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Zusammenfassung

Die Entwicklung von synthetisch erzeugten Geweben und Organen ist ein intensiv be-
handeltes Thema in der modernen experimentellen Biomedizin. Es bietet nicht nur
Einblicke in die Entstehung von Geweben, sondern versucht auch, alternative Wege
fur therapeutische Ansatze zur Behandlung von korperlichen Beeintrachtigungen und
Funktionsstérungen zu entwickeln. AuRerdem wird versucht, einen funktionelle Gewe-
beersatz herzustellen, um eine rasche Hilfe nach chirurgischen Eingriffen bieten zu
konnen. Insbesondere im Bereich der Knochenrekonstruktion wird intensiv an der Ent-
wicklung von Hydrogelen und Zell-Gerusten gearbeitet, die die Regenerations- und
Entwicklungsprozesse von Knochen verbessern und beschleunigen konnen. Parallel
dazu bieten Lab-on-Chip-Anwendungen neuartige Mdglichkeiten, 2D- und 3D-Zellkul-
turen einzubeziehen, um ein besseres Verstandnis der Entwicklung von Organoiden
und Organ-ahnlichen Strukturen zu ermdglichen.

Durch das Aufkommen kostenglinstiger additiver Fertigungstechniken (Additive Manu-
facturing) kommt es gegenwartig zu einem stetigen Fortschritt in der Entwicklung von
mikrofluidischen Systemen, die fur Anwendungen im Zusammenhang mit der Zellkul-
tivierung und der Gewebeentwicklung eingesetzt werden kénnen. Diese Verfahrens-
techniken konnen durch schnelles und kostengunstiges Prototypisieren rasch an un-
terschiedliche Einfliisse angepasst werden, und bietet ein vielversprechendes Funda-
ment fur die Entwicklung in der Gewebeforschung.

Unter der Leitung von Gulnter Lepperdinger an der Universitat Salzburg haben wir ei-
nen Ansatz zur Herstellung von Hydrogelen aus Polyethylenglykol Diacrylat (PEGDA)
und Hydroxyapatit (HA) fur Zellkultur-spezifische Anwendungen entwickelt. Wir haben
den Einfluss von Hartgewebestrukturen auf HA-Basis auf Osteoblasten-Spharoide
nachweisen kdnnen und gezeigt, dass es zu einer Differenzierung und Mineralisierung
der Zellen auf HA-Hydrogelen kommen kann.

Diese Masterarbeit stellt die ersten Versuche dar, 3D-Zellkultur in selbst produzierten
mikrofluidischen Systemen zu etablieren. DarlUber hinaus konzentrierte sich die Studie
auf die Analyse und Prufung verschiedener Materialien fur kiinftige biotechnologische

Anwendungen, um die Menge an Kunststoff in der Zellkultur zu reduzieren.



1. Abstract

Tissue engineering is an intensely covered topic in modern experimental biomedicine.
It not only provides insight into the development of tissues but attempts to offer alter-
native ways of therapeutic approaches to manage disabilities, dysfunctions as well as
offering solutions for functional tissue replacements after surgical removal. Especially
in bone reconstruction, extensive work is undertaken to refine hydrogels and scaffolds
that improve and expedite bone regeneration and maturation processes. In parallel
and addition to that, lab-on-chip applications provide novel means to incorporate 2D
and 3D cell culture approaches to facilitate a more profound comprehension of organ-
oid-like growth and development. The emergence of low-cost additive manufacturing
(AM) techniques currently promotes the development of microfluidic systems for appli-
cation in the context of cell cultivation, drug testing and tissue development. Combining
hydrogels in microfluidic systems is generally believed to better mimic in vivo-like con-
ditions, potentially driving a steady progress in tissue engineering research. Genuine
methods can be rapidly adapted to expedite the prototyping process. Under the super-
vision of Gunter Lepperdinger at the University of Salzburg, we have developed an
approach for manufacturing hydrogels made of polyethylene glycol diacrylate
(PEGDA) and hydroxyapatite (HA) for use cell culture-specific applications. We have
demonstrated the influence of HA-based hard tissue structure on osteoblast spheroids
and whether differentiation and mineralisation of the structures have occurred. Initial
attempts to develop microfluidic systems for 2D cell culture have also yielded promis-
ing results, suggesting the potential for combining AM applications with hydrogels in
further research.

This master's thesis represents the first attempts at producing 3D cell culture on hy-
drogels in a cost-efficient, rapid and versatile manner, primarily for incorporation in an
AM-produced microfluidic system. Furthermore, the study focused on analysing and
testing several materials for future biotechnological applications to reduce the amount
of non-sustainable plastic consumable in the cell culture lab.



2. Introduction

Since the development of the first microfluid systems in the 1990s, the number of an-
nual publications has risen sharply. Microfluid systems, commonly known as lab-on-
chip (LOC), offer a steadily increasing options of applications including also cell cul-
ture-specific experiments. These applications range from 2D over 3D cell culture to
multiphysiological systems. It allows to pursue analysis on a single cell level, proteins,
multidrug resistance, drug toxicity, tissue engineering and many more [1]. In particular,
the continuing development of novel biocompatible materials together with affordable
fabrication methods and equipment have greatly simplified prototyping in recent years,
and now offers also non-specialized labs access to microfluidic systems [2-4].
Additive manufacturing (AM) describes the production and processing of materials us-
ing various crafting methods. AM is used in aerospace, automotive and marine indus-
tries. It also plays an essential role in biomedicine and has a wide range of application
ranging from making implants, prostheses and medical models to manufacturing bio-
medical devices for tissue engineering. Especially in the medical field, it offers excel-
lent potential for personalised and individually adapted applications [5]. In particular,
the development of inexpensive and readily available 3D printers has played a signifi-
cant part in the evolution of LOC [2, 3].

Microfluidic systems have been developed almost exclusively from polydimethylsilox-
ane (PDMS). Due to its excellent properties in terms of biocompatibility, gas permea-
bility, cost-effectiveness, microchannel formation and elasticity, it can be applied in a
wide range of applications [3, 6]. However, its production is very time-consuming and
simple prototyping and fast adaptations are sophisticated. Furthermore, stable struc-
tures cannot be produced, and bonding with other materials is difficult or impossible.
Channel deformation and leaching of uncured chemicals over time can affect cells and
must also be taken into consideration. [3]. These aspects show that alternatives are
needed to advance the development of LOCs.

With the further development of AM methods and the affordable solutions for the gen-
eral public, previously rejected materials may reappear to the foreground as these may
offer favourable properties. Hence, many microfluid systems are now made from
polymethyl methacrylate (PMMA), cycloolefin copolymer (COC), polystyrene (PS), pol-
ylactide (PLA) or polyethylene glycol diacrylate (PEGDA) [1-3, 6, 7].

Thermoplastics such as PMMA, COC, PS and PLA are increasingly preferred due to
their rapid, straightforward and highly cost-effective prototyping capabilities [3]. Using
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computer-aided design (CAD) software, fluid chip designs can be drawn and visualised
in three dimensions in no time. In this way, it is possible to react quickly and precisely
to problems that arise, and, compared to soft lithography (e.g. PDMS), it provides effi-
cient and cost-effective means for rapid prototyping. However, some materials (PMMA,
COC, PS) show deficiencies concerning biocompatibility, and the production from fos-
sil-based materials is no longer future-oriented. Conversely, PLA impresses with its
good cell culture compatibility and cost-effectiveness. PLA is one of the most com-
monly used materials in the 3D filament printer sector, and conventional 3D printers
are able to use it. In addition, PLA is derived from renewable resources and is environ-
mentally friendly [3]. Due to the extensive market presence, significant developmental
efforts are being done in this sector. Furthermore, the first transparent PLA filaments
are already available on the market, but they must prove their value in developing
transparent LOCs. PLA has the potential to emerge as a pioneering material with ver-
satile applications.

An essential role in this master’s thesis was using renewable resources, ecologically
degradable products, and cost-effective materials to develop straightforward microflu-
idic systems. Furthermore, an attempt was made to use conventional materials and
adhesives commonly encountered in everyday life. In the process, | addressed
whether and how it would be possible to develop an inexpensive microfluid system for
cell cultivation that anyone can assemble and manufacture in a short time, creating an
alternative to classical cell culture.

When developing microfluid systems, the primary concern revolves around the selec-
tion of suitable materials for the intended application and their impact on cell culture.
Silicones, which have become established in the past, are frequently used for this pur-
pose. Due to the constant development of AM methods, choosing from a continuously
growing range of materials is possible [3, 5]. Nonetheless, these materials must un-
dergo toxicity testing to keep the error source low and counteract possible rejection.
For toxicity and transplantation testings, the hen's egg test chorioallantoic membrane
(HET-CAM) assay is an established method. While this test is extensively used in the
development of implants due to its high sensitivity, simplicity and ease of execution,
this method is usually too complex to test simple microfluidic systems [2]. Meaningful
results can be obtained by utilising highly sensitive cell lines such as stem cells. We
therefore established a method to gain reasonable results within three to four days to

drive a developmental process. Here, the post-treatment after printing plays an



important role. Following sterilisation and washing, the device was conditioned in cul-
ture medium for 24 hours. In this way, potentially toxic chemicals are washed out. A
clear result can be obtained after only two to three days through the contact of sensitive
cells, like human fetal osteoblasts 1.19 (hFOB), with the conditioned material [2, 8].

A substantial part of my master’s thesis was prototyping and cytocompatibility analysis
of materials. Additionally, better understanding and solutions regarding material adhe-
sion and bonding was projected. Many composites showed poor adhesion in humid
environments, and the overall handling was often demanding.

Oxygen plasma bonding is a frequently used technique for bonding silicone to glass
and altering the overall surface characteristics of materials. This process induces the
formation of reactive groups and free radicals on surfaces, leading to an increased
surface roughness and hydrophilicity of the materials [9]. Numerous studies have
demonstrated that plasma treatments can also promote cell adhesion and are thus
also applied to adapt microfluidic devices for cell cultivation [6, 7].

Even a brief treatment is already sufficient to make materials adherent for cells. This
offers membranes and hydrogels, particularly an additional property and is highly ad-
vantageous in tissue engineering. Furthermore, newly conceived materials can coun-
teract the immense plastic consumption in cell culture. When treated with plasma,
PEGDA and cellulose hydrate acquire similar cell-adhesive properties to PS used in
conventional cell culture dishes [6, 7]. Especially cellophane, the conventional name
of cellulose hydrate, has great potential to being applied in cell culture as a low-cost
and biodegradable alternative to fossil-based plastic.

Hydrogels have become indispensable in the biomedical field. They are instrumental
in the development and success of tissue engineering and play an essential role in
reconstructing tissues, bones and organs [10]. In particular, they are widely used to
promote bone formation and support reconstruction [10-12]. Osteosarcoma, a preva-
lent form of bone cancer in humans, is frequently treated through a combination of
chemotherapy and surgery [13]. This treatment involves removing defective bone
structures to be subsequently replaced by autograft or allograft procedures. However,
this often results in immunological rejection or inflammation, while autonomous bone
healing is either too slow or limited [10, 11, 13-15].

Moreover, conditions such as osteoporosis, autoimmune and allergic diseases are as-
sociated with bone metabolism and are very common [16]. Therefore, studying the

bone microenvironment is imperative, and research on suitable hydrogels for bone



repair and regeneration needs to be further advanced. These simulating bone scaffolds
can increase bone mass by providing structural support and enhancing cell attachment
and proliferation. Furthermore, due to their biocompatibility, they can be utilised in cell
culture and implantation experiments [14]. Additionally, hydrogels are already har-
nessed as a drug delivery and cell carrier system to alter or enhance tissue develop-
ment in particular areas [12]. Through this approach, bone reconstruction can be sup-
ported, and functionality regained, thus enabling the implementation of site-specific
treatments.

Through the development of hydrophilic hydrogel materials, 3D network structures
very similar to soft tissues are emerging. Hydrogels combine characteristics such as
softness, stability, high permeability, elasticity and the ability to swell in water, facilitat-
ing the simulation tissue-like structures [10, 12].

Hydrogels, such as PEGDA exist that offer a quick and easy adaption in the structure
by changing the molecular weight of the monomer. In addition to the molecular weight,
the need and presence of photoinitiators play an essential role. Monomers or macro-
mers can polymerise into polymers through UV irradiation, resulting in the formation of
a 3D polymer network through the action of photoinitiators. The initiation of photopoly-
merisation via free radicals offers a fast method to manufacture hydrogels in diverse
compositions and thicknesses [12]. PEGDA, with a molecular weight (MW) of 250,
forms a stable and rigid structure that is applied to fabricate microfluidic chips or cell
culture tools [6, 7]. Conversely, PEGDA 700 forms extended soft gel-like scaffolds that
can be used for 3D cell culture and tissue engineering. Halim et al. described five
properties to be considered in the context of bone scaffolds, including biocompatibility,
surface quality to allow cell growth, mechanical robustness, a porous 3D network and
biodegradable materials, all of which are necessary to achieve favourable outcomes
[17].

To provide stable structures and niches for cells or tissues, additives such as hydrox-
yapatite [10, 14], chitosan [13], or laponite [11] have been incorporated into the hydro-
gel monomer to develop niches after polymerisation that control cell proliferation, cell
attachment and differentiation [14].

Hydroxyapatite (HA) is an inorganic mineral extensively employed in tissue engineer-
ing as a bone substitute. It is fabricated synthetically and is also present in bone cells.
In the human body, HA is found in bone, dentin and 95% of tooth enamel [13, 15].

Synthetic HA demonstrates biocompatibility and stability and can enhance osteoblast
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proliferation and cell adhesion [14]. Additionally, it serves as an osteoinductive pro-
moter of osteoblastogenic genes such as alp, runx2 and col1 [18]. Osteoblasts play a
crucial role in bone mineralisation, responsible for the production of HA and the min-
eralisation of extracellular matrix, which leads to ossification of the cellular environment
[19]. Extracellular matrix is formed on the surface of osteoblasts, in which large
amounts of intracellular calcium and extracellular phosphate form HA crystals. Alkaline
phosphatase (ALP) is an essential protein in this differentiation process. Its expression
is regulated by multiple signalling pathways, such as Wnt, BMP2, FGF and many more,
and significantly influences mineralisation. It hydrolyses existing pyrophosphate to in-
organic phosphate (Pi). Since inorganic pyrophosphate (PPi) acts as an inhibitor of HA
formation, a balance between Pi and PPi is crucial for mineralisation. However, the
exact mechanism of ALP expression is very complex, but for analysing purposes, it
works as an indicator for mineralisation [19].

Several studies have demonstrated that HA can improve and accelerate bone recon-
struction. The combination of HA with hydrogels, such as PEGDA, has shown promis-
ing outcomes in bone regeneration [10, 11]. An important point is to induce osteogen-
esis to drive differentiation. Liu et al. have illustrated that PEGDA/HA membranes can
enhance bone growth and regeneration in rats. The hydrogels were loaded with a reg-
ulator that augmented osteogenic efficiency and bone mass, serving as both a support
scaffold and drug delivery system [10]. Other research groups have also shown prom-

ising results that may serve as a foundation for future investigations [10, 11, 14].

In an additional part of my master’s thesis, | worked on developing hydrogels to detect
osteogenic differentiation and mineralisation. In doing so, | examined the question
whether there is a difference between osteoblast spheroids on HA and spheroids in
typical cell cultures. The aim was to develop an economical and straightforward
method for fabricating PEGDA/HA. We intended to design a system capable of ana-
lysing 2D and 3D hydrogel-based cell cultures within a microfluidic system over an
extended period. We designed and engineered a pump system for the supply of nutri-
ents over several days without disturbing microscopic observation. A future-oriented
application has been developed by fusing 3D cell culture with microfluidic systems,
which may hold great promise in tissue engineering due to its cost-effectiveness, ease

of replication and operational simplicity.
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3. Material and Methods

3.1. Cellular Biology
3.1.1.2D Culture

For the experiments, the cell line human fetal osteoblasts 1.19 (hFOB, American Type
Culture Collection, CRL-11372) was cultivated in a 100 mm tissue culture dish in Dul-
beco’s Modified Eagle Medium/Nutrient Mixture F-12 (DMEM/F12, Sigma-Aldrich,
Taufkirchen, Germany; D6421), to which 10% fetal bovine serum (FBS, Cornig, COR-
079), 1 % penicillin—streptomycin (Sigma-Aldrich, P4333), 1% L-Glutamine (Sigma,
G7513) and Gentamicin 6mg/ml (G418, Sigma, G8168) was added.

The cells were incubated at 34°C and a CO2 concentration of 5% until they reached a
confluency of around 80-90%. For harvesting, the cells were washed with Dulbeco’s
Phosphate Buffered Saline (PBS, w/o Calcium, w/o Magnesium, ECB4004L) before
they were exposed to Trypsin/EDTA (PBS solution containing 0,025% Trypsin and
0,01% EDTA) for 5 minutes. The cells were counted with a hemacytometer (Neubauer)

and were stored on ice for further applications.

3.1.2. 3D Culture and Spheroid Formation
To form spheroids, U-bottom 96-well plates (Greiner) were first coated with sterile—
filtered 3% pluronic F-127 (Sigma-Aldrich, P2443) and then washed three times with
cold PBS. The plate was centrifuged at 300xg at 5°C for 5 minutes between each
washing step. After preparation, cells were transferred to the plate at a concentration
of 103 cells per well and incubated at 34°C and 5% CO2 for 48 hours.

3.2. Biocompatibility Tests

Various materials were processed for cytocompatibility testing. For this purpose, they
were either laser cut (Trotec Speedy 100), 3D printed with flament (Original Prusa i3
MK3), processed by stereolithography (Phrozen Sonic Mini 4K) or cured.

After preparation, the materials were sterilised with EtOH, H202 or UV, depending on
their properties and compatibility. In general, the materials were sterilised for 30
minutes each. They were washed thrice with PBS before being conditioned with me-
dium (DMEM/F12) for at least 24 hours.

Furthermore, the materials were transferred into 30 or 60-mm culture dishes, depend-
ing on size. Tissue culture dishes (Greiner) were used for materials to which cells
should adhere to the bottom. Bacteria dishes (unknown) were used for membranes or

other constructs, to which cells should preferably adhere to the materials themselves.
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For the 30-mm dishes, a cell concentration of 3x10° and for the 60-mm dishes, a con-
centration of 6x10° was seeded to obtain confluency within two to three days. This
enabled the utilisation of microscopic analysis to determine the cytotoxicity of the ma-

terial or its suitability for incorporation into cell culture experiments.

3.3. Manufacturing of PEGDA — HA Membranes

Polyethylene Glycol Diacrylate (PEGDA, average molecular weight: 700, Sigma-Al-
drich, 455008, Lot # MKCK7369) was mixed with 0,5% (w/w) Phenylbis (2,4,6-trime-
thylbenzoyl) phosphine oxide (Igarcure 819, Sigma-Aldrich, 511447, Lot # MKCJ3123)
and 5% (w/w) HA (BIO-RAD, DNA Grade, Bio-Gel® HTP Gel, 130-0520). The recep-
tacle was wrapped with aluminium foil to prevent premature curing. The hydrogel was
blended within an ultrasonic bath for 10 minutes to obtain a homogenous solution.

For curing and laser cutting, a construction consisting of two 150x150mm glass plates
was used to produce hydrogels. Cyclic olefin copolymer (COC) foil was taped to each
glass slide for smooth membrane removal. Approximately 2-3 ml of the hydrogel was
transferred onto one of the slides using a cut pipette tip before the second slide com-
pressed the construct from above. To obtain a membrane thickness of 150-300 um,
the sandwich was squeezed with a foldback clip and placed in the UV chamber (LED
Light Cure Box, 65W, Phrozen Cure, Taiwan) for ten minutes. The plates were sepa-
rated using tweezers and a knife to remove the membrane from the foil. For further
applications, the membrane was taped into a polymethylmethacrylate (PMMA) frame,
placed in the laser cutter (Trotec Speedy 100) and calibrated to the Z-axis. Membranes
of PEGDA 700 were cut out with a diameter of 28 mm, and non-hydrogel films, like

COC or cellophane, were cut out as 35 mm circles.

3.4. Prototyping 2D and 3D constructs

The design of 2D drawings was created in the open-source software LibreCAD
(GPLv2, version 2.2.0, 2022). Afterwards, the file was exported in the .dxf format and
subsequently imported into CorelDraw (Corel, version 2022). Within CorelDraw, spe-
cific regions were marked for cutting or engraving. A print task was then initiated within
CorelDraw and sent to JobControl (Trotec, version 11.4, 2023). Within JobControl, the
parameters for the laser cutter were defined, and the laser cutter's operation was main-
tained. In Table 4, settings for different materials and membranes are listed. In order
to be able to carve out holes in the 200 ym range (resolution limit of the laser cutter),
the engraving function of the laser cutter was used.
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The 3D designs were created using AutoCAD 2023 (Autodesk, version 24.2, 2022)
and converted into .stl files. For 3D filament printing, the software PrusaSlicer (Prusa,
version 2.6, 2023) and for stereolithography (SLA) printing, the software Chitubox
(CHITUBOX, version 1.9.4, 2022) was used. Both software assembled appropriate G-

codes from the .stl files and transferred them to the printers.

3.4.1. Prusa i3 MK3

For the filament 3D printer, the following settings were used: For Polylactic Acid (PLA,
Velleman, @ 1,75mm, PLA175W07) prints, the heating plate was set at 60°C, the noz-
zle at 215°C for the first layer and 210°C for the remaining layers. For prints made of
COC (Cremelt, 190521, &1.75mm), the temperature for the print board was set to 90°C
and the print temperature for all layers was set to 250°C. Furthermore, in the case of
material COC, an additional foil of COC or cellophane was taped on the base plate on
which the design was printed.

For both printing materials, a layer height of 0,2mm was set.

3.4.2. Phrozen Sonic Mini 4K
The following settings were used for PEGDA 250 (average Mn: 250, Sigma-Aldrich,
475629) with 0,1% Irgacure 819 and PEGDA 700 with 1% Irgacure 819: the layer
height was set to 0,05mm, the bottom layer count to 5, the exposure time to 5 seconds,

and the bottom exposure time to 20 seconds.

3.4.3. Finalising prototyped Microfluid Systems

After printing, where necessary, holes (1-mm width) were drilled into the finished 3D
print and roughened with sandpaper for further processing. The silicone tubes with a
outer diameter of 1.0-1.3 mm were glued with epoxy glue (Toolcraft, 886519, pur-
chased from conrad.at; or Presto Epoxy-resin 500g, purchased from OBI), and the
membranes or bases were glued and pressed with double-sided adhesive tape (3M™,
7959MP). The microfluidic chip was then treated with oxygen-plasma before being
prepared for cell culture.

After sterilisation, washing, and conditioning, 2x10* cells were added to the opening of
the chip. To avoid desiccation, the lid was tightly sealed with a foil (Microseal® B Ad-
hesive Sealer, MSB-1001, Biorad), and the inlet and outlet tubes were closed with
cannulas and syringes. Following a 24-hour incubation period at 34°C and 5% COz,
the tubes were clamped into the reservoir and syringe pump system. Subsequently,

the program with a flow rate of 2.5 yl/min was started. A continuous flow was set to
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ensure a complete replacement, which replaced 3.7 ml (adjustable in Arduino code,

Supplementary Protocol 8.2) of medium per 24 hours.

3.5. Cellophane Prototyping and Preparation for Cell Culture
Cellulose hydrate foil (purchased by Spar supermarket), commonly called cellophane,
was manually cut or with the aid of a laser cutter (Table 4). When cellophane was used
as a membrane for microfluid chips, the foil was either taped to the heating plate of the
3D printer, or cut out by laser cutter (Trotec Speedy 100) and applied to the surface of
the printed chip using double-sided adhesive tape (3M). When the cellophane mem-
brane was used as a stand-alone experiment, the film was soaked in dH20 for 15
minutes, folded or formed into a shape and then pressed with a screw clamp for 15
minutes. This procedure forced the membrane to retain shape for at least 43 days.
After preparation, the membrane was treated with plasma for 25 seconds, then steri-
lised for 30 minutes with EtOH (70%) and afterwards conditioned for 24 hours, as de-

scribed below.

3.6. Plasma Treatment and Conditioning of Various Membranes
In order to achieve a uniform surface modification, the membranes were taped to a
PMMA plate with Scotch tape. Upon positioning the plate in the plasma chamber
(Diener electronic, O2 Plasma chamber), the lid was closed, and the chamber evacu-
ated. After reaching a 0.4-0.3 mbar vacuum, the chamber was flooded twice with pure
oxygen (Air Liquide). Following a third time of vacuum, plasma was generated for 25
seconds. Afterwards, valves were opened until atmospheric pressure was set to open
the enclosure. The membranes were quickly placed in EtOH (70%) for 30 minutes,
washed thrice for 10 minutes with PBS, and then placed in the medium (DMEM/F12)

for conditioning for 24 hours.

3.7. Cell Culture-specific Experiments on Hydrogels

6-well tissue culture dishes (Greiner) were first coated with 3% sterile filtered pluronic.
The plasma-treated and conditioned membranes were carefully placed into the wells
with tweezers before single cells (cell concentration 103) or spheroids (8 to 16 cell
aggregates) were transferred onto the membranes, ensuring the presence of an ap-
propriate volume of medium (DMEM/F12). The cells were incubated for 48 hours at
34°C and 5% COz to ensure full adhesion.

For the medium replacement, the liquid was carefully taken up with a 200 ul pipette at
the edge of the well. The same method was applied to fresh medium or PBS. To min-

imise the number of medium exchanges, two times the amount of medium, usually
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used, was added to ensure cell viability for 3-4 days. In this way, transfer of the plates
from the incubator to the cell culture hood is reduced, thereby minimising the potential

of cell detachment.
3.8. Cell and Spheroid Staining
3.8.1. Fixation and Alkaline Phosphatase Staining

Since cells and spheroids need time to adhere to the membranes, the liquids were
carefully aspirated at the edge of the wells with 200 pl pipettes. Spheroids, which were
selected for control or alkaline phosphatase staining were fixed with 4% Paraformal-
dehyde (PFA) in each case.

For staining with alkaline phosphatase, the aggregates were washed once with PBS-
Triton X-100 (0.1% Triton X-100) before being fixed with 4% PFA for 30 minutes. Sub-
sequently, the PFA was withdrawn and neutralised three times with PBS for 10 minutes
before being pre-treated with Alkaline Phosphate Buffer (APB, Supplementary Material
8.3) three times for 10 minutes. 15 mg/ml of the ALP dye NBT/BCIP (Boehringer Mann-
heim, nitro blue tetrazolium/ 5-bromo-4-chloro-3-indolyl-phosphate; Oct 1998,
14516825-04) was added to a vial containing sufficient APB to cover membranes and
cells. The cells were incubated overnight at 34°C and 5% CO2 and washed 3x for 15

minutes with dH20 the next day.

3.8.2. Xylenol Orange Staining
For fluorescence staining with Xylenol Orange (XO, Fluka Analytiks, 83325, Lot
#83290, live staining), the cells and aggregates were first washed once with PBS and
stained with medium (DMEM/F12) containing 20 uM XO. Cells were incubated over-
night at 34°C at 5% CO2. Before microscopy acquisition, the dye was aspirated with a
200 pl pipette and washed 3x with PBS. Subsequently, the cells were provided with
adequate DMEM (PAN Biotech, P04-01161, w/o Sodium pyruvate, w/o L-Glutamine,
w/o Phenol red, with 4.5 g/L Glucose and with 3.7 g/L NaHCO3) not to influence imag-
ing.
3.9. Setup of the Syringe Pump System
The syringe pump comprised of the pumping mechanics along with the syringe assem-
bly (components listed in supplementary material 8.4), as well as the input panel. A
power supply unit (Sony, 19.5V, 4.7A) was used to supply enough power for the step-
per motor driver. Furthermore, a USB power supply unit (unknown manufacturer, 5V
output voltage) was employed to operate the Teensy 4.1 microcontroller. The supply
cables were inserted into the labelled sockets. The 4-pin connector for the stepper
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motor was also attached to the control panel. On the display screen, the pre-pro-
grammed options can be selected via the push buttons. Hence, a back button was
integrated to exit the operating program and a return key to regain access to the main
menu. Four buttons on the right side control the stepper motor in both ways with two
different speeds. This function enabled the adjustment of the pump to respond to dif-

ferent sizes of syringes and other relevant parameters.

4. Results

4.1. Novel Biocompatible Materials for Microfluidic Prototyping
The microfluidic systems described in the literature are typically made of several layers
[2, 3, 8, 16, 20, 21]. Bonding surfaces or sealing materials are often problematic, and
searching for suitable materials is time-consuming. Furthermore, the appropriate ma-
terial choice depends on the properties and field of application.
We tested many materials for sealing, as chip material, and as possible membranes
for cell adhesion experiments. Our analysis focused primarily on cytocompatibility, cel-

lular attachment and for the wide range of application in the microfluidic sector.

4.1.1. Materials for Microfluid Systems
For the cytocompatibility analysis, the human fetal osteoblasts (hFOB) 1.19 cell line
was employed. Cell and material treatment was performed according to an approach
from previously established in the research group [2]. Therefore, materials were steri-
lised with EtOH (except PMMA with H202), washed with PBS and conditioned in
DMEM/F12 medium for at least 24 hours. The obtained outcomes are presented in
Table 1:
The thermoplastics COC and PLA presented excellent cytocompatible properties,
comparable to PDMS, dental impression material and PEGDA 250. However, surpris-
ingly, we could not confirm the cytocompatibility for polymethacrylate (PMMA) and pol-
ytetrafluorethylene (Teflon) (Figure 1 A-B). Both appeared to be toxic and not usable
for our applications. Especially PMMA, which has been used in the literature for count-
less microfluidic applications, clearly showed toxic effects on hFOB cells [2, 3, 8, 22].
Even after several washing steps, no positive result could be achieved.
Teflon is also often utilised in cell culture due to its hydrophobic properties, but similar
poor results were obtained here.
These results may be due to the different compositions or the high sensitivity of the

hFOB cells. Based on the excellent properties and biodegradability of cellulose hydrate
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(Figure 1 D), a microfluidic chip made of compostable materials was designed. We
used wood (spruce), buffalo horn and bones from deer antlers, but in natural form, only
buffalo horn turned out to be suitable. As presented in Table 1, the wood was treated
with different materials. A coating of printer's wax and epoxy glue proved to be prom-
ising. However, a fully compostable microfluidic system could not be developed be-
cause both the sealing of the materials and the adhesives for the membrane adhesion

were unsuitable.

Materials: Chip toxic non toxic slightly toxic
PDMS X
PMMA

Teflon

cocC

PLA

Dental impression material
PEGDA 250

Wood (Spruce) untreated
Wood (Spruce) cut

X [ X [ X | X

Wood (Spruce) coated with PEGDA 250 X
Wood (Spruce) coated with wood glue X
Wood (Spruce) coated with shellac X
Wood (Spruce) coated with printing wax X
Wood (Spruce) coated with linseed oil X
Wood (Spruce) coated with linseed firnis X

Wood (Spruce) coated with low-viscosity
epoxy

Buffalo horn X
Bone (Deer) X
Table 1: Listing of Materials for Developing Microfluidic Devices

Another interesting material was dental impression mass. The results demonstrated
favourable cytocompatibility and was amenable for moulding into different shapes dur-
ing the curing phase. However, a negative aspect was its non-adhesive properties.
Neither epoxy, double-sided tape, nor plasma bonding allowed possible adhesion of
membranes, foils or glass. Buffalo horn exhibited a high degree of biocompatibility,
and various adhesives showed favourable properties on the surface. The only chal-
lenge encountered in developing a possible compostable chip was that 3-5 mm horn
plate could not be processed by laser cutting. While machining was possible, no equip-

ment that would allow rapid prototyping was available. Bone from deer was also tested
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for toxicity to develop possible microfluid chips from existing bone. However, the tests

showed low toxicity and prolonged conditioning was not possible due to leaking fluids

through the pores of bone material.

Figure 1: Microscopic images of cell cultivation of different materials potentially applicable for microfluidic de-
vices. Cells (hFOB 1.19) with PMMA (A) and Teflon (B) showed no viability after 3 days of cultivation. PLA (C),
Cellophane (D), Epoxy (E), and double-sided Tape (F) showed did not impinge on cell growth and proliferation. All
images were captured on day three by Leica DMiL and using the LAS X Software (Leica).
4.1.2. Materials for distinct Membranes and Hydrogels

The membranes and hydrogels listed in Table 2 appeared all suitable for cell culture-
specific experiments. Figure 1 D depicts hFOB proliferation taking place on plasma-
treated cellophane. Confluency was already detectable after two to three days. Com-
pared to tissue culture dishes, no distinguishable differences in confluence was ob-
served. In addition to the excellent adhesive properties of cellophane, the double-sided
adhesive tape from 3M and both epoxy glues have been proven to be suitable sub-
strates for cell adhesion experiments (Figure 1 E-F). For experiments that do not re-
quire cell adhesion, COC or BioRad foils also appear suitable. Both plasma and UV
treatments did not change the surface properties of these two materials. Yet, we were

not able to establish cell adhesion by this means.
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Material: Membranes toxic non-toxic Adhesive non.— SIIght.Iy
adhesive adhesive
PEGDA 250, Plasma
X X
treated
PEGDA250 + HA, Plasma
X X
treated
PEGDA 700, Plasma
X X
treated
PEGDA 700 + HA, Plasma
X X
treated
PEGDA 700 + HA, 10h UV
X X
treated
Cellophane, Plasma
X X
treated
COC-Faoil X X
BIORAD -Foil X X
3M double-sided tape X X
Epoxy X X
Epoxy low viscosity X X

Table 2: Listing of Membranes and Hydrogels useable for Cell Culture

The tests showed that we were able to produce thin cytocompatible hydrogel mem-
branes from PEGDA 250 as well as from PEGDA 700 (Table 2). In all the experiments,
the surfaces were treated with oxygen plasma. Only PEGDA 700 with HA was tested
after a 10-hour UV treatment. As shown in Table 2, cells were able to adhere to pure
PEGDA 250 as well as to PEGDA 700 + HA. Surprisingly, this was not achieved on
PEGDA 250 with HA or pure PEGDA 700. However, with the wider-meshed hydrogel,
the required hydrogel structure and bone-like substance were obtained for the desired
prospective application.

Cell adherence was also achieved on PEGDA 700 with HA hydrogel after 10 hours of
UV treatment. Nevertheless, it has been shown that the cells adhered more efficient

after plasma treatment and when seeded over the entire membrane.

4.1.3. Adhesives for Bonding and Sealing
Since microfluidics often involve multiple layers, bonding and sealing techniques are
relevant. Especially for PDMS, plasma bonding is very frequently applied [3, 16]. How-
ever, this treatment typically applies to only a limited selection of materials. Therefore,
an evaluation of adhesives is necessary for designing microfluidic devices. We en-
countered the following conventional adhesives that have been investigated in this
study (Table 3):
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The results have shown that both epoxy glues and FixoGum can be used as adhesives
for sealing silicon tubings while a secure and reliable seal could be achieved by com-
plying the curing time prescribed by the manufacturer's specifications.

Similar results were achieved with FixoGum. FixoGum is a commercially available ad-
hesive based on natural rubber and achieved excellent biocompatible properties in our
analysis.

Surgibond, on the other hand, which is often referred to as a tissue glue, did not score
well both regarding its adhesive strength or biocompatibility.

The double-sided adhesive tape produced by 3M™ and the foil from BioRad were ex-
cellent for bonding membranes or foils. They convinced with robust and secure adhe-
sive strength and non-toxic properties. These two foils were also often used in the

experiments as they could be quickly applied.

Material: Glue toxic non toxic slightly toxic
Epoxy Glue X
Surgibond X
Fixo-Gum X

UHU-Creative X

UHU-Superglue X

Silicone rubber

3M™ double-sided tape X
BioRad -Foil
Epoxy Glue (low viscosity)

Table 3: Listing of glues that were used for sealing and bonding of materials

4.2. Cellophane Prototyping
Since the tests showed that cellophane has versatile and excellent properties for cell
culture, an experiment was carried out to observe the development of 3D cell struc-
tures derived from John Dunlops work [23]. Therefore, wetted cellophane foil was
folded by hand and then pressed with a screw clamp for 15 Minutes. After plasma
treatment, sterilisation and conditioning using the above-mentioned method, the folded
foil was placed in a 35-mm bacterial dish (Figure 2). Due to the transparency of the
material and the cell adherence, cells (102 cells per dish) were placed on the foil and

observed microscopically for 43 days.
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Figure 2: lllustrative model of the angled cellophane membrane in a bacteria dish designed with AutoCAD

The cells aligned along the groove in the first five days and proliferated. Already on the
seventh day, first spheroids emerged on top of the confluent cellophane foil. Spheroids
mainly formed on the steep flanks and moved towards the channel over time, and
some of the spheroids joined together to form large constructs. After 15 days, some
spheroids could already be observed in the grooves, but due to the steep flanks and
the poor microscopic analysis, no clear interpretation could be drawn concerning the
formation of further 3D cell layers. A limiting factor was the angled membrane, which
was challenging to focus on, making a possible layer-specific analysis difficult. Micro-
scopic images of the described experiment can be seen in Figure 3.

After 43 days, the experiment was terminated as a large cell lawn had formed, which
made microscopic observation significantly more challenging.

This observation shows that spheroid formation and especially 2D cell culture can be

encountered and monitored on cellophane foils.

e - 7 't 4
Figure 3: Cells seeded on the folded plasma-treated cellophane foil. (A): on day five, cells proliferated around the
foil and aligned in the groove of the foil, cellophane membrane confluent. (B): first cell aggregates were formed
on day seven. (C): spheroids were mostly formed on the steep flanks (day 12) and often aggregated together (D,
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day 14). (E): on day 20, visible migration of spheroids into the groove. (F): massive cell lawn around the mem-
brane, especially around the grooves but no visual differentiation possible (day 43). The red lines indicate the
grooves. All images were captured on Leica DMIL using the LAS X Software (Leica).

4.3. Manufacturing of PEGDA 700 + HA Hydrogel Membranes

Different approaches as to produce hydrogels have been established. Thin discs and
other constructs can be realised with the help of SLA printers, mainly using complex
techniques. [6] The limiting factors for designing and producing hydrogel membranes
are the SLA printer's resolution, the polymers' cross-linking, and the photoinitiator. In
this study, a straightforward and cost-effective method to assemble hydrogel mem-
branes with reduced photoinitiator Irgacure 819 within a few minutes has been devel-
oped.

About 2-3 ml of homogeneous PEGDA 700 + 5% (w/w) HA with 0.5% (w/w) Irgacure
819 solution is sufficient to produce a 150x150 mm membrane with a layer thickness
of about 200 to 300 um. To achieve an even distribution of the hydrogel within the
sandwich construction, slight movements of the glasses were made. In this way, even
thinner layers could be accomplished. Furthermore, a foldback clamp maintained the
required pressure to accomplish the necessary layer thickness even after curing for

ten minutes in the UV chamber.
Glass

COC-Foil

COC-Faoil

Glass

Figure 4: Explosion diagram of PEGDA + HA membrane fabrication. COC foils were taped on the glass
slides to prevent the PEGDA from adhering to the glass. The PEGDA 700 with HA mixture was dripped
onto the construction. Both glass slides created a sandwich construction, in which the composite was
pressed to a thin layer. Afterwards, it was cured under UV for 10 minutes.

After curing, the membrane was cut out with the laser cutter with the following settings

(Table 4).
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Cutting Engraving

Thickness Speed Velocity  Frequency Speed Velocity  Frequency

PEGDA
0.1 mm 40 2 1000 20 2 1000
250
PEGDA
0.15 mm 40 2 1000 35 2 1000
700
Cello-
0.1 mm 40 2 1000 100 0.5 1000
phane
Adhesives | 0.8 mm 80 2 5000 56 100 500

Table 4: Settings of Laser Cutter (Trotec Speedy 100) for membranes and adhesive

Using the engraving parameters, we achieved holes with a diameter of 100-150 um
(Figure 5). The membranes were briefly washed in dH20 to remove accumulated dust,
which caused them to swell several millimetres and had to be considered when cutting
out the membranes. The opposite effect was observed during sterilisation with EtOH
and H202. As a result of moisture removal, the membranes warped and tore apart. In
order to counteract these effects, the layer thickness was slightly increased to approx-
imately 300 pym.

The holes in the membranes contribute to an adequate supply of nutrients and drives

individual cells to accumulate in the openings and form small aggregates.

100 m

Figure 5: PEGDA 700 + HA membrane with around 100 um holes cut by Laser Cutter (Trotec Speedy
100). Image captured on Leica SBAPO Binocular Stereo Microscopy

4.4, Comparing UV Treatment and Plasma Treatment on PEGDA 700
- HA Hydrogel
In order to facilitate membrane attachment, two methods were employed as the adher-

ence of cells to untreated PEGDA constructs was not possible. Long exposure times
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under UV light and a short plasma treatment induced a conformational change in the
surface of PEGDA and other materials [6, 7, 9]. Our results indicated that plasma-
treated membranes exhibit stronger adhesion for cells, spheroids and extracellular ma-
trix. A long-term experiment lasting 77 days, comparing cells on UV- and plasma-
treated hydrogels, demonstrated that seeded single cells (cell concentration 3x10%)
tend either to outgrow the membrane's surface or to form large aggregates.

After a week, small spheroids became apparent on plasma-treated and UV-treated
surfaces and proliferated over several weeks. In the first 20 days, the spheroids
showed cell expansions as if they were sensing the surface for possible binding sites
(Figure 6 A and D). Furthermore, on both treated membranes, observations displayed
that spheroids may have evolved from the cell aggregates that developed in the pits,
indicated by a large quantity of smaller spheroids next to holes (Figure 6 B and F). The
size of the spheroids varied extensively, when comparing both treatments. The largest
spherical aggregate was discovered on day 41 (Figure 7 F) on the UV-treated hydrogel
and had a size of approximately 800 um. In comparison, big cell aggregates on
plasma-treated hydrogels reached a diameter of around 450 ym (Figure 7 B and E).
Due to the vast number of unequal-sized aggregates on the UV-treated membrane, it
could be observed that spheroids repeatedly detached from the membrane and were
removed during medium exchange. Additionally, floating spheroids were reunited to
form smaller aggregates and subsequently attached to the hydrogel again.

On both approaches, after sensing the close surrounding, the aggregates tend to fuse
together and form bigger constructs (Figure 6 C and F) and either staying in a spherical

formation or outgrow.
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Plasma

uv

Figure 6: Human fetal osteoblast (hFOB1.19) single cells were seeded on plasma- and UV-treated
PEGDA 700 + HA hydrogels (day 11-14). First, spheroids were detected on day 11 (A and D). Cell
extensions could already be seen palpating for possible attachment sites. (B and E): Most spheroids
were found around the excised holes, suggesting that the spheroids develop in the troughs and move
onto the membrane (day 12 and 14). (C and F): On both hydrogels, the spheroids connect together and
form themselves to large aggregates (both day 14). All images were captured on Leica DMiL using the

LAS X Software (Leica).

Figure 7: Human fetal osteoblast (hFOB1.19) single cells were seeded on plasma- and UV-treated
PEGDA 700 + HA hydrogels (day 19-70); (A): Spheroids form cell extensions and spread around the
surface of the hydrogel (day 19). (B and E): The spheroids continued to form larger structures. Espe-
cially on the UV-treated membrane, a substantial enlargement could be observed, but only a low spread-
out on the hydrogel (both day 41). D: newly formed spheroids fusing together (day 29) (C and F): On
day 70, especially on the plasma-treated hydrogel, a considerable cell lawn spread around the surface
and created different shapes and layers of cells. The structure of the UV-treated was not as tight as the
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plasma-treated membrane, indicating a lower adhesion possibility. All images were captured on Leica
DMIiL using the LAS X Software (Leica). The scale bars in the left corners indicate 100um.

During both approaches, it became apparent that newly formed spheroids exhibit a
tendency to explore their environment using cellular extensions, and when possible,
fuse with adjacent spheroids (Figure 7 A and D).

In addition to differences in size (Figure 7 B and E), variations in the extent of cell
spreading were also observable. On the plasma-treated membrane, it has been shown
that cells encountered more opportunities for adhesion and consequently spread
across the entire hydrogel. In contrast, on the UV-treated membrane, only individual
Spheroids were capable of adhesion and comparatively spread in a limited amount.
The subsequent figure (Figure 8) illustrates of how much the cells have spread on the

plasma-treated hydrogel.

Figure 8: ALP-stained cells and spheroids formed from single hFOB cells detached from PEGDA 700 +
HA hydrogel. (A): Alkaline Phosphatase staining of the hydrogel allowed visualisation of the cells on the
membrane. A spreading of the cell lawn over the entire membrane as well as large and misshapen cell
aggregates could be seen. Leica DMi8 microscope and acquisition was performed with LAS X software
(Leica). Images of detached spheroids with surrounded cell mass (B) and flat edges (C), captured with
Leica S8APO Binocular Stereo microscopy and with Leica MC170HD. Both pictures were taken at a
magnification of 6.4x.

After 77 days, the experiment was stopped, and both membranes were stained with
alkaline phosphatase. This indicated how broadly the cells spread on the membrane
and how they generally behaved on a bone-like hydrogel. After fixation and staining,
the cells were removed from the membrane with tweezers and analysed microscopi-
cally.

Loosening the fixed aggregates and subsequent observation with Leica S8APO Bin-
ocular Stereo microscopy made it possible to visualise that the spheroids spread all
over the hydrogel and that cell masses formed around the core (Figure 8 A). The entire
hydrogel was covered with a cell lawn. Darker areas represent multi-layered levels that

indicate possible 3D structures. Furthermore, the spheroids tend to grow laterally over
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the edges of the membrane, which resulted in an observable increase in cell mass
(Figure 8 B-C).
4.5. Comparison of Spheroids in a HA and non-HA Environment

A standard method to investigate the differentiation of spheroids is fluorescence stain-
ing. Here, we were particularly interested in calcification and the expression of alkaline
phosphatase [8, 24]. 5% (w/w) of the bone-like mineral was added to the PEGDA 700
with 0,5% (w/w) Irgacure 819 hydrogel to compare cell aggregates in hydroxyapatite
and non-hydroxyapatite environments. Studies with similar tasks usually exceeded this
amount of HA [14]. We were able to show that more hydroxyapatite led to coarser and
opaque structures, and the aggregates were no longer distinguishable from artefacts.
For spheroids in the HA environment, an average of ten three-day-old spheroids were
transferred onto hydrogel membranes of a 6-well plate and incubated for three days at
atmospheric conditions at 34°C and 5% COo.. This procedure provided enough time for
the spheroids to bind to the membranes and proliferate. In order to avoid any loss,
sufficient medium was provided, and the movement of the plate was reduced to a min-
imum.

On the seventh day, aggregates from one well were treated with the immunofluores-
cent marker xylenol orange. Spheroids were stained overnight and then cultured with
a transparent DMEM medium. The control and the spheroids for ALP staining were
previously fixed with PFA. Afterwards, alkaline phosphatase activity was detected with

ALP dye overnight (supplementary protocol).
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Figure 9: Staining of hFOB spheroids with XO and ALP on and off HA. (A-C): Images of seven-day-old
spheroids from a 96-well plate in a no-HA surrounding. (A): Control, (B): Xylenol Orange staining; (C):
Alkaline Phosphatase staining; (D-F): Spheroids were cultivated in a 96-well plate for two days before
they were placed onto a PEGDA 700 + HA hydrogel. On day seven of cultivation, the spheroids were
stained with (E): Xylenol Orange and (F): Alkaline Phosphatase. All images were captured with a Leica
DMi8 microscope and acquisition was performed with LAS X software (Leica). The scale bar on the left
corner indicates 100um.

There was no noticeable difference after comparing the controls (Figure 9 A and D). In
both cases, a slightly denser accumulation of cells could be identified in the core re-
gions, and they were almost identical in size. Nevertheless, a clear difference could be
seen in the XO staining. Spheroids that have not been in an HA environment had a
discernibly higher calcification (Figure 9 B) compared to aggregates in HA environ-
ments (Figure 9 E). Our results demonstrated that calcium is produced almost to the
very outer edges of the control spheroids. Only a few outer cell layers show little or no
calcification. However, spheroids that had been cultured in an HA environment for four
days, exhibited calcification mainly in the core. In the outer layers, the production of
calcium was visibly reduced.

Since ALP is an essential factor in the mineralisation of bone, ALP staining was per-
formed on seven-day-old spheroids [6, 7]. Unpublished results of the research group
showed that spheroids on nano-hydroxyapatite reduce the production of alkaline phos-
phatase.

However, our results displayed that spheroids in a hydroxyapatite environment in-
crease the expression of ALP. Figure 9 F shows that the production of ALP was visibly
increased compared to cells in a non-HA environment. In untreated spheroids, the
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expression was slightly higher in the core but decreased further into the outer layers
(Figure 9 C).

The relatively large aggregates in Figure 6 F resulted from extending spheroids on
plasma-treated membranes (cell outgrowth as described in 4.4). After fixation and later
separation from the membrane, the aggregates were found to be flattened on the con-

tact side and thus moved their mass outwards (Figure 8 C).

4.6. Creating Microfluidic System operated by Syringe Pump System
Microfluid systems appear in different forms in the scientific literature, depending on
the application [4, 8, 16, 25]. For our approach, we developed a straightforward design
that could be rapidly manufactured and consisted of only a few components. Within
the microfluidic chip, a chamber with a diameter of 9 mm was designed, capable of
accommodating a volume of approximately 300 pl, which appeared to be adequate for
our purposes. Furthermore, the chamber provided enough space for the placement of
a hydrogel membrane (Figure 10).

For this purpose, a PLA chip was 3D-printed with the aid of a Prusa thermoplastic
printer device. The print was subsequently roughened with sandpaper to improve the
surface finish. Furthermore, the tubes were inserted and sealed with epoxy glue. On
the underside, a construct composed of double-sided adhesive tape and cellophane
film was attached (Figures 10 and 11 A). This provided the necessary connection to
the component. Opening the chip at start was necessary cell injections and to ensure
gas exchange within the incubator. The chip was closed with a BioRad foil was used.

The foil showed solid adhesive strength for easy and quick application.

Liquids are
| drawn in by
PLA - Microfluid Chip d _
8Syringe Pump
Liquids from the Epoxy Glue with Silican
L

reservoir go through

a silicone tube into
microfluid chip

3M" Double Sided Tape

Figure 10: Schematic representation of the microfluid chip, divided into the respective layers. Two silicon tubes
for the inlet and outlet were glued into the PLA print by epoxy glue. A sandwich construction of double-sided
adhesive tape (3M) with cellophane was attached to the underside. A BioRad film was used to seal the top side.
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Figure 11: Devices for cell culture specific analyses using microfluidic chips; (A): 3D image of microfiluidic chip; (B):
Top view of an operating microfluid chip; (C): A self-designed syringe pump system comprised of a control panel
and a stepper motor driven pump system. Up to seven possible syringes can be operated simultaneously. The
modules for different sizes can be easily exchanged; (D): hFOB 1.19 single cells were seeded on cellophane and
allowed to adhere for 24 hours. Sufficient oxygen and CO:z were introduced through pierced BioRad foil to prevent
suffocation. The next day, the BioRad foil was replaced, and cultivation was started using the syringe pump. The
picture shows adherent cells on the cellophane after three days of cultivation as well as a lot of dust and particles;
(E): Image of a spheroid on PEGDA 700 + HA hydrogel in a microfluidic chip. The spheroids were transferred to
the membrane after two days of cultivation in a 96-well plate. After 24 hours for settling down and adhering to
the substrate, the pump system was started for further cultivation. Images was taken through the membrane,
and both pictures (D and E) were captured with Leica DMIL using the LAS X Software (Leica).

Originally, efforts were undertaken to cultivate spheroids on hydrogels within a micro-
fluidic chip. The cell aggregates derived from hFOB cells, with a seeding density of 103
cells per well, were cultured within a U-bottom plate and subsequently transferred onto
the membrane after a two-day incubation period. The aggregates were cultivated
within the chip for further 24 hours to ensure adequate attachment. Afterwards, the
syringe pump and the automated cultivation processes were initiated.

However, only inadequate results could be achieved, primarily due to the challenge of
eliminating air bubbles in the system. These bubbles became entrapped within the
PEGDA hydrogel and aspiration methods showed only little effects. Furthermore, ap-
plying an external force to the chip yielded only limited success and led to the detach-
ment of spheroids from the membranes. To obtain meaningful results, a different ap-
proach was employed. After the attachment period, the chip was inverted, as micro-
scopic analysis through the hydrogel was inadequately informative (Figure 11 E). How-
ever, the hydrogel became wedged with the remaining air bubbles, which made it very
challenging for the membrane to lie flat thus largely restraining microscopic analysis.
For the 2D cell culture approach, single cells (2x10* cells per chamber) were seeded

on a cellophane base inside the device. In certain experimental approaches, the
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presence of contaminants affected cell observation, attachment, and growth within the
chamber (Figure 11 D). To counteract this issue in future experiments, a sterilised,
unused cellophane roll within the cell culture hood should prevent dust and other par-

ticles from getting onto the foil in the first place.

Equipped with our self-designed and programmed syringe pump system, we were able
to select from four pre-programmed programs with various speed settings for syringes
from 1-ml up to 5-ml. Furthermore, we developed various PMMA attachments for sy-
ringes, enabling the operation of up to seven syringes simultaneously. The four pins of
the stepper motor were plugged into the provided device connected to the stepper
motor driver. This driver converted the 3.3V output voltage of the Teensey 4.1 micro-
controller to the required 12V of the stepper motor. A Sony 19.5V power supply with

4.7A was used to operate the stepper motor driver (Figure 12 A-B).

C Incubator

37°C 5% CO2

Microfluidic Chip
Syringe
> @
IPMMA Holder

Figure 12: Schematic representation of the experimental setup. This represents the input panel (A), the pump system (B) driven
by the stepper motor and the incubator (C) in which the cells were cultivated.

Fine Thread Rod

Additionally, the control panel featured buttons programmed for manual adjustments,
offering two speed options for forward and backward motorisation. The comprehensive
material list of the syringe pump, along with the Arduino code is attached as a supple-
mentary protocol (8.2). The code was written in C++ using the freely available Arduino
IDE software, facilitating straightforward code modification and adaptation to suit spe-
cific application requirements. The desired flow rate can be calculated and changed
using the formula below. The formula describes the speed of the stepper motor in rev-

olutions per minute of the respective syringe used.
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1uL_ 2 Delay Time of 835ms per Step
min
For a 1-ml syringe, a delay time of 835ms to accomplish a flow rate of 1-pl per minute.
The delay time indicates how long the stepper motor pauses before it takes another
step. The flow rate was discovered through trial and error and can be extended to
syringes up to 5-ml.
move4() {

start_time = millis();

while (millis() - start_time < 8.6E7) {

if (!digitalRead(backButton)) {
updateMenu();
return;

}

digitalWrite(dirPin, HIGH);
digitalWrite(stepPin, HIGH);

delay(1670);
digitalWrite(stepPin, LOW);
}
updateMenu() ;
}

Figure 13: Arduino IDE code of the stepper motor function. Row 16 describes the delay time for a 5-ml syringe,
resulting in a flow rate of 2.5 ul per minute. Row 6 describes the automatic termination of the programme after
24 hours. The complete code can be found in the supplementary protocol.

Figure 13 displays the primary function within the Arduino code. In line 6, the duration
(8.6E7 milliseconds equals 24 hours) for which the syringe should operate continu-
ously is defined. In addition to the initialization of the stop button in line 8, the delay
function (line 16) plays a crucial role. This function introduces a delay in milliseconds,
representing the calculated flow rate.

This whole system represents a cost effective, user-friendly, and adaptable device
suitable for a wide range of applications and can be used as an alternative to expensive

laboratory pumps.

5. Discussion
5.1 PEGDA 700 + HA Hydrogel Membranes

The advancement of biocompatible hydrogels has developed a new field in regenera-
tive biology. Polyethylene glycol diacrylate (PEGDA) 700, with its longer polymeric
chain length, offers an ideal scaffold for cell research and tissue engineering, owing
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to its highly favourable properties. Based on its elastic and supporting characteristics,
simulating bone-like environments in a future orientated manner is now possible [8].
A large part of this master's thesis has been dedicated on developing hydrogels em-
ploying PEGDA. Hydrogels have evolved to a universal instrument due to their wide
range of applications, especially in tissue engineering. Scaffolds fabricated from poly-
dimethylsiloxane (PDMS) and PEGDA are frequently utilised due to their biocompati-
bility, easy prototyping, and inexpensiveness [3, 6, 16].

An objective of this thesis was to develop an inexpensive hydrogel to investigate 3D
development and potential differential differences of osteoblasts when cultivated on
bone-like inorganic mineral. We, therefore, prototyped a PEGDA 700 with hydroxyap-
atite (HA) membrane capable of supporting cell and spheroid cultivation. Numerous
studies highlighted that with current 3D printing methods, solid structures made of
PEGDA for cell culture can be assembled easily [2, 6, 7].

Printing PEGDA membranes with longer polymer chains with the aid of SLA printers is
a complex process that often leads to imprecise assembly and the production time
exceeds rapid prototyping [10, 11]. Our method enabled the assembly of hydrogels
with higher molecular masses below 30 minutes, only by employing a glass-membrane
construction. Furthermore, when working with PEGDA, an essential substance for
polymerisation is the photoinitiator Irgacure 819, which is necessary yet often nega-
tively affects cells [6]. Hence, we enhanced cytocompatibility by reducing the concen-
tration from the photoinitiator from 1% (w/w) (manufacturer's specification) to 0.5%
(w/w), which allowed to fully omit rinsing steps [7].

Initial experiments revealed that cells and spheroids attach, grow, and partially over-
grow the membrane after plasma or UV treatment had been carried out. Interestingly,
it could be demonstrated that cells attach to the plasma-treated membrane more ef-
fectively compared to those treated with UV alone. Furthermore, cells cultured on UV-
treated membranes tend to form larger spheroids, suggesting a reduced availability of
attachment sites.

These pre-treatments were essential to ensure the overall adhesion of cells on the
membranes. Similar outcomes have been reported in other studies, indicating that
these pre-treatments are necessary [6, 7].

These initial investigations demonstrated the suitability of these hydrogel membranes
for conducting 3D cell culture experiments. we were able to show that spheroids and

even large cell complexes, some with unusual shapes, could thus be formed. Warr et
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al. discovered similar deformed 3D structures when seeding fibroblast cells onto low-
adherence PEGDA 258 devices [7]. Both results indicated that the cells converge to
form a 3D mass to find possibly more adherent structures on the PEGDA surface.
Additionally, PEGDA 700 HA hydrogels offer an ideal framework for cell research due
to their higher polymeric chain length, resulting in increased elasticity [8], mechanical
strength, porose network structure [14], and the easy uptake and discharge of sub-
stances like growth and differentiation factors [10]. Growth factors such as Exendin4
[10], TGF-beta or BMP [26] have the potential to stimulate mineralisation by continu-
ously releasing factors stored within the membrane. Furthermore, pathways like Wnt,
BMP2 or FGF are responsible for alkaline phosphatase (ALP) production and could
accelerate bone formation in our system [19].

These characteristics, as well as the cost-efficient and straightforward fabrication, in-
dicate a promising approach for organ-on-a-chip applications observing the differenti-

ation of stem cells in hard-tissue environments.

In addressing one of the research questions, we have demonstrated that the expres-
sion patterns of cells on hard-tissue membranes differ from cells in ordinary tissue
culture (TC) dishes.

Our experiments showed that cells on hydroxyapatite hydrogels produced less calcium
but more alkaline phosphatase. This reduction in calcium may be explained by the fact
that cells that already sense calcium in their environment need to deposit and enrich
Calcium to a lower extent. Another possible hypothesis could be that the cells already
reside on or next to hard tissue and thus no longer need to produce Ca?* in high
amounts. However, a huge amount of Ca?* is needed for the mineralisation process,
and many calcium-binding proteins are necessary to bring especially ALP to the cell
surface [19].

Our results and those of other research groups have shown that osteogenic stem cells
spread and proliferate on HA in combination with hydrogels [14, 16]. However, un-
published results from our workgroup have shown that cells binding particulate hydrox-
yapatite reduce the expression of ALP, which contrasts with these results. Additional
publications have reported that cells on nano HA increase the expression of ALP [16,
18]. Liang et al. showed that ALP is elevated, but the expression is significantly re-
duced at a nano-hydroxyapatite concentration of 50 ug/ml compared to 25 ug/ml [18].

In our experiments, we worked with more than ten times the amount and did not involve
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nano HA. Consequently, the result can only be compared with to published data to a
limited extent.

However, according to the literature, increased ALP expression indicates mineralisa-
tion and further bone formation [19, 27]. Additional experiments would still have to be
carried out. In particular, expression patterns of ALP, osteocalcin and osteopontin
would be interesting, providing information on calcification, differentiation [16, 18], min-
eralised extracellular matrix, and early bone formation [28]. Additionally, a meaningful
control could not be established as our attempts to culture osteoblast cells on pure
PEGDA 700 were unsuccessful. Despite the limitations, a visible increase in ALP was
observed during an experiment, which led to mineralisation. However, this study could
not definitively confirm the possible development of mineralised extracellular matrix or

the formation of differentiated structures.

5.2 Novel Cytocompatible Materials for Cell Culture Applications

While developing and prototyping, we encountered new materials with the potential to
play an essential role in the innovation of future microfluidic systems. Furthermore, we
discarded materials that were surprisingly toxic to the highly sensitive human fetal os-
teoblast (hFOB) 1.19 cell line, even though these materials were frequently used in the
literature [3, 20]. We have demonstrated that commonly used household products such
as cellophane or epoxy glue possess favourable attributes for cell culture applications
and can be used without concern.

Polymethylmethacrylate (PMMA) and Polytetrafluorethylene (Teflon), often used in de-
veloping microfluidic devices, performed poorly during cytocompatibility tests. Potential
reasons for this outcome could be associated with the composition of the materials. In
the case of Teflon, fibres and crumbs were released after processing, which may had
an impact on cellular behaviour. However, the exact reasons were unknown.

After eliminating PMMA and Teflon, the material Polylactic Acid (PLA) proved favora-
ble for manufacturing microfluidic devices. PLA is one of the most widely utilized ther-
moplastics in 3D printing, characterised by its excellent properties for prototyping due
to its high biocompatibility, availability, low autofluorescence and cost-effectiveness
[3]. PLA proved to be a successful filament for 3D printing by using standard 3D print-
ers like Prusa technology, with a layer thickness ranging from 100 to 150 ym. Moreo-
ver, the material exhibits high moulding and laser-cutting properties and can be con-
sidered as an alternative to PDMS [3]. Compared to stereolithography (SLA), filament-
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based 3D printing performs better regarding time-efficiency, cost-effective material us-
age, and post-processing.

Microfluidic chips could be prototyped of Cycloolefin Copolymer (COC) filament. Print-
ing designs on foils such as cellophane or COC leakage-free was possible but not as
precise as with PLA. However, the resolution limit was reached for structures smaller
than 1-mm. Hence, switching to manual drilling or SLA printers became necessary,
depending on the specific application requirements.

In addition to PLA, cellulose hydrate, commonly known as cellophane, is a cheap and
versatile material. Cellophane is a recyclable material and thus provide a firm basis as
a material for switching from plastic to compostable and biodegradable cell culture
utensils. An essential aim in the near future is to create degradable cell culture dispos-
ables to counteract the extensive plastic waste in laboratories. In preliminary investi-
gations, we tried to develop a scaffold for cell culture based on natural products, with
cellophane as the basic substrate. Yet, natural untreated products such as wood
(spruce) or bones (deer) proved unsuitable.

By coating the wood with materials such as printer's wax or liquid epoxy, we achieved
initial success in terms of biocompatibility, but at the cost of biodegradability. There-
fore, further research should be directed towards this aspect.

One of the most notable advantages of cellophane is that plasma treatment unfolds
cellulose adhesive properties comparable to tissue culture (TC) dishes. In addition to
its cost-effectiveness, biocompatibility, ecological, and adhesive properties, it has been
demonstrated that the cellophane foils can also be molded into various shapes [25].
Initial experiments have revealed that steep flanks in an accordion manner and small
bowls were pressed with conventional screw clamps and that cellophane retains its
shape over an extended period.

The research group of John Dunlop studied the geometry of different shapes that stim-
ulated cells to proliferate and develop 3D structures. Their findings revealed that cells
accumulate and proliferate faster at sharp edges than on a straight surface. Further-
more, they demonstrated that the curvature of the structure influences the expansion
of 3D structures. [23].

We ftried to reproduce this in our experiment applying cellophane. hFOB cells were
placed on the folded plasma-treated cellophane foil to observe potential 3D formation.
These cells were cultured for 43 days and monitored microscopically owing to the ex-

cellent transparency of cellophane foil.
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During the first days, cells appeared to spread parallel to the flanks in the groove.
Some spheroids were already observed after only a few days, but only around the
channels. Over time, when the membrane was fully confluent, the spheroids increased
and gained in size and eventually migrated towards the groove. However, the curva-
ture-driven growth, as described in Rumpler et al. [23] was not visibly detectable. The
steep flanks limited the areas that could be effectively visualised at any given time. The
accumulating cell debris and the growing cell lawn made microscopic operations chal-
lenging. A new experimental approach would ease these problems. A possible solution
to approach this issue might be to position the angled foil in an aperture that can be
rotated. This could make microscopic procedures easier.

Other research groups have also endeavoured to construct microfluid systems utilising
cellophane [25]. However, their approach involved utilising polyvinyl chloride (PVC)-
coated cellophane, which was formed and sealed under high-pressure heat conditions.
In contrast, uncoated cellophane has a significant disadvantage as it does not bond
with other cellophane substrates.

We counteracted this challenge with sealants such as epoxy, FixoGum or double-sided
tape to address this challenge. However, manual manufacturing or laser cutting was
too vague to bond precise structures such as channels. Both epoxy glue and FixoGum
are suitable adhesives for possible use in microfluid system development. Epoxy glue,
in particular, is well-established in the industry in a wide range of applications and has
been used for a long time. Additionally, the double-sided tape by 3M™ also demon-
strated strong adhesion and excellent biocompatibility properties, primarily used for
sealing bases, layers and membranes.

During prototyping, a problem arose concerning the curing time and the characteristics
of the surfaces. Especially with PLA prints, the smooth surface was roughened with
sandpaper to achieve a permanent seal.

Sterilisation and subsequent conditioning was considered essential during our materi-
als analysis. The working group successfully established an easy method to sterilise
and subsequently condition materials for at least 24 hours [6]. This step facilitated the
utilisation of materials initially assumed as toxic, which thereafter could be used suc-

cessfully for applications in cell culture.

5.3 Prototyping Organ-on-Chip Microfluidic Systems
Based on these innovative results described above, the goal was to develop a micro-
fluid system to carry out standard laboratory experiments and cultivate cells and
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spheroids on hydrogels over several days. In addition to the continuous medium ex-
change facilitated by the herein described development of a syringe pump, an im-
portant consideration was the possibility of optical visualisation using a microscope.
Subsequently, it became evident that PDMS was not promising for fast and cost-effec-
tive prototyping, and its properties proved to be suboptimal for our requirements.
PDMS is one of the most frequently used materials in the scientific literature for devel-
oping microfluidic systems [2, 6, 16, 21]. Due to well established methods and enabling
methods such as plasma bonding or microstructure embedding, yet also specific ma-
terial properties such gas permeability, it is often utilised in organ-on-chip applications
[21].

Fast and cost-effective prototyping was a substantial requirement in this thesis, pro-
moting alternative materials with promising attributes for microfluidic systems. Espe-
cially the aspect of easy reproduction of such systems had a noteworthy influence on
our decision.

As described above, the primarily used materials for the fabrication of these systems
were the thermoplastics PLA and COC. Using these cost-effective thermoplastics and
the wide accessibility of 3D printers has now enabled the possibility to go for industrial
scale and fast prototyping simultaneously [3, 21].

After the post-printing procedures, we employed the established method for sterilisa-
tion, conditioning and cultivation [2]. This protocol appeared sufficient to ensure the
successful adhesion of cells on the membranes and avoid contaminations. Following
the seeding of cells or spheroids onto the membrane, an adhesive tape inhibited the
cells from drying out, while a minor puncture in the foil prevented the cells from suffo-
cating, thus allowing them to adhere. The BioRad foil was removed after 24 hours of
cultivation and replaced with a new one before the actual cultivation was started with

the aid of the pump system.

Throughout cultivating, it has been shown that the high humidity in the incubator greatly
influenced the adhesives of our system. The curing time of the epoxy glues was not
maintained at the beginning, and the smooth surfaces of the PLA prints resulted in
numerous leaking trials. The biggest challenge encountered in this thesis was the per-
sistent presence of air bubbles in the systems, which prevented the realisation of one
of the primary goals. Despite multiple trials and efforts, bubble formation could not be

prevented by aspiration, which resulted in the loss of cells or spheroids. In addition to
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the visual restriction of bubbles in the system, built-in membranes did not yield the
expected outcomes, resulting in the development of microfluidic systems without inte-
grated membranes or hydrogels.

Eliminating air bubbles in microfluid systems is an increasingly covered topic in the
scientific literature. Components such as trapping or venting are often integrated into
chips, enabling a bubble-free system [20]. Zaho et al. have developed a novel and
promising system in this regard. They constructed hydrophilic channel openings with
a superhydrophobic surface on the outside. Due to the small distance between the two
treated channels, a non-leaking liquid column can be formed, which makes it possible
to filter out any air bubbles in the system [20].

This complex but seemingly effective method could bring forth the necessary results
in our system thus permitting to perform cell culture-specific experiments bubble-free.
This method would certainly be an asset, especially concerning a circulatory system
driven by a self-developed pump system. The low oxygen permeability is another con-
sideration in thermoplastic microfluid systems [3]. Ongaro et al. and our findings have
shown that cells in a closed system tend to die after only a few hours [3]. Consequently,
the establishment of a system in which O2 and CO:2 enriched medium constantly sup-
plies the cells is essential for long-term cultivation.

To address this need, we developed a straightforward and cost-effective programma-
ble pump system operated by a microcontroller. Conventional pump systems, primarily
used for microfluidic applications, are often bulky and very expensive. Here, reproduc-
ibility, easy handling and a cost-effective alternative to expensive laboratory equipment
played a future-oriented role in our decision.

Utilising our self-developed pump system, we were able to precisely configure the nec-
essary flow rate to achieve a complete exchange within 24 hours, thus ensuring con-
stant cultivation for over two days. Our system was designed to utilise syringes from
1-ml up to 5-ml. However, a limiting factor was the low volume of the syringes and the
flow rate. Employing syringes above 5-ml would flush out cells and spheroids from the
microfluidic chamber due to the prevailing forces. Additional experiments would need
to be carried out to determine whether the flow rate could be further reduced, resulting
in the extension of the cultivation period.

Due to the difficulty of eliminating air bubbles within the microfluidic chip, the concept
of an integrated hydrogel within the chip was abandoned. Instead, an attempt was

made to establish a 2D-cell culture approach on cellophane substrate within the chip.
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The favourable cell-specific properties enabled an experiment, where single cells were
injected into the chip and proliferation on the cellophane foil was attempted.

However, no meaningful outcome could be obtained due to the presence of contami-
nants that had accumulated on the foil, preventing the growth and proliferation of the
cells. Cultivation utilising the self-developed syringe pump was carried out over three
days, but only isolated cells were observable. To obtain valuable results, further ex-
periments had to be carried out in a consistent manner and the contaminants need to
be reduced to a minimum.

Nonetheless, these initial experiments highlight that the development and discovery of
these innovations headed into the right direction. These accomplishments represent

significant progress in the field of microfluidic systems development.
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Conclusion

Hydrogels and microfluidic systems are increasingly employed in cell-specific proce-
dures, benefitting from the continuous advancement in additive manufacturing tech-
niques, thereby enabling the creation of even more complex structures. Given the
widespread availability of affordable printers, resins, and filaments, a rapid and fruitful
progress in this field is anticipated. Notably, simplicity, rapid production, and cost-ef-
fectiveness are key factors ensuring the facilitation of prototyping and this advance-
ment.

In this master’s thesis, it could be demonstrated that low-cost hydrogels can be easily
manufactured from polyethylene glycol diacrylate (PEGDA) and can be successfully
applied to perform cell culture experiments to characterize osteogenic development.
These hydrogels can be altered to suit various cellular analytical applications as
needed.

Materials suitable for constructing microfluid systems have been explored, including
substances that may present a sustainable alternative to fossil-based products in cell
culture. The deployment of plasma-treated cellophane has the potential to set new
standards in 2D cell culture and could potentially replace polystyrene in the future.
Based on these findings, a microfluid system could be developed, enabling conven-
tional 2D cell culture over multiple days. A self-designed pumping system continuously
supplied the necessary nutrients to the system, and the transparency of the cellophane
allowed microscopic monitoring. However, unidentified factors hindered proliferation,
calling for further trials including error analysis and future adjustments. This compila-
tion of materials, methods, and techniques could become an essential instrument in
research, as they cover a wide range of applications and may simulate in vivo-like

environments.
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8. Supplementary Protocol

8.1 List of Abbreviations

AM Additive Manufacturing

LOC Lab-On-Chip

PEGDA Polyetylene glycole diacrylate

HA Hydroxyapatite

PDMS Polydimethylsiloxane

PMMA Polymethyl methacrylate

coc Cycloolefin copolymer

PS Polystyrene

PLA Polylactide

Cellophane Cellulose hydrate

Teflon Polytetrafuorethylene

hFOB human fetal osteoblast

HET-CAM hen's egg test chorioallantoic membrane
ALP Alkaline Phosphate

ALB Alkaline Phosphate Buffer
NBT/BCIP Nitro blue tetrazolium/ 5-bromo-4-chloro-3-indolyl-phosphate
Pi inorganic phosphate

PPi inorganic pyrophosphate

X0 Xylenol Orange

Wnt Wingless Int-1

BMP2 Bone Morphogenetic Protein 2
FGF Fibroblast Growth Factor
TGF-beta Ttransforming Growth Factor beta
DMEM/F12 Dulbecco's Modified Eagle Medium/Nutrient Mixture F-12
PBS Phosphate Buffer Saline

EDTA Ethylenediaminetetraacetic acid
EtOH Ethanol

PFA Parafomraldehyde

SLA Stereolithography

MW Molecular Weigth

CAD Computer-Aided Design

8.2 Arduino Code

#include <Wire.h>
#include <Adafruit_SSD1306.h>
#include <Stepper.h>

#define OLED_RESET 4
Adafruit_SSD1306 display(OLED_RESET);

dirPin = 31;




stepPin = 32;

selectButton1 = 1;
selectButton2 = 2;
selectButton3 = 3;
selectButton4 = 4;
backButton = 5;

fastreverseButton = 23;
slowreverseButton = 22;
fastforwardButton = 15;
slowforwardButton = 14;

setup() {

pinMode(stepPin, OUTPUT);
pinMode(dirPin, OUTPUT);

Serial.begin(9600);

Wire.begin();

display.begin(SSD1306_SWITCHCAPVCC, 0x3C);
display.display();
delay(2000);

pinMode(selectButton1, INPUT_PULLUP);
pinMode(selectButton2, INPUT_PULLUP);
pinMode(selectButton3, INPUT_PULLUP)
pinMode(selectButton4, INPUT_PULLUP)

pinMode(backButton, INPUT_PULLUP);

pinMode(fastforwardButton, INPUT_PULLUP);
pinMode(slowforwardButton, INPUT_PULLUP);
pinMode(fastreverseButton, INPUT_PULLUP);
pinMode(slowreverseButton, INPUT_PULLUP);

updateMenu();

}
loop() {

if(!digitalRead(selectButton1)){
executeRunning1();




if(!digitalRead(selectButton2)){
executeRunning2();
move2();

}

if(!digitalRead(selectButton3)){
executeRunning3();
move3();

}

if(!digitalRead(selectButton4)){
executeRunning4();

move4();

}

if(!digitalRead(backButton)){
updateMenu();

}

buttonStatefastreverse = digitalRead(fastreverseButton);

if (buttonStatefastreverse == LOW) {
digitalWrite(dirPin, HIGH);
digitalWrite(stepPin, HIGH);
delay(2);
digitalWrite(stepPin, LOW);

}

buttonStateslowreverse = digitalRead(slowreverseButton);

if (buttonStateslowreverse == LOW) {
digitalWrite(dirPin, HIGH);
digitalWrite(stepPin, HIGH);
delay(40);
digital\Write(stepPin, LOW);

}
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119

120

121 buttonStatefastforward = digitalRead(fastforwardButton);
122

123 if (buttonStatefastforward == LOW) {
124  digitalWrite(dirPin, LOW);

125 digitalWrite(stepPin, HIGH);

126 delay(2);

127  digitalWrite(stepPin, LOW);

128 }

129

130

131

132 buttonStateslowforward = digitalRead(slowforwardButton);
133

134 if (buttonStateslowforward == LOW) {
135 digitalWrite(dirPin, LOW);

136 digitalWrite(stepPin, HIGH);

137  delay(40);

138 digitalWrite(stepPin, LOW);

139 }

140}

141 updateMenu(){

142 display.clearDisplay();

143 display.setTextSize(1);

144 display.setTextColor(WHITE);

145 display.setCursor(0,0);

146 display.printin("Flow rate 1 ul/min");
147 display.setCursor(0,8);

148 display.printin("Flow rate 2 ul/min");
149 display.setCursor(0,16);

150 display.printin("Flow rate 5 ul/min");
151 display.setCursor(0,24);

152 display.printin("Program");

153 display.display();

154}

155 executeRunning1(){

156 display.clearDisplay();

157 display.setTextSize(1);

158 display.setTextColor(WHITE);

159 display.setCursor(0,0);

160 display.printin"RUNNING 1");
161 display.setCursor(0,8);

162 display.printin(" 1 ul/min");

163 display.setCursor(0,16);

164 display.printin(" 60 ul/h");

165 display.setCursor(0,24);

166 display.printin("1440 ul/d");

167 display.display();

168 }

169




216
217
218
219
220
221

executeRunning2(){
display.clearDisplay();
display.setTextSize(1);
display.setTextColor(WHITE);
display.setCursor(0,0);
display.printn"RUNNIN G 2");
display.setCursor(0,8);
display.printin(" 2 ul/min");
display.setCursor(0,16);
display.printin(" 120 ul/h");
display.setCursor(0,24);
display.println("2880 ul/d");
display.display();

executeRunning3(){
display.clearDisplay();
display.setTextSize(1);
display.setTextColor(WHITE);
display.setCursor(0,0);
display.printin"RUNNIN G 3");
display.setCursor(0,8);
display.printin(" 5 ul/min");

display.setCursor(0,16);
display.printin(" 300 ul/h");
display.setCursor(0,24);

display.printin("7200 ul/d");
display.display();

executeRunning4(){
display.clearDisplay();
display.setTextSize(1);
display.setTextColor(WHITE);
display.setCursor(0,0);
display.printin("RUN N | N G");
display.setCursor(0,8);
display.printin("P RO G R A M");
display.setCursor(0,16);
display.printin("3,6 ml/day for 24h");

display.display();

move1() {
while (true){
if(!digitalRead(backButton)){
updateMenu();
break;

}
digital\Write(dirPin, HIGH);




digitalWrite(stepPin, HIGH);
delay(3340);

digitalWrite(stepPin, LOW);

while (true){
if(!digitalRead(backButton)){
updateMenu();
break;
}
digitalWrite(dirPin, HIGH);
digital\Write(stepPin, HIGH);
delay(417);
digitalWrite(stepPin, LOW);

while (true){
if(!digitalRead(backButton)){
updateMenu();
break;
}
digitalWrite(dirPin, LOW);
digitalWrite(stepPin, HIGH);
delay(167);
digitalWrite(stepPin, LOW);

start_time = millis();

while (millis() - start_time < 8.6E7) {

if (IdigitalRead(backButton)) {
updateMenu();
return;

}
digitalWrite(dirPin, HIGH);

digital\Write(stepPin, HIGH);

delay(1670);
digital\Write(stepPin, LOW);




271 }

272 updateMenu();
273}

8.3

Preparation of Alkaline Phosphate Buffer (APB)

Alkaline Phosphate Buffer (APB)

100mM Tris (hydroxymethyl)aminomethane (Tris) ph 9,5

50mM Magnesium Chloride (MgCl,)

100mM Sodiumchloride (NaCl)

0,1 % Tween 20

8.4  List of parts for syringe pump manufacturing
Product name Manufac- Seller Pieces Price €
turer
Stepper-Driver WIMY A4988 WIMY Amazon 1 2,03
Teensy 4.1 Mikrocontroller PJRC Conrad 1 51,99
Nema 17 Steppermotor 0,9° 2,4A Joy-it Conrad 1 31,99
Fine Hex Adjuster 1/4"-80, 4" long, F2555400 Thorlabs 1 4,85
Ii(;lclljl_g(g)lPIZg's;);f)r Bronze Bushing with Nut Thorlabs 1 10,22
Universal Coupling Body Technobots 3,91
Copper Clad Stripboard 160x100mm Conrad 4,79
Screws M3x50 Conrad 3 13,47
Screws M3x25 Conrad 4 0,4
Muttern M3 Conrad 12 0,5
Micro-USB Cable Conrad 1 2,99
Power Supply 19V Conrad 1 24,99
Silver Steel 6mm x 333mm Technobots 4 14,22
Zinc Collets 6mm pk/4 Technobots 12 6,63
Bearing LM6UU 6mm Bushing Technobots 4 3,36
PMMA Plate 2 5
OLED 0,96 Zoll AZDelivery |Conrad 1 7,99
Miniatur Taster Youmile Conrad 9 1,98
Socket Board 1pol 16row Conrad 4 13,74
Total: 205,05
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