binding matrix in conductive pastes hosting conductive particles. For this purpose, candelilla wax [81,
80, 82] and beeswax [79, 83] are the dominant waxes in the literature. Due to its hydrophobic nature,
(natural) wax is a noticeable material for transient electronics, especially inside the human body.

Natural waxes are biocompatible and biodegradable organic compounds. As hydrophobic matrix,
they host micro- or nanoparticles of conductive materials and provide thermoplastic properties to active
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(a) (b)

(c) (d)

Figure 2.9: Application of conductive wax pastes. (a): Candelilla wax/Tungsten paste as interconnect to illuminate LED.
Reproduced from [81]. (b): Candelilla wax/Molybdenum paste circuit with filter, capacitor, resistor and temperature sensor.

Reproduced from [80]. (c): Beeswax/Tungsten paste as screen-printed antenna coil for power delivery. Reproduced from [79].
(d): Oleogel (Beeswax + vegetable oil)/Activated carbon paste printed on glass slide. Reproduced from [84].

and passive transient electronics. Thermoplasticity is a key factor for the intended target to compose
an electrically triggered membrane. The works presented focus on applications as interconnects or
circuit elements made of the composites (see Fig. 2.9). As such, the composites are tuned to reach
maximal conductivity while remaining stable at and above physiological temperature. Key tuning points
to increase conductivity are (1) the volume fraction of particles [81, 80, 82, 79] and (2) the particle size
[79, 85].

To apply electrical activation to open the membrane, a high temperature build-up is required to trigger
phase change of the composite. Since the composites exhibit a positive temperature coefficient when
employed as resistor, low conductivity values are of interest. These can be reached with larger particles
and a lower volume fraction, respecting the percolation threshold as discussed in Eq. 2.2.

σ = σ0(Φ− Φc)
t, (2.2)

where σ, σ0, Φ and Φc are the conductivity, scaling factor, volume fraction of the particle, and threshold
volume fraction (percolation threshold), and t is an index related to the conductivity above the percola-
tion threshold (material dependent).

The mixing of the composites is a straightforward process. In the analysed works the matrix is heated
to a liquid stage and the particles are mechanically stirred under. With exception of [84], the general
process is solvent-free. Groups working with small particles utilised ultrasonic dispersion to enhance
homogeneity of particles [80, 79]. Mechanical and electrical properties can be influenced with the
addition of surfactants and lubricants [79, 82]. In terms of simplicity, these steps are considered optional
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Table 2.3: Summary of electrically conductive wax pastes.

Components Preparation Conductivity
Matrix Conductive Agent (size) in Sm−1

Candelilla wax [81] Tungsten (4-6 µm) Mechanical mixing at
100°C

3500

Candelilla wax [80] Molybdenum (< 5 µm) Mechanical mixing at
100°C, ultrasonic disper-
sion, PBS bath

14000

Candelilla wax [82] Molybdenum (25 µm) Mechanical mixing at
130°C

130

Beeswax [79] Tungsten (500 nm) Mechanical mixing at
100°C, ultrasonic disper-
sion of surfactant

6400

Beeswax + vegetable oil
[83]

Activated Carbon (10-100
µm)

Mechanical mixing at
100°C

1

Beeswax [84] Graphene powder (7-11
µm)

n-Hexane solvent, me-
chanical mixing, Vortex
dispersion

60*

* Electronic transfer resistance in Ω.

and depend on the application. In small volume applications, more components reduce the fraction of
conductive particles and could counteract their purpose.

Whereas the purpose of the investigated composites is to be biodegradable, the integrity of the com-
posite for a defined period equally matters. While [81] investigated the water uptake rate of three
different waxes, the comparison of the presented studies does not allow an unambiguous conclusion
which binding matrix is favourable in terms of stability and longevity. [79] suggests that the addition of
glycofurol increases the lifetime of the investigated composite. However, since there is no standard
testing method, the results are not comparable. In addition, a potential mixture of different matrix com-
ponents to tune certain parameters, e.g., the melting point, is not investigated. [83] reports an approach
in which the addition of vegetable oil alters the rheological properties of the composite. Considering
the application in a microfluidic device with a very small volume, this can be a promising tuning point.

2.4.2. Magnetic Particles for Wax-based Composites
A viable alternative to the electrical activation discussed above is the application of a magnetic field.
Inductive heating, i. e., exposing magnetic particles to an alternating magnetic field (AMF), to generate
heat is applied in the medical sector in the form of hyperthermia treatment. In magnetic hyperthermia,
magnetic particles are injected into the human body and targeted with an AMF causing emission of
heat to their surrounding [86]. The generated heat depends on the field properties field strength and
frequency, but also on the size and concentration of the particles [87]. In hyperthermia treatment,
usually nanoparticles are employed to interact with cellular and sub-cellular structures [88]. However,
the risk of cytotoxicological effects limits the feasible particle concentration [89]. To avoid adverse
interactions of the membrane with the cells on the OoC-platform of this master thesis, the focus is
shifted to particles in the micron range.

Micro-sized particles are multi-domain particles. Those particles comprise several distinct areas which
show locally saturated magnetisation [90]. In the presence of a magnetic field, the magnetic moments
of these domains align with the direction of the magnetic field. When the magnetic field alternates its
direction (AMF) at a high frequency, the magnetic moments of each domain lag with changing their di-
rection. Therefore, the domain boundaries reconfigure by changing the intrinsic energy of the domain’s
crystalline structure. This oscillation causes an energy loss of the particles, which is the area of the
so-called hysteresis curve (see Fig. 2.10 for different types of magnetic particles) [90]. The hysteresis
curve depicts the magnetisation of a sample over a changing input magnetic field and is characterised
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by three material depended parameters: the saturation magnetisation Ms, the remnant magnetisation
Mr, and the coercivity Hc (Fig. 2.10) [91].

Figure 2.10: Hysteresis loops of different types of magnetic particles defined by the material properties the saturation
magnetisation Ms, the remnant magnetisation Mr, and the coercivity Hc. Reproduced from [92].

With the objective to fabricate a wax-based composite activated by inductive heating, these parame-
ters provide guidelines for thematerial selection. The heat generationmainly results from the hysteresis
loss [90]. Therefore, a material exhibiting a large hysteresis loop is favourable. The dispersion capabil-
ity of particles in a matrix is influenced by their remnant magnetisation. The higher Mr, the stronger the
mutual attraction of the particles. This leads to particle agglomeration aggravating the mixing process
[92]. Therefore, particles with low remnant magnetisation are preferred. The minimum applied field in
order to initiate particle heat loss is determined by the coercivity [91].

To bring the findings together, it can be deduced that the inductive heating activation of magnetic
particle/wax composites is preferred over the electrical activation discussed above for two reasons.
First, the activation is possible in a contact-less manner. With the use of a coil, an AMF can be directed
towards the region of interest circumventing the need for a physical connection. Second, the cells
in the human body are transparent to magnetic fields with frequencies below 300 MHz [93]. As cells
feature electrosensitive channels, the application of an electric field could disturb the maturation of cells
cultured in the vicinity of the membrane. Due to the transparency to the magnetic field, the melting of
the membrane can be initiated without interfering with the cells.

2.5. Concluding Remarks on Literature Study
The herein presented summary of the state of the art of OoC technology, vascularisation of brain
organoids as well as the literature study on electrically conductive wax composites build the theoretical
basis for the experiments of this master project. To summarise, Organ-on-Chip is a technology that aims
to accelerate the drug development process by replacing animal models. Human induced pluripotent
stem cells have emerged as alternative to create patient specific organ models in vitro in a reproducible
and realistic manner.

Several examples exist for a multitude of cell types varying in fabrication method, material choice and
overall design to construct realistic microenvironments. Amongst the replicated organs is the brain
which is used for different lines of research, including study of neuronal pathologies and the develop-
ment of novel drug systems. One approach to replicate brain tissue is in the form of organoids, which



2.6. Research Question and Objectives 20

represent a complex replication of the target organ in terms of structure and development. However,
the lack of vascularisation for organoids risks necrosis. Several efforts to integrate a vascular network
to organoids of different organs have been made, including the vascularisation of brain organoids. How-
ever, to date there is no information available about a single chip solution which allows this multi-cell
cultivation. The presented protocols for a Vessel-on-Chip on the one hand and for cortical organoids
on the other hand, independently exemplify robust methods. The fusion of these two approaches is
considered a promising outlook to create truly vascularised organoids.

Wax composites are hybrid materials with suitable properties to act as temporary, non-porous mem-
brane to create on-chip separation of different cell cultures. Owing to its hydrophobicity and biodegrad-
ability, those materials are expected to repel the cell culture media while avoiding the introduction of
toxic elements to the cells. Infill particles allow to functionalise the wax composites. As discussed
above, metallic particles like tungsten or molybdenum lead to conductive composites. The use of mag-
netic particles would yield a composite which is sensitive to an external magnetic field to enable opening
the membrane in a contact-less manner.

2.6. Research Question and Objectives
Combining the previous research, this report documents the research and experiments undertaken to
produce an Organ-on-Chip platform which cultivates two different cell types. Accordingly, this master
thesis aims to answer the following research question:

How to develop an Organ-on-Chip platform for multi-cell culture with transient separa-
tion of a brain organoid and vascular network?

From this research question, the following objectives arise:

1. Design of OoC-platform that accommodates and supports the maturation of two different cell
cultures at the same time.

2. Establishment of a fabrication procedure to repeatably provide the platform for collaborating re-
searchers.

3. Design of a membrane to separate the cell cultures for a defined time frame.

4. Integration and removal of the membrane to enable fusion of two different cell cultures.

The objective of this master project is to design, fabricate, and test a OoC-platform that accommodates
a three-dimensional vascular network and a cortical brain organoid. Along the development of this
platform, the progress of the project and the reasoning for certain experiments is carefully documented.
The project includes the characterisation of the components in order to make an informed evaluation
of the results possible.



3
Materials and Methods

This chapter describes the approach to answer the research question of this master project. For both
the OoC-platform as well as the transient membrane the utilised materials and methods for fabrication
and characterisation are described. The chapter details the conducted experiments and formulates
the targeted investigations of the master project. First, the developed design of the OoC-platform is
described with a focus on the distinct features accounting for the incorporation of two inherently different
cell culture environments. Subsequently, the fabrication process as well as the material are presented.
The second pillar of this master project is the design and fabrication of a biodegradable membrane.
The selected materials and methods for fabrication are explained before describing the conducted
experiments for injection and evacuation of the membrane.

3.1. OoC-platform for Co-culturing of Brain Organoid and Vascular
Network

In this section, the design and fabrication process of the OoC-platform is presented. The selected
material is discussed and subsequently, the methods for characterisation of the platform are described.

3.1.1. Design
The design of the chip was driven by the aim to create an OoC-platform that combines the structural
requirements the Vessel-on-Chip and brain organoid cultures impose on their microenvironment. The
herein developed chip enables the independent application of the cell protocols described in Sec. 2.3,
while incorporating cross talk between cell cultures in a controllable manner. The design was based on
the properties of the cell cultures and the culture platforms in the protocols as summarised in Tab. 2.2.
The design features an open-well chamber in the centre for culturing of the organoid (Fig. 3.1). The
chamber splits a central gel channel which is flanked by one medium channel on each side intended for
the vascular network formation (Fig. 3.2). A membrane channel was introduced accommodating space
for the integration of a transient membrane between the central chamber and the gel channel (Fig. 3.4).
The specifics of the chip are described in this section. Overall, the design is presented in three levels:
(1) the top level defining the outer dimensions, (2) the channel level defining the microstructures and
cell compartments of the OoC-platform, and (3) the membrane level. All elements were designed using
the CAD software Fusion 360.

Top level design: Outer dimensions
The 3D-model of the chip is depicted in Fig. 3.1 with the outer dimensions of the device. The dimen-
sions on this level were determined by the integration into the imaging workflow and the required media
volumes. For imaging purposes, the length of the chip was set to 25 mm to comply with the size of
a standard microscopic glass slide. By choosing the same value, the chip was equipped for imaging
without changing the standard workflow. The bottom thickness of the chip was set to 0.17 mm to re-
duce the distance light has to travel through the bulk during imaging. This reduces light absorption by
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Table 3.1: Critical features and their dimensions in the top level of the design with V for volume, h for height, w for width, l for
length and d for diameter of the structure.

Feature Defining Dimensions
Bottom Plate w = 16 mm, l = 25 mm, h = 0.17 mm
Organoid Chamber V = 139.4 µL, h = 11.5 mm
Media Inlet V = 54.3 µL, d = 4 mm
Gel Inlet V = 14.2 µm, d = 3 mm

molecules in the substrate and the risk of scattering of the light beams. Thus, the focusing and imaging
of the cells is facilitated. The hereafter specified height values are assumed from the top surface of the
bottom plate. The width was optimised to be as small as possible to increase the fabrication efficiency
while containing sufficient space for the chambers and inlet structures.

Media inlet

Gel inlet

Organoid chamber

Bottom plate

Membrane inlet

w
l

5 mm

Figure 3.1: 3D model of the OoC-platform for the vascularisation of brain organoids.

The dimensions of the organoid chamber were matched to fit sufficient media volume, as described
in the organoid protocol. With a height of 11.5 mm, the chamber comprised a volume of 139.4 µL.
The inlet/outlet structure was fitted to the required volume for injection of medium and gel for the VoC
protocol, respectively. The inlet volume of the media channel was set to 54.3 µL with a maximum
diameter of 4 mm and a height of 6 mm. The same parameters for the gel inlet were set to 14.2 µL, 3 mm
and 6 mm, respectively. The dimensions were optimised in close correspondence with the collaborator
seeding the VoC to optimise the handling of the cell culture. The most important dimensions on this
chip-level are summarised in Tab. 3.1.

Channel level design: Direct cell environment
The design of the channels is crucial since they made up the direct environment of the cell cultures.
The design of the channels is depicted in Fig. 3.2 with definition of the dimensions. Channel widths
and pillar size are reported in Tab. 3.2. The separation of the two channels with the pillar array has two
reasons. First, the pillars confine the gel in the gel channel after injection due to the surface tension of
the fluid bridging the gap. In this way, the cells are trapped inside the gel channel in which the network
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formation occurs.
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Figure 3.2: Channel level design of herein developed OoC-platform. The channel level makes up the direct cell culture
environment. (a): Media channel, gel channel and organoid chamber as direct cell environment. Red area magnified in 3.2b.

(b): Pillar array separating gel channel wg from adjacent media channel wm. Scale bar is 0.5 mm.

Second, the pillar structure is exploited to transmit the shear stress to the cells in the gel channel. As
depicted in Fig. 3.3, the induced shear stress in the central channel from applied flow in the flanking
channels was increased in the presence of micropillars [94]. A similar three-channel configuration was
designed for the channel on this chip to efficiently generate shear stress on the endothelial cells. In this
cell protocol, the shear stress was generated from the flow of the medium in the media channels. The
shear force originates from a relative motion of a fluid alongside a stationary phase [94]. The stationary
phase is in this case the pinned liquid-liquid interface between the media and the gel. The flow in the
media channel results from gravitational forces. With a difference in the height of media level in inlet
and outlet, the liquid tends to equilibrate this difference by transporting media to the side of a lower
fluid level. By this equilibration process, a flow is generated that exposes the cells in the gel channel
to a shear stress. Since the flow is driven by the height difference of the fluid level in the media inlet
and outlet, the velocity is not constant, but slows down with progressing equilibration. The generated
flow refers back to the top level design of the media inlet volume.

The gel channel was split by the organoid chamber to culture the organoid on the same height as the
vascular network. The distinct features of the channel level design and their critical dimensions are
reported in Tab. 3.2.

Table 3.2: Critical features and their dimensions in the channel level of the design with h for height, w for width, l for length and
rc for radius of rounded corners of the structure.

Feature Defining Dimensions
Media Channel wm = 0.5 mm, h = 0.25 mm
Gel Channel wg = 1.3 mm, h = 0.25 mm

Pillar Array tapered geometry
wp = 0.15 mm, l1 = 0.3 mm l2 = 0.15 mm, h= 0.25 mm

Organoid Chamber square with rounded corners
wo = 3.3 mm, rc = 0.3 mm, h = 0.25 mm

Membrane Level Design: Transient cell culture separation
The design of the wall of the organoid chamber on channel level as presented in Fig. 3.2 introduced a
permanent barrier between the compartments for the different cell cultures. This configuration, referred
to as ”single-culture” was used to investigate the biocompatibility of the chip and its workflow integration
with the cell protocols. Before fusing the cell cultures on the chip, the compatibility with the individual
protocols was established. To enable the cross talk between the cell cultures on the chip, a membrane
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No Pillar
Pillar

Figure 3.3: Influence of micropillars on distribution of shear stress in a three-channel microfluidic system. Colour map of
simulation of shear stress and simulation results with and without micropillars alongside the red line. Reproduced from [94].

channel was introduced to the organoid chamber wall, yielding the ”two-culture” configuration. The
implemented membrane channel is shown in Fig. 3.4. Without injection of the membrane material, this
would be an open space for cell-cell exchange. To confine the membrane in the designated area while
creating a void for the sprouts to penetrate after opening the membrane, the channel was bordered with
two arrays of pillars. With the implementation of pillars rather than a horizontal gap, the whole channel
height of the vascular network can be used for migration towards the organoid. The pillar geometry
and gap width was optimised in experiments which are described in Sec. 3.3.1. The width of one
membrane channel were set to wm = 0.3 mm and the length of the pillar array to lm = 2.5 mm. The total
capacity of one membrane channel on channel level is approximately 0.5 µL.

Membrane channels

Adjacent cell chambers

Injected membrane
lm

wm

Figure 3.4: Design of the membrane channel between the two adjacent cell culture chambers in the ”two-culture” configuration.
On the right image, the injected membrane to separate the vascular network and the brain organoid is visualised in black.

Scale bar is 0.5 mm.

The membrane inlet was integrated to the wall of the top level organoid chamber (see Fig. 3.1). In
this manner, the channel could be reached via a vertical path, rendering the inlet suitable for gravity-
induced injection of the membrane. Additionally, the inlet featured a cavity with the exact volume of
the channel capacity to facilitate the injection of the correct amount of the membrane material. The
membrane channel is shown in Fig. 3.4 with and without the depiction of the injected membrane.

Selected Fabrication Method
The fabrication method selection was based on the design and the results of the literature study (Sec.
2.1.2). The design features multiple channels that require leakage free separation. The pillar arrays as
separators of different channels are difficult to fabricate with soft lithography since this requires bonding
of the channel structure to a bottom plate. The multitude of small contact areas aggravate the exact
alignment of the structures. In addition, the chip shows critical dimensions in a several heights of the
design. The dimensions of the inlets are essential for the generation of a shear stress on the vascular
cells and the inlet of the membrane channel defines the quantity of injected material. The design
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freedom and 2.5D-fabrication progression of the DLP process combined with the good accuracy of the
technology motivated the decision to choose this method. The classification as 2.5D-fabrication refers
to the fact the process progress indeed handles 2D information of the layer, but the layer thickness
adds a distinct expansion of that plane in Z-direction.

3.1.2. Fabrication
The OoC-platform (hereafter also ”part”, ”chip”) was fabricated with the DLP printer Asiga MAX X27
manufactured by Asiga. The machine employs an UV laser at 385 nm for resin curing. The DMD
has a resolution of 27 µm in the X-Y-plane setting the upper planar resolution limit. The resolution
in Z-direction is dependent on the layer thickness which is determined by the user and can be varied
over the height of the part. The lower the layer thickness, the higher the resolution and the smoother
the vertical surfaces. The post-processing of the part used isopropyl alcohol (IPA) and deionized (DI-)
water to clean the part. The clean device was post-cured with UV light using the Otoflash G171 UV-
flash-device. This tool generates UV-flashes with a frequency of 10 Hz. It features a spectrum from
280 nm to 700 nm. A dedicated post-processing protocol was established which is elaborated in Sec.
4.1.1.

UV shield

build platform

resin vat

DMD underneath bottom
membrane of vat

control unit touchscreen

(a)

mirror

sample chamber

UV light source

power, N2 - inlets

(b)

Figure 3.5: 3D-printer and UV-curing device for OoC fabrication. (a): DLP printer used for the fabrication of the chips and all
other 3D-printed samples/parts. The part is built hanging upside down from the building plate by successively submersing it in
the resin tray. For each dip one layer of the part is printed by illumination with 385 nm DMD. (b): UV-flash-device for sample
curing in post-processing. The sample is positioned in the sample chamber. The mirror reflects the UV-flashes in the whole

chamber. Optionally, the chamber can be filled with N2-gas during the curing process.

The part was designed with the CAD software Fusion 360. The CAD model was exported as STL
object and transferred to the control unit (desktop PC) of the 3D-printer. One fabrication process com-
bined three times the same part to create one chip with three multi-cell culture devices. For this, the
STL object was imported three times to the composer software of the printer and the spacing between
the parts was set to 0 mm. This configuration used the maximum build space of the printer.

3.1.3. Material Selection
Photoinduced curing was the basis of fabricating the part with DLP. This refers to the polymerisation
of monomers or resin to a solid state initiated by UV light [50]. In DLP-resins, a photo initiator (PI) is
added to the monomer. The absorption of UV light by the PI leads to the creation of free radicals which
initiate the polymerisation of the monomers. This leads to the cross linking of the polymer chains, hence
a durable solid [95]. As deduced from the literature review in Sec. 2.1.1, the material must support
high spatial resolution and high transparency for imaging. The selected material to fit these require-
ments was the commercially available resin MOIIN TECH clear. It is a photocurable resin composed of
methacrylate monomers mixed with photo initiators. As described in Sec. 2.1.2, materials for DLP are
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cross linked upon irradiation with a distinct wavelength. The selected material has an absorption peak
at 385 nm at 30°C matching the specifications of the available machine exactly. The material properties
determine which wavelengths either can pass through the material without significant scattering or are
absorbed. The resin to print the chip is transparent in the necessary range for bright-field as well as
fluorescence microscopy [96].

The material choice is a high-quality resin available in the lab during the master thesis and is suitable
for the Asiga MAX X27 DLP printer. The high transparency and spatial accuracy to print microstructures
and cavities were the main motivation to select this material. Correspondence with the manufacturer
confirmed that use cases demonstrated biocompatibility of the material. Therefore, the material choice
was made in accordance with the elaborated material property requirements in Sec. 3.1.3.

3.1.4. Characterisation Methods
Three parameters were selected to access the quality of the produced chip based on the literature
study (Sec. 2). These are the dimension accuracy, transparency of the channels, and the biocompati-
bility of the fully processed chip. In the following, the methods to evaluate the chip following the three
parameters are elaborated.

Dimensional Accuracy
Meeting the dimensions of the chip is important to maintain the sufficient volume and spacing for the
cell cultures. The footprint of the chip was measured with a calliper. The pillar size in X- and Y-direction
as well as the inlet diameter were captured with a microscope and analysed with the DinoXcope soft-
ware. The optically investigated elements are shown in Fig. 3.6.

A

B C

Figure 3.6: Microstructures investigated for dimensional accuracy with DinoXcope microscope. A: channel width (X-direction),
B: channel width (Y-direction), C: inlet diameter. Scale bar is 1 mm in the bottom left corner.
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Transparency of Bottom
The transparency of the platform is a crucial element as explained in Sec. 2.1.1. A main issue with
3D-printed parts is the surface roughness of the bottom layer which matches the surface roughness of
the build platform. A rough surface scatters incoming light and reduces the transparency of otherwise
transparent bulk materials. In order to improve this parameter, the post-processing of the fabrication
was extended by an extra step as depicted in Fig. 3.7. The chip was mounted on a glass slide with a
thin layer of uncured resin as ”glue”. The thickness of the layer was controlled with consumer grade
tape. Two stripes were taped to the glass slide with a distance of 46 mm such that the chip just sat
on the tape. The nominal height of the tape was 60 µm creating a gap between chip and glass slide.
The gap was filled with 1-2 drops of uncured resin. To fully cover the bottom face of the chip with resin,
a second glass slide was mounted to the top of the chip and taped to the bottom slide. The uniform
pressure expelled air bubbles from the resin and spread it evenly. The construct was cured with 500 UV
flashes to bond the liquid resin to the bottom of the chip. Subsequently, the glass slide was detached
from the chip to reveal the treated surface.

60 µm thick tape

uncured resin

uniform pressure
generation

46 mm

Figure 3.7: Methodology to create a smoother bottom face to increase the transparency of the chip.

The transparency was qualitatively tested with the dinoXscope microscope by comparing the visibility
of microfluidic structures before and after the addition of a new bottom layer. Additionally, the feedback
from the biologists was included in this step by reducing the total bottom plate thickness.

Biocompatibility
The material’s biocompatibility is a key prerequisite in order to successfully build a multi-cell OoC-
platform. The manufacturer did not label the material officially biocompatible. Therefore, early proto-
types in the ”single-culture” configuration (see Sec. 3.1.1) were shared with the biologists to assess
survival rate of the cell cultures on the chip. As reported in Sec. 2.1.1, resins for DLP-printing usually
consist of toxic monomers. For this reason, an intensive post-processing protocol was established as
documented in Sec. 4.1.1.

3.2. Biodegradable Membrane for OoC-platform
3.2.1. Material Selection
Thematerials to construct the biodegradablemembrane are selected based on the requirements of the
membrane. These are determined to be biodegradability, functionalisation, and hydrophobicity. The
membrane is sought to be biodegradable to ensure that the materials as well as their by-products from
reactions with the cells and media do not harm the cell cultures. In addition, the barrier between the
cell cultures must vanish to enable vascularisation of the organoid. The biodegradation of considered
materials progresses autonomously and spans over a specific time. To extend the natural mechanism
and provide a mean to control the opening by external activation, the matrix is filled with functionalising
particles. Additionally, while intact, the membrane must not be permeable to water to maintain separa-
tion of media and minimise the probability of cell penetration. As described in Sec. 2.4, composites of
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wax (referred to as matrix hereafter) enriched with particles are suitable to meet all three criteria.

Matrix
The matrix of the membrane consumes the main volume fraction of the membrane, and acts as the
physical, hydrophobic barrier between the cell cultures. Candelilla wax, beeswax, bayberry wax and
wool wax (lanolin) have been considered. All candidates are biodegradable and hydrophobic. The
degradation process of these materials is described as surface erosion [81, 79]. The degradation pro-
ceeds layer-by-layer or from the edges towards the centre, while the substance beyond the degradation
front is still intact.

The decisive factor for the matrix is its melting point in a physiologically not harmful range. This range
was determined with the cumulative-equivalent-minutes (CEM43-) model, which gives an indication of
the thermal load for tissue at a given temperature [97]. It provides a normalisation formula to convert
time-temperature exposure to an equivalent exposure time at 43°C given in Eq. 3.1. To illustrate, this
method computes the temperature dose the cells are exposed to in time t at temperature T in terms of
how long it would take to cumulate the same dose at 43°C, which was set an arbitrary reference point.

CEM43 =

∫ t

0

R43−T dt = tR43−T (3.1)

where R is a correction factor with R = 0.5 for T ≥ 43◦C, R = 0.25 for T < 43◦C [97].

Prior to experimentation, thematerial selection was narrowed down to bayberry wax (BBW) and lanolin
due to their favourable melting point regions. BBW consists of the wax esters triacylglycerol, diacylglyc-
erol, monoacylglycerol. The fatty acids of the ester are saturated and make the wax highly hydrophobic
[98, 99]. As glycerolipids, the fatty acids condense on glycerol, a natural alcohol [100]. While the mech-
anism of biodegradation of BBW has not been studied in particular, the chemical composition of the
wax indicates that it is decomposed by hydrolysis. This means that the wax esters of the material are
split into the alcohol glycerol and the condensed fatty acid in the presence of water. This compares
to the degradation reported for other natural waxes like candelilla wax [81]. Lanolin or wool wax is an
animal wax secreted by sheep to build a water protection layer on skin and wool [101]. It consists of
multiple alcohols and fatty acids condensed to wax esters [102] that mix well with molecular structures
of the BBW. Concerning the biodegradability of lanolin, the material consists to 95 % of wax esters
from fatty acids and fatty alcohols. Lanolin mixes with water but does not dissolve in water [103, 104].
The main degradation mechanism of lanolin is the cleavage of the wax esters through hydrolysis. The
main ester in lanolin is cholesteryl palmitate which decomposes to cholesterol and palmitic acid via
hydrolysis [105]. Cholesterol is insoluble in water. In the human body, it occurs as a component of the
cell membrane in brain tissue, hence, is not harmful for the cell culture. Palmitic acid is a biocompatible
substance exhibiting no cytotoxicity, as reported in [106].

The commercially available BBW of Natural Heroes is used as raw material. Depending on the brand
and exact origin of the natural wax, the melting point of BBW varies. It is estimated to be in the range
of 40 - 55°C [107, 81]. 100 % pure lanolin was purchased from Prounol. The manufacture claims a
nominal melting point at 36°C. At room temperature, lanolin had a pasty consistency. Fig. 3.8 presents
the matrix raw materials at room temperature.

Particles
The particles are added to thematrix as active agent to fulfil the secondmembrane requirement of func-
tionalisation. Carbonyl iron powder (CIP) and iron(II,III) oxide (magnetite, Fe3O4) are well-established
materials for biomedical applications featuring biocompatibility and biodegradability [108]. CIP (cat. no.
44890) and magnetite (cat. no. 310050) were purchased from Sigma-Aldrich. Both powders consist
of particles in the size range of 1-10 µm.

The general degradation process of iron species is through oxidation of the metal [109]. The oxidation
is an electrochemical reaction. The anodic and cathodic reaction as well as their reaction to the most
common corrosion product are given in Eq. 3.2 [109]:
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Bayberry wax Lanolin

Figure 3.8: The two raw materials used to fabricate the matrix of the biodegradable membrane. Bayberry wax was completely
solid and distributed in pellet form. Lanolin exhibited a pasty, sticky consistency.

Fe −→ Fe2+ + 2e−

O2 + 2H2O + 4e− −→ 4OH−

Fe2+ + 2OH− −→ Fe(OH)2

(3.2)

In the human body, other iron corrosion products can be detected from reactions with sodium, chlo-
ride, carbon, and phosphorus. These can either be absorbed by organs and further decomposed or
excreted as metabolic waste [109]. CIP particles are highly pure iron and therefore exhibit the degrada-
tion mechanism elaborated above. They were proved to be biocompatible and to not leading to toxicity
while featuring low hemolytic effects in [108]. In vivo, due to the low corrosion rate, the particles are
often absorbed in the blood system and exuded via renal filtration [110]. The formation of an oxide
layer has been observed as a result of CIP degradation creating iron oxides. This influences the mag-
netic behaviour of the particles since iron oxides show lower saturation magnetisation than CIP [111].
Potentially toxic corrosion products of iron are hydroxyl radicals (HO·) [112]. They result from reac-
tions of Fe2+ with hydrogen peroxide. While the use of CIP has generally shown no adverse local or
systematic disturbance of the biological system, HO· has been identified as one of ”the most potent ox-
idising agents highly reacting with all biological macromolecules and with significant pro-inflammatory
properties” [112].

Due to the short culture period relative to the degradation time of iron on this thesis’ OoC, the corrosion
of the particles is expected to have low influence on the cell cultures. Nonetheless, the established
biocompatibility is crucial for the intended application and supports the selection of iron-based particles.

3.2.2. Fabrication
Mixing
The membrane composite was fabricated in two consecutive steps. In the first step, the matrix was
manufactured in a melt-mixing process. To design a matrix which melts at approximately 43°C, the two
raw materials, BBW and lanolin were mixed in different volume fractions. For a total volume of VM and
a volume fraction X of one component, the volume (V1, V2) and mass (m1, m2) fractions of the two
components were calculated in the following manner:
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VM = V1 + V2

V1 =
m1

ρ1
= XVM

m1 = ρ1XVM

V2 =
m2

ρ2
= (1−X)VM

m2 = ρ2(1−X)VM

(3.3)

with ρ1 and ρ2 as the densities of the two components of the mixing process.

The average density of the different matrix compositions ρM was calculated with Eq. 3.4:

ρM =
(m1 +m2)ρ1ρ2
m1ρ2 +m2ρ1

(3.4)

The materials were weighed and added together in a glass vial, before heating the mixture in an oven
to approximately 60°C until all phases were liquid. The liquid samples were mixed with a vortex mixer
(Fisherbrand ZX3) for at least 60 s at 2000 rpm to reach uniform mixing of the two components.

rpm control

dispersed CIP 
particles in matrix

apply vertical 
pressure to start 
mixing

Figure 3.9: Experimental set-up for the melt-mixing of the membrane material. The matrix and particles were heated together
until the matrix liquified. The glass vial was gently pressed against the vortex mixer to start the mixing and to keep the sample

in place during the process.

In the second step, the composite was manufactured by mixing the matrix with magnetic particles as
described in the literature study for other wax composites (see Sec. 2.4). The necessary compound
masses to achieve the desired particle volume fractions were calculated in the same manner as the
matrix described in Eq. 3.3, whereX was then the particle volume fraction. The matrix and the particles
were added to a glass vial and heated to approximately 60°C. Upon melting of the matrix, the samples
were mixed with a vortex mixer for at least 120 s at 2000 rpm until homogeneous particle dispersion
was observed. The mixing set-up is depicted in Fig. 3.9. The targeted quantities for the fabrication of
1 mL matrix with 40 vol.-% BBW as well as 1 mL composite with the same matrix with 10 vol.-% CIP
are exemplary given in Tab. 3.3.
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Table 3.3: Density of raw materials and of 40 vol.-% matrix. Mass values m for the fabrication of 1 mL matrix and 1 mL
composite, respectively.

Process Volume Fraction* Component 1 Component 2
ρ [g/mL] m [g] ρ [g/mL] m [g]

Matrix 0.4 BBW Lanolin
0.985 0.394 0.940 0.564

Composite 0.1 CIP Matrix
7.86 0.786 0.958 0.862

* of component 1.

3.2.3. Characterisation Methods
The fabrication and characterisation of the composite included several methods to access the be-
haviour and functionality of the membrane. In the following, the conducted measurements in the scope
of this work are described in detail. The underlying physical principles or techniques are explained the-
oretically. Subsequently, the experimental design is elaborated. For this, the characterisation based
on SQUID-, DSC-, and Inductive heating measurements are explained to assess the magnetisation of
particles, thermal properties of the matrix, and composite behaviour in a magnetic field, respectively.

Magnetisation
A superconducting quantum interfering device (SQUID) magnetometer was used to determine the
magnetisation of magnetic particles. Essentially, SQUIDs are flux-to-voltage transducers, by gener-
ating an output voltage which is proportional to a change in the magnetic flux [113]. The SQUID is
used as a specific type of magnetometer. The goal of magnetometry is to measure the magnetisation
M or magnetic moment m of a sample [114]. An overview of the physical principle behind SQUID
measurements is provided in the following.

SQUIDs exploit the principle of superconductivity as well as the Meissner and Josephson effect
[115]. In short, superconductivity describes a material behaviour at temperatures close to the abso-
lute zero. Certain materials transition from a state of common electrical resistance to resistance less
performance when cooled down below a critical transition temperature Tc. According to the Bardeen-
Cooper-Schrieffer theory, below Tc electrons weakly pair up due to lattice vibrations into Cooper pairs.
Cooper pairs are able to traverse the material without scattering, hence do not exhibit any resistance
[116]. Tc is a material property influencing the superconductivity of a material jointly with kinetic and
magnetic interactions of the electrons [115].

The Meissner effect describes the behaviour when a superconducting element is subjected to a mag-
netic field. In the transition to superconductivity, the magnetic flux is expelled from the material. In
case the superconductor is utilised as a coil, a constant magnetic flux through the ring is the result.
This is due to the induced current through the coil when the magnetic field is turned off. Since there is
(almost) zero resistance in the superconducting state, the current is persistently generating a constant
magnetic flux through the ring. Additionally, the trapped magnetic flux inside the loop can only take
discrete values, i. e. multiples of the flux quantum [115].

In the loop configuration, Cooper pairs are able to tunnel short resistive regions without breaking off the
superconducting current as long as the current remains below a threshold Ic, which is referred to as the
Josephson effect [117]. In SQUID, these principles and effects build the foundation of the measurement.
A superconducting loop containing at least one Josephson-junction is inductively coupled to an external
magnetic flux. The junction(s) are biased with a current slightly above Ic such that there is a voltage
drop across the junction. With variation of the external flux, the voltage changes periodically with the
period of the magnetic flux quantum. The change of the voltage can be linked to the external magnetic
flux [115]. The change of external flux results from mechanically moving the sample through a pick-up
coil [114].

The MPMS 5XL SQUID manufactured by Quantum Design was used for measuring the hysteresis
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curve of the samples. The sample weight for all measurements was around 2.3 mg. The sample was
loaded into a plastic capsule with the lid tucked in reverse. Additionally, the edge of the larger part was
sealed with tape to fix the package as depicted in Fig. 3.10. The capsule was mounted in a plastic
straw which was attached to the rod of the machine. To avoid slipping of the capsule in the straw, it was
punctured with a pin needle. The displaced material of the straw slightly protruded such that it fixated
the capsule at its position. The positioning of the sample with respect to the pick-up coil of the SQUID
was performed automatically by the machine prior to the measurement. The targeted sample position
in the machine was 1.5 cm.

(a) (b)

Figure 3.10: Sample preparation for the SQUID measurement with the MPMS 5XL SQUID magnetometer. (a): Weighed
sample prepared in capsule. The small lid is tucked in upside down and edge of the bigger lid is sealed with tape. (b): The straw
is punctured above and below the capsule to trap it at the desired position and avoid slipping during the measurement process.

The measurement sequence was designed to collect the magnetisation of the sample over the sweep
of a magnetic field at constant temperature. The temperature was set to 310 K (36.85°C) and the B-
field ranged from -1 to 1 T. Around zero field, it was incremented in 0.01 T steps and from |0.1 T| to
the edges in 0.1 T steps. Specifically, the input unit is Oersted (Oe), which in vacuum corresponds to
1Oe = 10−4T. The measurement was performed in the reciprocal sample option (RSO) mode.

Thermal Properties of the Matrix
The thermal properties of the matrix and composite were investigated using differential scanning
calorimetry (DSC). The result of the measurement is the heat flow from the sample over temperature
and time and the heat capacity of the sample over temperature and time. Changes in these param-
eters indicate thermal events in the sample such as glass transition, crystallisation, and melting. In
this project, DSC was used to determine the melting point of different matrix compositions to render it
applicable for cell cultures. All measurements were performed on the DSC Q2000 manufactured by TA
Instruments. The sample was sealed in an aluminium pan and placed on a thermoelectric disc inside
the furnace next to an empty reference pan of same the kind. As the furnace temperature changes,
heat is transferred into the sample and the reference pan from the thermoelectric disc. The differential
heat flow to the sample and the reference pan is measured by area thermocouples according to Eq.
3.5:

q =
∆T

R
(3.5)

where q is the sample heat flow, ∆T the temperature difference between sample and reference pan,
and R the resistance of thermocouple. For the analysis, the heat flow was normalised to the sample
mass (Q = q/m).

The heat capacity was measured simultaneously with the heat flow using the TzeroTM technology
developed by TA instruments. The furnace was purged with nitrogen at 50 mLmin−1 flow rate. Approx-
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water cooling system

Magnetherm Digital Device waveform generator

sample holder temperature probe inlet

coil module control module

Figure 3.11: Experimental set-up for inductive heating testing. The alternating magnetic field is generated by the AC source
connected to the coil in the left element of the Magnetherm device. The sample is inserted into the centre of the coil that is
cooled down with a water cooling system. Two temperature probes inserted in the sample record the temperature over time.

imately 20 mg of the sample was encapsulated in a TzeroTM aluminium pan and sealed in a dedicated
press. The exact sample mass was recorded together with the mass of the empty sample pan. All mea-
surements were non-isothermal, i. e., the heat flow through the sample with respect to the reference
pan was measured over temperature. The temperature ranged from 0 to 70°C to include all relevant
thermal events in the region of interest of the application. The temperature was increased/decreased
with a rate of 10 Kmin−1 with a 2 min isothermal hold at the turning points of the cycle. One mea-
surement included a double heating-cooling cycle. The first cycle was used to eliminate the thermal
history of the sample by heating above the melting point and subsequently letting it cool down to the
initial temperature. Additionally, this led to a more uniform and flat sample positioning in the sample
pan which shall increase the reproducibility of the measurement.

The obtained DSC-curve (T-Q) was analysed using the software Universal Analysis from TA Instru-
ments. The melting point, melting onset temperature, and melting enthalpy were graphically deter-
mined. The melting point for polymer(-like) materials is defined as the peak value of the melting range
[118]. The melting enthalpy (or enthalpy of fusion) is the amount of energy required to melt 1 g of the
solid sample to liquid phase [119]. It was determined as the total area between the melting peak and
the base line in the DSC-curve by numerical integration.

Inductive Heating
The heating behaviour of the magnetic composite in the presence of an alternating magnetic field
was experimentally investigated with the set-up shown in Fig. 3.11. The independent variables in
this experiment were the particle volume fraction in the composite and the strength of the magnetic
field. Twelve different experimental conditions were set-up to determine how the heating of the com-
posite changed in dependence of the two independent variables (Tab. 3.4). The heating efficiency
was expected to change more efficiently with varying the field strength compared to the frequency of
the field [120]. Therefore, the composites were investigated at a fixed frequency fAMF = 346.5 kHz.
The measurements were performed with the Magnetherm Digital manufactured by Nanotherics. The
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Table 3.4: Experimental conditions of inductive heating characterisation. The frequency of the alternating magnetic field is
constant for all conditions at fAMF = 346.5 kHz.

Independent Variables Inductive Heating Experiment
B-Field Strength in mT

2.5 5 10
0 IH00_2.5 IH00_5 IH00_10

Particle Fraction
in vol.-%

3 IH03_2.5 IH03_5 IH03_10
10 IH10_2.5 IH10_5 IH10_10
25 IH25_2.5 IH25_5 IH25_10

device contains a coil which generates an alternating magnetic field in its core upon application of an
alternating current. The field strength B in T is directly proportional to the input current I as given in Eq.
3.6.

B = µ0nI, n =
N

L
(3.6)

where µ0 is the magnetic permeability inside the coil (4π10−7 Hm−1 in air), N the number of turns of
the coil and L the length of the coil in m.

The coil in the system has 17 turns and a length of 50 mm. For each sample, approximately 1 mL of
the composite was filled into an Eppendorf tube and the sample mass was recorded. The tube was
mounted in the centre of the coil with use of sample holder. Two glass fibre optic thermometers were
inserted in the sample to measure the core and bottom temperature of the sample. Both temperatures
were recorded to assess the homogeneity of heating throughout the sample volume.

The measurement of one experimental condition yielded the temperature profile at both locations over
time. The measurement parameters were programmed with a custom user interface. The interface
enables the user to set the field parameters (strength, frequency), the duration of AMF exposure, the
time recorded pre- and post-exposure and the number of repetitions of the same parameter set. The
temperature was equilibrated until it varied less than 0.5°C s−1. The water-cooling system was set to
37°C to create a thermal environment for the sample similar to the intended application. The recording
of the temperature started 60s before the AMF was switched on to capture the starting conditions of
each experiment. The sample was exposed to the AMF until either (1) one of the temperature values
exceeded 45°C, or (2) no significant temperature change within 5 min of exposure was detected. For
each field strength, an exposure profile was defined that was applied for all four particle fractions. The
profile was based on the expected temperature rise for the 25 vol.-% sample to satisfy criterion (1).
Repeated measurements were conducted consecutively, with a between-exposure-time adapted to
the expected heating behaviour to reach similar starting conditions for each repetition. The data was
recorded with a sample rate of 1/s.

The experimental data resulted in two temperature values. From the temperature measured at the
core of the sample, the heating rate (HR) and the specific loss power (SLP) of the samples were
calculated. To receive the heating rate, the starting and end temperature of an AMF exposure cycle
was extracted manually from the data table. The heating rate was calculated with Eq. 3.7.

HR =
Toff − Ton

toff − ton
=

∆T

∆t
(3.7)

with temperature T in °C and time relative to the start of recording t in s.

The SLP was calculated with
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SLP = C
∆T

∆t

ms

mp
(3.8)

where C is the specific heat capacity of the sample, ms is the mass of the sample, mp is the magnetic
microparticle mass in the composite, and∆Τ/∆t is the heating rate of the sample after switching on the
AC magnetic field [87].

Biodegradability
A biodegradability study was drafted to test the degrading behaviour of the membrane material. The
degradation is monitored by reference to three parameters: change of dry mass, change of wet mass
and water uptake, and change of dimensions. To mimic the application environment, the samples will
be soaked in a glass vial filled with PBS (pH 7) in an incubator at 37°C. The initial sample parame-
ters are recorded at study day 0 and subsequently every 7 days. To conduct the measurements, the
samples are removed from the incubator and allowed to cool down to room temperature in the glass
vial. The wet mass is weighed after flushing the sample with compressed air to remove surface water.
Afterwards, the sample is dried in a vacuum desiccator for 2 h to remove excess liquid and the dry
mass is recorded. A separate line of samples is dried and gauged with an optical microscope. The
measurements are distributed on different samples to reduce the stress on the material to a minimum.
For both the recording of the masses and the recording of the dimensions, 10 samples are prepared
to have an average of 10 values for each data point.

The samples were prepared with casting the melted composite in PDMS molds. PDMS molds were
fabricated by using 3D-printed master samples. 20 master samples were taped to the bottom of a glass
petri dish to avoid underflow of PDMS. The molds were surface treated with saline. For this, the petri
dish was placed inside a desiccator with a few drops of saline added to a separate petri dish. After 1
h of salinisation in vacuum at room temperature, the saline evaporated and deposited on the master
surface. 10:1 PDMS (PDMS-prepolymer:curing agent) (Slygard 184 elastomer kit) was cast over the
master molds. The PDMS was degassed in a second desiccator in vacuum for 1 h to release bubbles
from the material and the PDMS was allowed to cure at room temperature for 48 h.

3.3. Integration of Biodegradable Membrane to OoC-platform
3.3.1. Injection of Membrane
The integration of the membrane in the chip added an additional processing step and was investi-
gated experimentally and with numerical simulation. To establish an integration process that reliably
filled the membrane channel while constraining the composite from flowing into cell chambers, several
membrane channel border geometries were investigated (Fig. 3.12). The pillar geometry as well as the
pillar gap G that were varied in this experiment. For this, a test structure was designed with Fusion 360
that included a replica of the membrane channel of the chip design presented in Sec. 3.1.1 reduced to
the relevant components and dimensions of its direct environment.

Experimental Approach

WMC WMC WMC WMC

G G

Tapered Rectangular Stadium
D = 0.15 mm

Stadium
D = 0.25 mm

Figure 3.12: Design of micropillars for membrane channel confinement. The channel width wMC is equal for all configurations.
The gap G is defined equally for all configurations as the point of smallest distance between two pillars.
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The design was 3D-printed with the same DLP printer and material as the chip and underwent the
same post-processing steps to allow translation of the results from the test structure to the final design.
In total, four different pillar geometries were investigated as shown in Fig. 3.12. For each, three different
gap sizes G were tested (30 µm, 50 µm, 100 µm). 30 µm was selected as lower limit to comply with
the resolution of the 3D-printer of 27 µm. This resulted in a total of twelve experimental conditions in
the form ”[pillar geometry, gap size]” which were combined in a single test structure with two channels
of each configuration. The goal was to identify the geometry with the best material confinement while
leaving the widest gaps possible for the vessels to penetrate the organoid chamber. The shapes were
selected with an intuitive approach. In essence, triangular, rectangular, and circular pillar geometries
are implemented when considering the opposing faces of two pillars across the gap G. The expected
underlying principle for confining the material in the channel was that the surface tension of the fluid
is large enough to be pinned in between two pillars laterally while the resistance inside the channel
is kept to a minimum to progress through the channel. For all configurations, the maximum length of
the pillars was the same. The material was loaded to the inlet storage described in Sec. 3.1.1 in solid
state. The chip was heated to approximately 45°C to melt and fill the channel by gravity induced flow.
The outcome was evaluated as successful when the material progressed into the membrane channel.
Slight spillage to the adjacent channels was tolerated as long as they were not completely blocked by
the material. The outcome was quantified as yield for each configuration by dividing the amount of
successfully filled channels over the total sample size.

Numerical Simulation
Next to the experimental approach described above, the same channel configurations were analysed
with a numerical approach. The 3D-models of the different [pillar geometry, gap width]-configurations
were imported to COMSOL Multiphysics 6.1 with specified 3D coordinates. For fluid flow simulation,
a non-compressible laminar flow model was chosen, a fitting selection given the small scale and low
Reynolds number characteristics of microfluidic chips. The material of the fluid was defined by the
density and the dynamic viscosity at the injection temperature. Their estimation is described below.
Computational fluid dynamics (CFD) was integrated into COMSOL Multiphysics. Meshing was exe-
cuted with a swept mesh incorporating 8 layers of distribution, resulting in a total of 7000-8000 mesh
elements depending on the 3D-model. The simulation model was developed in close collaboration with
a PhD student from the Biodegradable Technologies Group at ECTM, TU Delft.

Boundary conditions were established by defining a non-slip wall condition for the microfluidic channel.
The inlet pressure was maintained at a constant 115 Pa, while the outlet pressure was set to 100 Pa.
The inlet pressure resulted from the gravity induced sinking of the liquid membrane material. Therefore,
the inlet pressure was determined as the weight force of the loaded material over the area of the
membrane inlet Ain. It was estimated in the following manner:

VM = 0.5mm3 (see membrane channel design, Sec. 3.1.1)

mM = 1.648gmL−1VM = 0.824mg
Ain = 0.07mm2

Pin =
mMg

Ain
≈ 115Pa

(3.9)

The density of the composite was estimated in accordance with Eq. 3.4 as the average density of the
components. The dynamic viscosity was roughly appraised from the experiment described with Fig.
3.13a. A planar surface (small petri dish) was suspended over a water bath on a hot plate. The evapo-
rated steam was partially captured by the downwards facing side of the petri dish uniformly heating up
its surface. On the heated surface, a 3D-printed test structure with one membrane channel was placed.
A thermometer was taped to the same surface to measure the exact temperature at the place of the
channel. A camera was positioned with an adjustable food to capture the gravity induced infill of the
fluid into the channel.

From the video recordings of the material flowing in the membrane channel, the flow rate Q could be
estimated. Q is defined as transported volume of the fluid through the channel per second. The flow
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rate of the fluid is connected to the pressure difference at inlet and outlet over the hydraulic resistance
R of the microfluidic channel.

∆P = RQ (3.10)

In turn, R is dependent on the channel cross section geometry [121], which is rectangular in the
present case:

R =
12ηL

1−0.63(h/w)
1

h3w
(3.11)

with L, h, w the length, height, and width of the channel, respectively. Eq. 3.10 and Eq. 3.11 were
combined to obtain the following expression for the dynamic viscosity η of the fluid:

η =
∆P

Q

1−0.63(h/w)
12L

h3w (3.12)

The simulation results were analysed to understand the effects of different micropillar geometries
and gap widths on the confinement of a fluid through the channel. As a parameter for this, the fluid
velocity and its distribution were examined. The degree of spillage was determined as the fluid velocity
outside the pillar array. Fig. 3.13b indicates the definition of inlet and outlet of the membrane channel.
Additionally, a line data set was defined in the adjacent channel just outside the pillar array. Alongside
this line, the spillage velocity of the fluid was analysed at z = 0.125 mm.

Thermometer
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Figure 3.13: Experimental set-up for determination and dynamic viscosity and definition of simulation parameters. (a):
Experimental set-up for a rough estimation of the dynamic viscosity of the membrane material. The petri dish surface was

heated by the steam of the water bath. The onside temperature was recorded with a thermometer taped to the exact position of
the material loaded channel structure. (b): Definition of the inlet and outlet of the 3D model. The red line indicates a line data

set at half channel height. The spillage of the fluid was analysed alongside this line as the fluid velocity.

3.3.2. Evacuation of Membrane
Whereas the membrane was designed to withstand media penetration and cell culture cross talk, the
aspired vascularisation of the membrane requires the removal of the barrier. The process of opening
the membrane was expected to rely on two mechanisms. Firstly, the biodegradable property of the
components leads to a successive reduction of membrane material. With progressing hydrolysis, the
water uptake of the matrix potentially increases as described in Sec. 2.4. The water uptake increases
the probability of cell penetration. Secondly, the functionalisation of the matrix with magnetic particles
enabled to force membrane melting. As evacuation method, the application of a constant air flow was
investigated to push the liquified membrane out of the channel. The experimental set-up described in
Fig. 3.13a was used to establish a proof-of-concept. The membrane was injected into the channel of
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the test structure. A syringe pump was connected via a flexible tube (inner diameter 0.5 mm) to the
inlet of the test structure. The connector was custom made by cutting off the tip of a syringe with a
4 mm Luer connecter and taping the flexible tube to it. The connection was sealed with an additional
layer of tape and laboratory grade parafilm. The pump rate was set to 0.2 mms−1. The connected test
structure was placed on the heated petri dish and the syringe pump was switched on as soon as the
membrane liquified. The whole process was recorded on video.

Heated petri dish surface

Flexible tube

Custom connector

Syringe pump

Steam

Test channel

Water bath on hot plate

Figure 3.14: Experimental set-up for a proof-of-concept experiment for evacuating the membrane with air flow. The surface on
which the test channel is placed is heated by the steam of the evaporating water on a hot plate. The air flow was generated

with a syringe pump that was connected to the inlet of the membrane channel of the test structure.



4
Results

In this chapter, the results of the experiments described in Chap. 3 are presented. Following the
same structure as the previous chapter, first the results concerning the OoC-platform and then detailed
outcomes of the biodegradable membrane are presented. This chapter closes with the results from the
experiments conducted to fuse these two lines of experiments, the integration and evacuation of the
membrane.

4.1. OoC-platform for Co-culturing of Brain Organoid and Vascular
Network

4.1.1. Fabrication
The chip was fabricated successfully with the DLP printer Asiga Max X27. A print was evaluated as
successful when all design features were fabricated properly, and the resulting physical object matched
the defined coordinates of 3D-model. Overall, the fabrication process repeatably exploited the benefits
of additive manufacturing. Fig. 4.1 shows the chip as-printed and still attached to the build platform.
The printer fabricated one chip consisting of three multi-cell culture platforms with seamless connection.
The fabrication time without post-processing was less than 2 h.

Build platform

As-printed chip

Uncured resin

Figure 4.1: Resulting build from printing the chip with the Asiga Max X27. The device sticked to the build platform and was
covered in uncured resin. Scale bar is 10 mm.
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Table 4.1: Division of part in vertical direction in ranges with equal Z-resolution. The features in the ranges require different
Z-resolution.

Range Part Features Demand* Layer Thickness
[mm] [-] [-] [µm]
0.000 - 0.030 Burn-in high 10
0.030 - 0.050 Bottom plate high 10
0.050 - 0.300 Microfluidic channel high 10
0.300 - 5.020 In-/outlet medium 50
5.020 - 11.830 Well low 100

* Of spatial accuracy and smoothness, compared to other features.

The printing and material settings were mostly inherited from the default values of the specific material
data file. A so-called burn-in range was added to the design prior to printing. This range comprised 3
layers of 0.010 mm thickness with maximum illumination intensity. This guaranteed that the part was
well attached to the build platform throughout the whole print. Since this added a total 0.030 mm of
height to the bottom, the 3D-model was adapted accordingly. To optimise the printing quality against
printing time, the part was divided in different ranges along the vertical axes, allocating a dedicated
layer thickness for each range. The layer thickness was matched with the required accuracy and
smoothness in the different ranges. The ranges, corresponding features and selected layer height are
presented in Tab. 4.1.

Post-processing
A dedicated post-processing workflow was developed to reliably remove all toxic monomers from the
chip surface and guarantee the propriety of the microfluidic elements. The print head was dismounted
from the machine and the part was carefully lifted off from the building platform with a metal scratch. To
clean the part from the residual resin, it was cleaned in an ultrasonic IPA bath at room temperature for
10 min. Afterwards, it was immersed in IPA for 30 min to make sure the alcohol reached all channels
as well as the surfaces of the pillars. After immersion, the part was flushed with DI-water to remove
the IPA from the cavities. The channels were repeatedly flushed with compressed air to remove any
residual components. The post-processing of the chip was concluded with UV-curing. In this process
all uncured surface monomers were eliminated. To reach a biocompatible device, all polymer chains
must be crosslinked. The device flashes the chamber with short pulses of UV light. The process was
repeated three times for 2000 pulses in an N2-rich environment. The inert environment enhanced the
polymerisation on the surface. In addition, it reduced heat build-up. The workflow is summarised in the
following list:

• Dismount part from print head with metal slider. Carefully lift one edge of the part and allow air to
flow under and release the part.

• Clean part from residual resin in ultrasonic bath for 10 min in IPA at room temperature.

• Fully immerse part in IPA for 30 min to make sure all channels and hidden surfaces are reached.

• Flush channels with IPA, DI-water and compressed air until all structures are clear of liquid resin.
Use microscope to access grade of cleanness, if necessary.

• UV-curing of part in UV-flash-device. Maximum 2000 (200 s) flashes in one step to avoid over-
heating of part. Add nitrogen gas to the chamber to enhance curing of surface molecules.

Fabrication Errors
While the proposed fabrication and post-processing method had a very high yield in terms of success-
fully printed OoC-platforms, some fabrication errors occurred that are described hereafter together with
the methods put in place to avoid them.

The observed errors can be divided by their origin during the process into printing errors and post-
processing errors. Printing errors caused the abortion of to the printing process. In few cases, the
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machine could not detect the distance between the build platform and the bottommembrane of the resin
vat. To avoid destruction of the machine, it automatically aborted the current print. In one fabrication
run, the printed layers detached from the build plate and perished in the resin vat. The addition of the
burn-in range avoided this error, as well as proper cleaning of the build platform.

Typical manifestations of errors are presented in Fig. 4.2. Insufficient cleaning of the channels prior to
the UV-curing resulted in obstructed channels or avoided free standing pillars. The removal of the part
from the build plate introduced a small defect where the metal scraper was introduced. The application
of too strong pressure of compressed air created a hole in the bottom layer of the chip making that
sample dysfunctional. Post-processing errors could be mitigated by following the workflow elaborated
above.

Destroyed 
bottom plate

(a)

Obstructed 
inlet

Obstructed 
channel

No free standing 
pillars channel

(b)

Figure 4.2: Different post-processing errors that nurtured the development of the post-processing workflow. Scale bar is 2 mm.
(a:) Observed post-processing error resulting from too high pressure during cleaning with compressed air. (b): The ”invisible”
channels and pillars were fabricated correctly. Residual resin in the channel consumed the structures impeding physical edges

to be visible.

The occurrence of fabrication errors at the end of the master project was negligible, creating a nearly
100 % yield with the established vertical ranges for adapted layer thickness and the post-processing
workflow.

4.1.2. Transparency of Bottom Plate
The transparency of the fabricated chips was investigated with optical inspection under themicroscope.
The visibility of micropillars and channels was qualitatively compared before and after the additional
post-processing step described in Sec. 3.1.4. The transparency of the bottom plate was successfully
increased. The edges of micropillars became clearly visible as well as the channels. Images taken
from the same chip before and after the processing are shown in Fig. 4.3.

4.1.3. Dimensional Accuracy of 3D-printing Process
The accuracy of the printed chips was investigated with an optical microscope and the images were
analysed with the DinoXcope software. The dimensions considered were the pillar size of the media
channel in X- and Y-direction (long edge) and the inlet diameter for both media and gel channel. The
outer dimensions of the chip were recorded as well. The large-scale dimensions of the printed chips
matched the defined lengths in the 3D-model in all cases. The inlet diameter on channel height reached
a good accuracy for both channels. The width of the micropillars satisfied the required dimensions with
an average percentage error of 1.19 % (σ = 0.59 %) over 14 arbitrary selected elements distributed
over 5 different chips.

The measurement results of the long edge of the pillars exhibited an average feature size of 284.78
µm (σ = 20.27 µm, target: 300 µm) over 18 arbitrary selected elements. The target values as well as
the real average for the four different structures are summarised in Tab. 4.2.
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(a) (b)

Figure 4.3: Optical microscope images of the chip before and after transparency treatment. Scale bar is 1 mm. (a): Optical
microscope image of bottom face of chip the before the transparency treatment. (b): Optical microscope image of bottom face

of the chip after the transparency treatment.

Table 4.2: Obtained dimensional accuracy of microscale features in 3D-printed chip.

Structure Target Value Real Value* Percentage Error* Samples[µm] [µm] [%]

Pillar (X) 150 150.78 {1.88} 1.19 {0.59} 14
Pillar (Y) 300 284.78 {20.27} 5.15 {6.69} 18
Media Inlet 250 260.2 {13.44} 5.2 {3.9} 5
Gel Inlet 250 266 {15.52} 6.4 {6.2} 3

* Standard deviation in braces over the number of samples indicated in the table.

4.1.4. Biocompatibility of Selected Material
The biocompatibility of the chip was tested by direct application of the as-manufactured chip. The
chip in the configuration ”single-culture” was sent to both collaborating groups. The chips were used
to culture the cells as described in Sec. 2.3. In this way, not only the biocompatibility but also the level
of integration of the design into the biologists’ workflows was tested.

The cell cultures were able to survive on the chip proving that the material manufactured in the here
presented manner is biocompatible. In comparison to the established culture environments, the yield
on the 3D-printed chip was lower. The handling of the chip was successfully integrated into the existing
workflow. For the vasculature, the formation of network was monitored after 7 days culture period and
captured with an optical microscope by the colleague. The result is presented in Fig. 4.4.

No absolute values for the cell density on the herein fabricated OoC compared to the established
culture platforms of the cell protocols were obtained. However, the collaborators indicated a slightly
less expressed cell density and complexity of cell structures on the 3D-printed chip for both cell cultures.
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2
8

275um

Figure 4.4: Formation of vascular network on herein developed 3D-printed OoC-platform. Optical microscopy image of
sprouting vascular network. Start point of the growth from interface with the media channel through the pillar array. Scale bar is

275 µm.

4.2. Biodegradable Membrane for OoC-platform
The goal of the material characterisation was to determine the ideal membrane composition. The
optimal composition is characterised by the melting point, the selected particle, and the particle volume
fraction. The melting point was determined with the DSC analysis and the application of the CEM43
model. The particle choice was supported by the magnetisation measurements and the inductive heat-
ing experiments yielded the best particle concentration with respect to the integration of the membrane
on-chip. The results of the different experiments are presented in this section.

4.2.1. Material Selection
Next to the requirements of the membrane in terms of biodegradability and functionality, the composite
must exhibit a melting point in the physiological tolerable range to comply with the strict limits in contact
with the cells. To obtain an informed target value for the maximum allowed temperature and time period,
the CEM43 model was applied. According to [122], the blood-brain-barrier (BBB) features a value of
CEM43 = 2 min. To explain, if the BBB is exposed to 43°C longer than 2 min, the tissue risks taking
considerable damage. Fig. 4.5 shows the iso-value line for CEM43 = 2 min according to the model
introduced in Eq. 3.1. Since no concrete value for brain organoids is reported in the literature, the value
of the related BBB tissue type was used as reference.

4.2.2. Fabrication
The established mixing process of the membrane is a straightforward process that yielded samples in
an effective and repeatable manner. The equipment used for this were readily available in the lab and
simple to operate.

The first step was weighing the components of the composite. The wax matrix itself consisted of
two different components, bayberry wax and lanolin. At room temperature, lanolin has a soft, creamy
texture. This consistency made it difficult to extract it from the container which was amplified by its
stickiness. As a consequence, weighing this component in a separate beaker and adding it in the right
quantity to the mixing vial was not possible because fractions of the lanolin would stick to the surface
and remain in the measurement cup. In order to extract the right amount of lanolin, two plastic spatulas
were used by using one spatula to scrape off small quantities of lanolin from the other into the mixing
container. The bayberry wax was provided in pellets which facilitated the measurement of the correct
mass. The melt-mixing of the two waxes was straight forward and did not add struggles to the process.
The two waxes were melted in the same vial until both phases completely liquefied. Mixing with the
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Figure 4.5: CEM43 values plotted for value of CEM43 = 2 min. All exposure time-temperature pairs that fall on that line cause
the same thermal damage to the tissue, according to the model.

device described in Section 3.2.2 was straight forward and yielded homogeneous matrices, judged by
the uniform colour of the mixed matrix.

In the second step, the composite was created from the matrix and the particles. Similar to the pro-
cess described above, the components first were weighed with a scale. The retraction of the particles
from the container with a spatula was uncomplicated but required caution to avoid spilling of the mate-
rial. Melt-mixing of the matrix and particles presented challenges in terms of reaching homogeneous
mixtures. Combining the particles with the matrix as solid phase caused particle sedimentation and
clustering prior to mixing. Therefore, the matrix was first liquified and subsequently the particles were
added. In that manner, the particles dispersed in the matrix with gravity in the liquid phase matrix. The
mixing with the vortex mixer produced good dispersion of the particles and homogeneous composites
with CIP particles in terms of no phase separation could be observed with visual inspection. For com-
posites fabricated with magnetite, a clear separation of the black particles and the yellow matrix phase
could be observed after intense mixing. This indicates a particle agglomeration leading to weaker par-
ticle dispersion. The results of weighing the components and composites in terms of the percentage
error of targeted/real mass are presented in Tab. 4.3.

4.2.3. Thermal Behaviour of the Membrane
The thermal behaviour of the membrane was investigated with DSC-measurements. The main focus
was to determine the melting point of the matrix in dependence of the matrix composition. The DSC-
curve plots the normalised heat flow Q over the temperature and was analysed to determine important
thermal parameters of the matrix. All samples had a similar mass around 20 mg. The first cycle was
used to eliminate the thermal history of the material, the second cycle was used for analysis.
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Table 4.3: Percentage error of weighing the different components before mixing. The values result from the comparison of the
intended mass to the real mass. The compound fractions of bayberry wax and particles for matrix and composite, respectively,

are calculated with the real mass values.

Component ϵ of massa in % ϵ of volume fractionb in %
Lanolin 0.25 {0.18}† 0.304 {0.501}†Bayberry Wax 0.31 {0.53}†
CIP 0.74 {0.73}‡ 2.070 {2.605}‡Matrix 2.06 {3.20}‡

a of single components, b of BBW and CIP, respectively. † Average of 9 samples, ‡ average of 7 samples, standard deviation in
braces.

Fig. 4.6 depicts the normalised heat flow of the second heating for all matrix samples. The general
trend of increasing melting point, melting onset point, and enthalpy of fusion was observed for increas-
ing BBW fraction. The highest melting point was determined for the pure BBW sample at 51.58°C. The
lowest melting point was featured for the matrix with 10 vol.-% BBW at 29.65°C. With respect to the
application of the matrix as membrane integrated on a OoC-platform, the matrix with 40 vol.-% yielded
the most favourable properties with a melting point at 44.29 °C (hereafter referred to as M04). Multiple
endothermic peaks were recorded for all samples. The determined thermal properties for the different
samples are summarised in Tab. 4.4.

Figure 4.6: DSC-curve for all matrix compositions of the second heating cycle. The normalised heat flow was investigated over
the temperature range in dependence of the BBW volume percentage in the composite. The fraction increases with the colour

gradient from red to blue.

Fig. 4.7 depicts the graphical analysis using the example of thematrix M04 enriched with 10 vol.-%CIP
particles. The integration limits to calculate the enthalpy of fusion were selected manually. Additionally,
the heat capacity of the sample is depicted. The heat capacity increased in the melting range of the
sample with an overlapping peak at 43.78°C. The addition of particles reduced the melting point of
the material compared to the empty matrix by 0.18°C. The enthalpy of fusion was reduced to 32.11
J g−1. Due to the optimal melting point of this composite, the matrix M04 was chosen for the following
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Table 4.4: Thermal parameters of the different matrix compositions obtained from the DSC analysis.

BBW Fraction Melting Point Onset Temperature Fusion Enthalpy
[vol.-%] [°C] [°C] [J/g]

10 29.65 15.28 32.9
20 34.57 19.11 38.33
30 34.63 20.18 38.33
40 44.29 15.14 57.45
50 47.54 19.33 71.14
60 48.33 20.69 79.13
70 49.42 22.37 97.81
80 50.38 24.65 109.3
90 51.19 28.27 124.2
100 51.58 31.75 132.6
M04 + CIP 44.11 15.33 32.11

investigations with the inductive heating experiment and membrane injection.
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Figure 4.7: Graphical analysis of the DSC-curve for the sample M04_A10. The melting point was determined at the
endothermic peak with the highest temperature value. The heat of fusion was calculated as the area of the peak to the base

line. The blue line indicates the heat capacity over the temperature.

The heat capacity of the composite was extracted from experimental data for calculations with the
inductive heating experiment. As can be seen in Fig. 4.7, the parameter was not constant but changed
over temperature. Especially in the temperature range of the intended application around the melting
point of the composite, a strong variation was detected. Therefore, the heat capacity of the sample
in the region of interest was estimated as the average of the values in the range from 37°C to 45°C.
Therefore, the estimated value for the heat capacity of the sample W04_A10 is cp = 2.485 J/g/°C.

4.2.4. Magnetisation of Particles
SQUID measurements were conducted to assess the magnetisation and hysteresis loss of the two
materials carbonyl iron powder and iron oxide. The results of the experiment are depicted in Fig. 4.8.
CIP featured a larger hysteresis loop area of 5.43 compared to 1.93 for magnetite. CIP particles showed
a higher saturation magnetisation Ms and a lower remnant magnetisation Mr than magnetite particles.
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The values of the magnetic parameters are presented in Tab. 4.5. The coercive field is qualitatively
shown in the inset of Fig. 4.8. The value was found to be significantly higher for magnetite than for CIP.

Table 4.5: Magnetic properties obtained from the SQUID measurements in the range of -1-1 T at 310 K.

Ms Mr Hysteresis Loop
[Am2/kg] [Am2/kg] [-]

CIP 192.7 0.34 5.43
Magnetite 88.3 9.79 1.93

Figure 4.8: Magnetisation of CIP and magnetite particles from SQUID measurements. The inset shows the intersection of the
curve with the x-axis, indicating the coercive field of the samples.

Based on the results obtained from the characterisation of the magnetic particles, CIP was selected
as favourable active component for the membrane material. The larger hysteresis loop was expected
to increase heating efficiency with the inductive heating, whereas the lower remnant magnetisation
facilitates composite mixing. All composites fabricated for further experiments were enriched with CIP.

4.2.5. Inductive Heating Experiment
The inductive heating experiment was conducted to assess the heating behaviour of the composite
in dependence of the particle fraction (4 values) and the applied field strength (3 values). In total, 12
different experimental conditions were investigated. All recordings included a temperature equilibration
prior to the recording and an exposure time and between-exposure time depending on the field strength.
Due to the large variety in heating rate of the samples on the one hand, and machine safety constrains
on the other hand, no consistent exposure profile could be defined for all experimental conditions.
Since a linear dependence of temperature and time was expected, the different exposure times do not
influence the results.

The baseline of temperature drift was investigated through the inclusion of the control sample without
particles. The time-temperature curve for the empty matrix for three different field strengths is plotted
in Fig. 4.9. The red lines indicate activation and deactivation of the magnetic field, respectively. It
becomes apparent that the application of the AMF did not have an influence on the temperature in
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Figure 4.9: Temperature drift of the empty matrix at three different AMF values. The dotted red lines indicate the activation and
deactivation of the magnetic field.

the sample. The temperature decreased independent of the presence of an AMF. The three trend
lines suggest that the cooling rate was higher at higher temperatures. The resulting cooling rates are
presented in Tab. 4.6.

Table 4.6: Base line cooling rates obtained from the AMF exposure of the empty matrix in different initial ranges.

Experimental Condition Cooling Rate Temperature Range Sample Size[°C/min] [°C]

IH00_2.5 -0.047 {-} 34.3 - 34.7 1
IH00_5 -0.091 {-} 34.8 - 35.5 1
IH00_10 -0.231 {-} 35.7 - 37.3 1

The raw data obtained from the temperature measurements is plotted for the sample with 25 vol.-%
at B = 10 mT in Fig. 4.10. The red lines indicate activation and deactivation of the magnetic field in
alternation. The AMF exposure timewas set to 18 s and the cool down phase in between exposures was
10 min. The peak temperature was 54.28 °C at the end of exposure phase 2. This is at the same time
the highest temperature recorded in all measurements. While the cooling of the sample was non-linear,
the temperature increase of all samples was linear. Therefore, the heating rate of all experimental
conditions was calculated with Eq. 3.7. The strongest field in combination with the highest particle
concentration yielded the steepest temperature increase. The results of all experimental conditions
are given in Tab. 4.7.

The efficiency of heating of the particles in the different samples was assessed with the specific loss
power (see Eq. 3.8). The highest HR was determined for the experimental condition IH25_10 with an
average value of 41.73°C min−1 with a standard deviation of 0.49°Cmin−1 over three samples. This
experimental condition also featured the highest SLP value with 141.491 {1.684} Wg−1. The largest
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Figure 4.10: Raw data of the recording of sample IH25_10. Measurement programmed to repeat three AMF exposure phases
of 18 second with 10 min cooling time in between to re-establish the initial temperature.

variation of SLP was detected for the experimental condition IH10_10. For both parameters, HR and
SLP, the following trend was observed:

• the higher the particle fraction, the higher the parameter, and

• the stronger the magnetic field, the higher the parameter.
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Table 4.7: Heating rate and specific loss power of composites subjected to different field strengths.

Experimental Condition Heating Rate* SLP* Sample Size[°C/min] [W/g]

IH03_2.5 -0.19 {-} -2.229 {-} 1
IH03_5 -0.08 {-} -0.985 {-} 1
IH03_10 2.66 {0.05} 31.789 {0.638} 3
IH10_2.5 -0.05 {-} -0.251 {-} 1
IH10_5 1.70 {0.01} 8.881 {0.053} 3
IH10_10 14.37 {4.71} 74.879 {24.51} 3
IH25_2.5 0.15 {0.003} 0.503 {0.012} 3
IH25_5 4.81 {0.33} 16.314 {1.119} 3
IH25_10 41.73 {0.49} 141.491 {1.684} 3

* Standard deviation in braces.

Figure 4.11: Heating rate of the different experimental conditions in dependence of field strength (colour) and particle
concentration (marker shape). The marker indicates the average value over three measurements and the error bars depict the

standard deviation.
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Figure 4.12: Obtained specific loss power values for the 9 different experimental conditions that included particles over the
particle volume fraction. The marker represents the average value for repeated measurements, the error bar indicates the

standard deviation. The marker colour indicates the field strength.
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4.3. Integration of Biodegradable Membrane to OoC-platform
The membrane integration was realised with gravity induced flow of the material into the membrane
channel. In a set of experiments and numerical simulations, the optimal pillar shape and pitch was
determined. In a proof-of-concept experiment it could be shown that the membrane can be evacuated
from the channel upon application of moderate pressure without leaking to the cell compartments.

4.3.1. Injection of Membrane
Experimental Results
In the experiments, the material was loaded to the inlet storage and liquified in the oven at 50°C.
The composite melted in 6-10 min. Gravity of the inserted material was sufficient to overcome the
hydraulic resistance of the microfluidic channel, hence the liquid composite filled the channel. The
real temperature had a strong effect on the fluid behaviour of the composite. A variation of 2-3°C
considerably influenced the viscosity and hence the surface tension. The temperature of the immediate
chip placement was measured with an additional temperature probe. In this way, the exact conditions
could be monitored to repeat the experiment under the same conditions.

The capability to confine the material in the membrane channel was assessed via optical inspection
of the distribution of the black material. The 12 experimental conditions were repeated with 5 identical
test structures resulting in a base sample size of 10 channels per configuration. The most promising
[geometry, gap size] pairs were identified as [stadium (D25), 30 µm], [stadium (D25), 50 µm], and
[tapered, 30 µm]. A second test structure was designed and printed yielding another 8 channels per
configuration. One channel pair of [tapered, 30 µm] was destroyed during the post-processing of the
3D-printed object, reducing the sample size for this condition to 6. The yield for both tests is presented
in Tab. 4.8. The yield of the second test structure isolated was 75 % percent for [stadium (D25), 30
µm]. Therefore, the experimental approach gave rise to the assumption that the optimal parameter
combination was a stadium geometry (semicircle diameter 0.25 mm) with a pillar gap of 30 µm.

Table 4.8: Yield of successful confinement of composite in the membrane channel with gravity driven injection.

Shape Sample Size Yield [%]*
30 µm 50 µm 100 µm 30 µm 50 µm 100 µm

Tapered 10 (6) 10 10 20 (33) 40 0
Rectangular 10 10 10 70 20 10
Stadium (D15) 10 10 10 10 20 0
Stadium (D25) 10 (8) 10 (8) 10 30 (75) 30 (37.5) 0

* Yield of second test structure in brackets.

Numerical Results
The simulation conducted in COMSOL Multiphysics 6.1 was analysed with respect to the fluid velocity.
The dynamic viscosity was estimated based on the experiment described in Sec. 3.3.1. From the video
recording of the injection process, the time it took to fill the channel was 12 s (retrieval as in Fig. 4.15).
With Eq. 3.12 an approximate value for the dynamic viscosity was obtained as η = 59.2 mPa at 43°C.
Based on the previous results (Sec. 4.2.3, 4.2.4), the membrane material was composed of the matrix
M04 and CIP particles with a volume fraction of 10 vol.-%. The average density of this composite was
1.648 gmL−1.

The resulting fluid velocity of the simulations matched the flow rate obtained from the experimental
investigations, indicating a sufficiently accurate estimation of the material properties and boundary
conditions. The velocity profile of the experimental condition [tapered, 100 µm] is depicted in Fig.
4.13 by way of illustration. The distribution of the velocity indicated by the colour gradient showed
a significant leakage of the fluid to the adjacent channel for that configuration.

The analysis of the fluid velocity alongside the line data set defined in Fig. 3.13b allowed the compar-
ison of the different [geometry, gap size]-configurations with respect to confinement capability. Within
the second variable, gap size, the leakage through the pillars increased with increasing gap size. The
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Figure 4.13: Fluid velocity profile as result of numerical analysis of injection process. The main velocity field remained within
the confinement of the pillars. The light blue fields at the pillar gaps indicating leakage of the fluid through the pillar array.

largest velocity was simulated at the first pillar gap in the [rectangular, 100 µm]. The effect of the pillar
geometry was strongest at low gap sizes. While for G = 100 µm all channels exhibited significant leak-
age in the same magnitude range, the fluid velocity featured higher variation for G = 30 µm depending
on the geometry. The velocity profile alongside the line data set for the different gap sizes is presented
in dependence of the pillar geometry in Fig. 4.14.

The velocity magnitudes graphed in Fig. 4.14 showcased peaks in periodical distance corresponding
to the gap positions in the pillar array. For all configurations, the maximum peaks were observed at
the first and last pillar gap. The lowest velocity values were simulated for [stadium (D25), 30 µm] and
[rectangular, 30 µm] with a peak leakage below 0.02 mms−1.
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Figure 4.14: Simulations results of velocity leakage from membrane channel. (a): Simulation results for G = 100 µm (left) and
G = 50 µm (right). (b): Simulation results for G = 30 µm.

4.3.2. Evacuation of Membrane
The membrane separates the cell culture compartments on the chip for a defined time period. In a
two-step process, the matrix is first liquified via inductive heating and then pressured out with air. A
proof-of-concept experiment for the second step was conducted and the results are presented hereafter.
The analysis of the video recording indicated that thematerial was transported in themembrane channel
upon pressure application with a syringe pump. No significant leakage to the adjacent channels was
observed. In Fig. 4.15 the progress of the fluid front of the membrane at different time points of pump
activation is depicted.

To evaluate whether the membrane in fact opened for cross talk between the two adjacent chambers,
food dye dissolved in water was injected into the adjacent channels. Traces of the coloured liquid gave
insights about the state of the membrane. The dye was injected in three different test structures with
three different expected states: (1) open, no membrane injected, (2) closed, membrane injected, and
(3) open, membrane injected and evacuated as depicted in Fig. 4.15. Condition (1) yielded immediate
mixture of the two colours in the membrane channel and subsequently in the whole cavity. State (2)
separated the two different liquids, and no mixing of the colours was observed. The division was stable
for at least 5 days. In the time of this project, no systematic failure of the membrane in contact with
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t = 0s t = 14s

t = 20s t = 32s

Figure 4.15: Video frames of the evacuation process at 0 s, 14 s, 20 s, and 32 s after pressure activation. Scale bar is 2 mm.

the water was observed. For the last case (3), no immediate cross chamber movement of the dye was
apparent. The samples were allowed to rest at room temperature in horizontal position for 24 h. After
that period, blue ink was spotted in the membrane channel. This gave rise to the expectation that the
membrane state in fact switched to open and cross chamber transfer is possible. The test structures
with injected dye of structure (2) and (3) are presented in Fig. 4.16.



4.3. Integration of Biodegradable Membrane to OoC-platform 56

(a)

(b)

Figure 4.16: Comparison of the permeability of water through the membrane in (expected) closed and open stat. Scale bar is 1
mm and indicated as the red lines in the bottom left of each picture. (a): Coloured water injected into the flanking chambers

with closed membrane. (b): Coloured water injected into the flanking chambers with opened membrane. Inside the red marker,
light blue traces in the membrane channel.



5
Discussion and Future

Recommendations

This section discusses the results presented in Sec. 4 in respect to the research goal to develop
an Organ-on-Chip platform for the vascularisation of brain organoids. Recommendations for future
efforts as well as possible follow-up research directions are given with the elaboration on the room of
improvement for the presented results.

5.1. OoC-platform for Co-culturing of Brain Organoid and Vascular
Network

The OoC-platform was fabricated using the additive manufacturing process digital light processing.
This method benefited the design process of the chip. Since DLP proceeds layer-by-layer, the fabri-
cation process imposes virtually no constraints on the design complexity. The intended microfluidic
channels were printed with good resolution and in a time varying from 1.5 to 2 h. Another advantage
was the single-step manufacturing from 3D-model to finished part. This allowed for an iterative pro-
totyping approach, in which different structures and designs could be tested in a quick manner. The
design freedom was exploited with the design of multiple micropillar arrays. These arrays were used
as both: as fluid separating features between the media and gel channel and as confinement for the
membrane channel. Since all structures were fabricated in a single manufacturing step, the critical
components were directly bonded to each other eliminating the risk of cross compartment leakage.

Fabrication errors could be avoided by the development of a concise post-processing protocol. The
percentage of failed prints due to machine errors was negligible. Overall, DLP was established as
feasible and convenient method to fabricate the OoC-platform. Nonetheless, DLP introduced some
limitations to the process. First of all, the transparency of the untreated part was deficient. Three
major process-related sources for the reduction of transparency can be identified. First, the surface
roughness of the print head was translated to the bottom surface of the chip. The irregularities on
the surface scatter incoming light beams randomly which strongly effects the optical transparency. A
counter measure was successfully established in this project by cross linking an additional layer of
resin against the bottom surface while squeezed against a glass slide. This yielded optically smooth
surfaces on the chip. This highly manual process was bearing the risk of introducing user variability
and inconsistent part thicknesses. In future efforts, the build platform of the machine could be adapted.
For example, a glass plate could be glued to the building platform to consistently create smooth bottom
surfaces. Similar approaches have been discussed in Chap. 2 [28, 49].

A second possible source for reducing optical transparency is the resolution of the 3D-printer. The
employed machine uses a digital micromirror device (DMD) with a resolution of 27 µm. While one layer
is illuminated as a whole, the projected image of the layer is divided in pixels of that resolution. The
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edges of the pixel potentially introduce small irregularities that aggravate imaging under the microscope.
A possible solution is changing the orientation of the object on the build plate. In [123], Ortega et
al. investigated the surface roughness of DLP-printed parts with 0°, 45°, and 90°orientation of the
object and determined the third orientation as most favourable to reduce the surface roughness. The
resolution in vertical direction can be controlled with the layer thickness. A Z-resolution of 10 µm is
possible with the selected machine. However, in the presented design, this would introduce the need
for support structures to the part because a horizontal orientation of the long organoid chamber would
create large overhanging structures. The addition of support structures reduces the overall part quality
as they penetrate the surface and would have to be removed mechanically after the printing process.

A third reason that can affect the transparency of the 3D-printed parts is smoothness of the membrane
of the resin vat. The excessive use of the 3D-printer left scratches on the bottom of the tray that slightly
shifts the amount of material trapped in between build platform and the membrane. In analogy to the
roughness of the print head, these irregularities are translated to the part. This affects open surfaces,
i. e. layers on which no further layer is printed immediately, such as the outer top layer and the bottom
surfaces of the microchannels. Hence, in order to fabricate high quality microfluidic devices, the state
of the resin vat should be monitored closely. Using a petri dish as resin tray as suggested in [28]
circumvents this issue and could be considered as addition to the machine used in the scope of this
project. Nonetheless, the herein fabricated chips exhibited sufficiently satisfactory transparency since
it was possible to identify both vascular cells and organoid cells via optical microscopy as shown in Fig.
2.8.

Another limitation of the DLP process concerns the available materials. As established in this thesis,
the selected material is biocompatible and supports the maturation of cell cultures. Hence, the material
selection was successful in reaching the aim of this thesis project. In future efforts, the application of
other materials could be investigated. As elaborated in Sec. 3.1.3, the in research often used PDMS
exhibits high hydrophobicity and molecule absorption. To build on the advantages of DLP for OoCs
demonstrated in this thesis, the investigation of further materials that are suitable with the Asiga MAX
X27 printer, seems promising. This comprises the integration of alternative commercial resins, but also
challenges the development of new biocompatible resins.

To further evaluate DLP as selected fabrication method, the obtained accuracy of the microstructures
was investigated. Overall, DLP-printing satisfied the required accuracy of the elements. Especially
the dimensions of channel width and pillar width were accurately matched with the 3D-model. The
measured length of the pillar exhibited a larger variability. On the one hand, the relatively high standard
deviation can be attributed to the analysing tool. The resolution of the images taken with the available
microscope made it difficult to precisely define start and end point of the structure. On the other hand,
the printer reached its resolution limits. The pillar design had sharp corners and the distance from
corner to corner was defined as the reference length. Due to the maximum resolution of 27 µm, this
exact shape cannot be realised. This deviation from the intended geometry raises attention to the
microfluidic properties of the structure. The capability of pinning a fluid-fluid interface between two
pillars was found to decrease drastically with increasing curvature of sharp corners [124]. Though
there was no sign of unwanted mixing of gel and media, a future design iteration could investigate
this dimensional inaccuracy to guarantee optimal device performance. The standard deviation of the
dimension of the pillars was±20.27 µm. This falls within the resolution limits of the printer and therefore
was tolerated as error.

5.2. Biodegradable Membrane for OoC-platform
The method studied in the literature for mixing a wax matrix with conductive particles was successfully
translated to the selected materials. The characterisation of the matrix as well as the membrane com-
posite gave insight into properties of the materials. The thermal properties were determined with DSC
measurements. Running two heating-cooling cycles was necessary to remove the thermal history of
the material. The DSC analysis revealed two endothermic peaks for BBW in the investigated region.
As explained, the composition of BBW is highly complex containing a multitude of different chemical
components in form of alcohols, fatty acids, and wax esters. The existence of more than one melting
peak is likely due to the different melting points of these molecular structures inside the BBW sample.
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The same is true for lanolin.

The matrix selected for further experiments was M04 (40:60 vol.-% bayberry wax:lanolin). The melting
point was measured at 44.29°C. Since the application demands the melting of the material in contact
with the cells, this high value strikes attention. While protein denaturation must be strictly inhibited, a
closer analysis of the results reveals that the material features a broad melting range. For this reason, a
single temperature does not describe the thermal behaviour in its entirety. The DSC graph of the matrix
shows three endothermic peaks in the investigated area. An endothermic peak, expressed in a sudden
decrease of the heat flow, indicates a phase change in which the sample absorbs energy. The existence
of several peaks results from different matrix components melting at different temperatures. While the
sample will only be fully liquified at temperatures above the melting point, the viscosity decreases
already at slightly lower temperatures. This matches the experiences from the experiments conducted
in the scope of this master thesis. As important note, the peak of the heat capacity was measured at
slightly lower temperature at 43.78°C. In theory, the peak value should be located at the melting point.
One potential explanation could be that the DSC measurements were conducted with a relatively large
heating rate. A slower increase could increase the resolution of the results and yield more exact values
for the melting point. A reliable assessment of this parameter is pivotal to avoid the thermal death of
cells in the vicinity of the membrane during evacuation.

The influence of the particles in the matrix on the thermal properties was not explicitly studied. In a
separate line of experiments, it would be interesting to investigate whether the slight drop of the melting
point to 44.11°C can be allocated to the presence of particles. Particularly noticeable is the drop of
fusion heat compared to the empty matrix. Less energy was required to melt the sample when including
particles. This can possibly be explained with the effect that the particles hardly absorb any heat at the
temperature range under investigation. Instead, the absorbed heat flow is directed towards melting the
matrix. Since the matrix content is less with particles (same total sample mass), less heat is required
to melt the sample. The steady shifting of the DSC curve towards higher temperatures with increasing
BBW volume fraction as presented in Fig. 4.6 indicates that the selected materials generally showed a
good miscibility. The higher the BBW content, the higher the observed fusion energy. Hence, bayberry
wax stores a larger amount of energy in the phase transition. The heat capacity of the composite was
investigated with DSC. Since the region of application is around the melting point of the matrix, the
value is subjected to slight variations and not defined at the melting point itself. No value for the heat
capacity of bayberry wax nor lanolin could be found in literature. However, the estimated value falls
into the same order of magnitude as for the phase change material paraffin wax [125]. This gives rise
to the assumption that the estimation of the heat capacity was satisfactory.

The results of the magnetisation measurements gave insights into magnetic properties of carbonyl
iron powder and magnetite particles. The saturation magnetisation and the hysteresis loop were larger
for CIP particles. As explained in Sec. 2.4, a larger hysteresis loop promotes the heating capability
upon application of a magnetic field. Additionally, the magnetite particles exhibited a stronger particle
agglomeration in the composite mixing process. This aligns well with higher remnant magnetisation
of the magnetite particles compared to CIP. This parameter indicates the remaining magnetisation of
particles even after removing the external field. Due to the remainingmagnetisation, magnetite particles
were attracted to each other leading to heterogeneous dispersion. For these reasons, the focus was
put on CIP as active agent in the membrane composite providing higher hysteresis loss and enhanced
handling in the fabrication process.

The inductive heating experiments proved that the intendedmechanism to heat the composite with and
AMF is feasible. The large differences in heating efficiency of the different samples made it impossible
to set the same exposure parameters for each measurement in the given time. In a more extensive
study, the experiment plan could be adapted such that the results are based on uniform conditions. In
addition, the set up for the heating experiment was non-adiabatic, i. e., the composite heating worked
against the heat loss to the environment. Though the cooling temperature was set to 37°C, it was
insufficient to maintain a constant thermal environment. With respect to the intended application, the
temperature decrease gives a rather realistic scenario. The OoC-platform containing the cell cultures
is stored in an incubator at 37°C. However, for opening the membrane, the chip is placed in an AMF
set up at room temperature. Therefore, the as-measured HR and SLP values are directly translatable
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to the membrane on the chip.

The resulting SLP values are difficult to compare to other values due to high variability of inductive
heating systems employed in different laboratories. However, the trend of linear increase of SLP with
increasing particle concentration compares well to a study conducted in [126]. The authors investigated
amongst others the SLP of CIP microparticles dispersed in an epoxy resin matrix and observed the
same trend. In addition, a dependence on the particle size was observed. In distinction to [126], the
particles investigated in this project were not characterised in terms of size. Determination of the particle
size distribution would be a fruitful addition to the work presented here to substantiate the results. The
relatively large variability of heating rate for the experimental condition IH10_10 resulted from particle
sedimentation during the experiments. The sample after the measurements is depicted in Fig. 5.1.
On the one hand, this confirms that the matrix melted during the first exposure period. On the other
hand, the dislocation of the particles from the centre of the coil reduced the heating efficiency adding
uncertainty to the results.

Sample holder

Matrix

Sedimented 

particles

Temperature 

probes

Figure 5.1: Particle sedimentation during inductive heating experiment observed in one sample.

Despite the variability of the SLP values for one field strength, the most favourable particle volume frac-
tion is 10 vol.-%. The analysis of the heating of the particles in the inductive heating experiment justifies
this conclusion. The highest heating rate recorded for the 3 vol.-% composite was 2.66 {0.05}°C/min
at the highest investigated field strength. The low heating efficiency is unfavourable for melting the
membrane since the opening process of the membrane should happen as quick as possible to min-
imise the burden on the cell cultures. Therefore, this composite is disqualified. The composite with 25
vol.-% particles would be able to generate the required heat in a matter of seconds with an average
heating rate HR = 41.73 {0.49}°C/min at the strongest B-field. However, this high rate introduces the
risk of overheating the membrane. Deviating from the intended exposure time by 2.5 s would already
overshoot the target temperature by 1°C, which could lead to severe damage of the cell cultures. Lower
field strength, however, are on the verge of being not efficient enough. Therefore, the sample with 10
vol.-% is preferred as it exhibited a useful middle ground between the two extremes.

Taking the results of the experiments together, the optimal membrane composition was determined
as a bayberry wax-lanolin matrix in the ratio 40:60 vol.-% enriched with 10 vol.-% CIP particles. The
inclusion of the CEM43 model allows for a proposal of an AMF exposure profile to open the membrane
on chip in a contact-free, non-harmful manner:
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• In order to open the membrane, the melting point of the composite material must be reached,
setting a ∆T as target for the profile:

•
∆T = Tm − Tincubator = 7°C (5.1)

• with Tincubator = 37 °and Tm = 44 °.

• The CEM43 value for the BBB model [122] allows an exposure time to that temperature for
CEM43 = 1min.

• With a heating rate of 14.37 °C/min at B = 10 mT, f = 346.5 kHz,

• the sample is heated to 44 °C in 29 s,

• leaving 31 s to apply pressure to evacuate the matrix.

To avoid immediate solidification of the membrane after removing the AMF exposure, the field strength
can be set to B = 2.5 mT. For this composite, that field strength yielded a heating rate of -0.05 °C/min.
Considering the baseline temperature drift recorded with the empty matrix, this configuration gener-
ates almost just enough heat to keep the sample temperature constant despite the heat flux to the
environment. Applying this field to the membrane, therefore stabilises the liquid phase sufficiently long
to evacuate the channel and open the membrane for cross communication of vasculature and brain
organoid.

Moreover, the results of the inductive heating experiment point out that the particle fraction can be
optimised for a broader application to an arbitrary required temperature increase respecting the allowed
thermal exposure time as given by the CEM43model. The herein presented exposure profile is valuable
in that aspect that the values have been confirmed experimentally and thereby award a reasonable level
of confidence to it. However, it is important to consider that the heating rate and efficiency depend on
the experimental and systematic set-up.

The drafted biodegradability study could not be realised in the scope of this master thesis due to the
lack of time. The discussed experiment will give further insights into the transient behaviour of the
membrane. The sample material as well as the PDMS molds were generated as final effort of this
thesis and will be continued. The expected degradation mechanism is hydrolysis. The mass loss and
water uptake rate will give valuable information on the membranes capability to separate the different
cell media on-chip.

5.3. Integration of Biodegradable Membrane to OoC-platform
The geometry of the pillars confining the membrane channel were optimised with the combined results
of the experimental approach and the numerical simulation. The aim was to reach the best material
confinement while leaving a maximum gap for the cells to penetrate through the pillars to the organoid
chamber. While it is important to remark that the simulation parameters were based on rough calcula-
tions, the compliance of the experiments and simulation results support the significance of the outcome.
Both approaches indicated that the parameter pairs [rectangular, 30 µm] and [stadium (D25), 30 µm]
showed the strongest performance in confining the membrane material in the channel. The compari-
son of the air gap between two pillars of each geometry leads to a single optimal solution for the pillar
array design. To illustrate this, in Fig. 5.2 the top views of the 3D-models of the two configurations
are compared. While the minimal distance G is the same for both geometries, the curvature of the
stadium geometry leads to a maximum gap width wo = 80 µm at the interface to the channels leading
to a 2.67-times increase of the area for vascular cells to enter the channel compared to the rectangular
geometry. Therefore, the [stadium (D25), 30 µm] pillar design is implemented in the design to feature
the ”two-culture” configuration of the final version of the herein developed OoC-platform.

Concerning the evacuation of the matrix, a proof-of-concept experiment showed that the application
of air flow opens the membrane and that fluids are able to penetrate the membrane channel. The
coloured traces of the food dye were detected in the membrane channel not before 24 h after the
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Figure 5.2: Channel-side gap wo for sprouts to penetrate the membrane channel through confining pillar array. Scale bar is 0.1

mm. (a): [stadium (D25), 30 µm] configuration. (b): [rectangular, 30 µm].

injection. This could have three reasons. Firstly, the injected fluid volume was too small, and the
channel was not refilled. The lack of pressure likely prevented a considerable movement or diffusion
of the fluid. Secondly, the membrane was only partially opened which impeded a swift distribution of
the coloured water and only after some time the free pillar gaps were ”found”. There is no evidence to
support neither to refute this claim. A repetition of the experiment under same conditions could evaluate
this scenario. Thirdly, due to the intense black of the membrane material the dye became visible only
after a sufficient amount agglomerated in one place to overcome the contrast. The three hypotheses
can be checked by repeating the experiment. The volume of injected fluid can be increased as well as
the pressure value to increase the probability of clearly displacing the material from the channel.

The black residual material in the channel, however, raises a new research direction for the follow-up
work of this master project. Assuming the membrane is in fact open but the ink cannot be detected due
to the black colour of the material, foreshadows complications with the imaging of cells growing across
that channel. Whereas in case of successful penetration the sprouts could be captured entering and
leaving the membrane channel, the state inside the membrane channel would remain hidden. One
opportunity to tackle this could be the replacement of the gas used to flush the channel with a fluid.
With sufficient pressure, the fluid could dislocate the remaining membrane material and subsequently
fill the created void. This has potential since the fluid could contain growth factors for the vascular cells
increasing the probability of cells migrating towards the brain organoid. The second suggestion for a
new research direction is the employment of a transparent membrane material. Injecting a transparent
membrane instead of black particles is an elegant way to prevent membrane induced issues with the
imaging. One path of research leads to the use of pluronics. In [127], this hydrogel is used as fugitive ink
to engineer 3D vascular structures through bioprinting. This proves the biocompatibility of the material.
Pluronics conduct reversible gelation at low temperatures (down to 4 °C). While highly viscous or solid
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at physiological temperature, it becomes liquid when cooled below the gelation point. This mechanism
could be exploited for membrane evacuation. Whether the hydrogel is capable of successfully repelling
the cell cultures as well as the brain organoid’s compatibility with these low temperatures remain key
questions to be answered in future research.



6
Conclusion

This master project aimed to develop the groundwork for a novel multi-cell Organ-on-Chip platform for
the vascularisation of organoids. This was successfully achieved with the efforts undertaken presented
in this report. Starting with the establishment of an original OoC design, digital light processing was
selected as the most favourable fabrication method. 3D-printing the chip benefited the design freedom
and was applied to reliably generate chips in a time- and cost-effective manner. The design constraints
and requirements were independently clustered from two proven cell protocols for the formation of a
Vessel-on-Chip and brain organoid, respectively.

The biocompatibility of the design and the material was confirmed by the survival of neuronal cells
and the formation of a vascular network in initial seeding tests. In order to enable the co-culturing of
the inherently different cell types while maintaining the distinct microfluidic features for both cultures,
a biodegradable membrane was integrated into the chip. The membrane was designed from a wax
matrix enriched with magnetic carbonyl iron particles. The matrix composition was tuned to feature a
melting point around 43°C, by mixing lanolin and bayberry wax in a distinct ratio. The addition of CIP
particles functionalised the matrix such that the membrane can be heated upon the application of an
alternating magnetic field. This contact-free activation method facilitates the melting of the composite
material on chip. As liquid phase, the membrane can be flushed from the membrane channel, opening
the space for the vessels to penetrate the organoid.

Based on inductive heating experiments with the composite material, an AMF exposure profile was
suggested that locally melts the membrane and maintains the temperature until the material is evacu-
ated from the barrier. The integration of the membrane as composite on chip was demonstrated to be
successful on test structures. This included the injection and the evacuation of the material with the
introduction of pressure.

In conclusion, the work of this master project initiated the collaboration of three research groups work-
ing towards the vascularisation of brain organoids. The achieved results pave the way towards the
co-culturing of well-established cell protocols. The fabrication of a biocompatible microfluidic device
was accomplished enforcing the applicability of additive manufacturing techniques for OoC-technology.
The biodegradable composite with a melting point in the physiological relevant range that can be ac-
tivated wirelessly in a non-harmful manner, is suitable as membrane in the target application and for
a multitude of further applications. Together, the achieved results add tools for biomedical research
exceeding the scope of this project.
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