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1.1 General aspects of in vitro models

In vitro models are an integral part to study human development and investigate
emergence of diseases.’? Furthermore they play a central role in the process of drug
development and are used to evaluate safety and efficacy of drug candidates.®* To
enhance the reliability of preclinical studies and overcome predictive and ethical

issues concerning animal models, highly functional in vitro models are needed.’



4 1.1. General aspects of in vitro models

1.1.1 Cells

Cells are the most important element for the construction of reliable in wvitro
models. An American biologist and anatomist and a pioneer in experimental
embryology, Ross Granville Harrison was the first to report on the culture of
animal cells outside the living organism by culturing embryonic neurons from
frogs.® Since then, culture of innumerable mammalian and non-mammalian cells
has been established, which can be distinguished between mortal and immortal
depending on their origin and lifetime.”

Tumor-derived cell lines have the capacity for almost unlimited growth and are
easy to culture.” Due to their origin, they are a valuable tool for cancer models®
and despite alterations in their metabolism and functionality, also for other in vitro
models.? To overcome the limited in vivo-like functionality of tumor-derived cell
lines, adult somatic cells can be immortalized by delaying or abolishing cellular
senescence.'? This can be achieved by e.g., transfecting the cells to enable expression
of human telomerase reverse transcriptase (WTERT). The hTERT-immortalized
cells have shown extended lifespan with only few karyotypic changes compared
to native cells,!! even though several studies have reported on their impaired
cellular functionality.'? !4

Primary cells are isolated from embryonic or adult tissues and exhibit higher
cellular functionality than immortalized cells.!® Nevertheless, their use is limited by
the availability of (healthy) donor material and primary culture usually requires
complex and costly supplementation.!

As an alternative to primary cells, induced pluripotent stem cells (iPSCs) were
first reported by Takahashi and Yamanaka in 2006.!” To generate iPSCs, adult

18 including hair (keratinocytes), urine (heterogeneous

cells from varying sources,
cell population), umbilical cord or peripheral blood are dedifferentiated by the
aid of transcription factors (Oct3/4, Sox2, KIf4 and c-Myc).!” They can then be
again differentiated into various cell types other or identical to the progenitor

cell type. The minimally-invasive harvest and quasi unlimited availability of the

progenitor cells makes iPSCs a promising cell model system,!®?? although their
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culture is more complex compared to cancerous cells, their lifespan is limited and

sufficient differentiation is needed.?!

1.1.2 2D in wvitro models

In general, simple 2-dimensional (2D) in vitro models are based on the monoculture of
cells on 2D-culture substrates (Figure 1.1). These are for example commonly used for
the assessment of compound toxicity or permeability in high throughput screenings.??

Immortalized human colorectal adenocarcinoma cells (Caco-2) have been the
most extensively used model in the field of drug transport, bioavailability, as well as
adsorption and absorption,?® whereas studies on hepatotoxicity are usually conducted
with primary human hepatocytes and immortalized HepaRG™ cells.?* Nevertheless,
it is well known that data obtained from 2D in vitro models comprising only a single
cell type are difficult to interpret and transfer in context of in vivo applications.?’
Thus, in the last decades great efforts have been made to circumvent these limitations
by development of reliable in vitro models with increased physiological relevance.?

1.2 Refinement of in vitro models by increasing
structural and compositional complexity

Reliable in vitro models require functional cells that can maintain their in vivo
behavior or mimic it as close as possible. To achieve this, recreating the cellular
micro- and macroenvironment is of utmost importance.?6:2" This includes the
implementation of biochemical factors by enabling cellular crosstalk?® as well moving
from flat 2D surfaces to 3D architectures.?? Additionally, the cell culture conditions
implementing physical cues or even the combination of the aforementioned factors

can remarkably refine the in vitro models.3°

1.2.1 Intercellular crosstalk

1.2.1.1 Principle

Cellular communication can involve direct or indirect pathways including biome-

chanical and biochemical signaling.?! Biomechanical intercellular signaling occurs,
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once cells come into direct contact with each other. Under in wvitro conditions, many
cells show contact inhibition by e.g., a reduction of proliferation when reaching
confluency.?? This also plays a fundamental role in the in vivo organization and
maintenance of tissues.?® The functionality of endothelial and epithelial tissue
barriers usually depends on the formation of firm cellular junctions* where
intercellular contact is initiated via adherens junctions composed of cadherins
and catenins and results in the formation of tight junctions involving occludins and
claudins.?® These resulting cellular junctions control the paracellular transport of the
tissue barrier and can add intercellular biomechanical triggers to cells comparable
to cell-substrate interactions, which downstream results in e.g., reorganization
and polarization of cells, a process called mechanotransduction.?® Furthermore,
a direct exchange of small molecules, such as ions or metabolites,?” is facilitated

by the formation of intercellular channels by connexin family proteins, called

gap junctions.>

A) Monoculture B) Direct co-culture
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Figure 1.1: (a) Monoculture of a single cell type, (b) direct co-culture and (c) indirect
co-culture with separated cells. Reprinted under a Creative Common Licence (CC BY-NC
4.0) from reference.?”

Unlike the direct cell contact, indirect intercellular communication is accom-
plished via the secretion of bioactive signaling molecules that can be recognized

via receptor-ligand-interaction and are translated into biochemical signals (au-
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tocrine/paracrine signaling, Figure 1.1). Both the direct and indirect crosstalk play

an essential role in cellular functionality and tissue homeostasis.’

1.2.1.2 Integration into in wvitro models

The direct or indirect co-culture of different cell types integrates cellular crosstalk
into in vitro models, thereby increasing their functionality and accordingly refining
and enhancing obtained data in comparison to conventional monoculture.*! This
was demonstrated by Beduneau et al., who established a direct co-culture of Caco-2
and HT29-MTX cells on membranes, thereby reflecting the two main cell types of
the intestinal epithelium. The co-culture was closer mimicking the in vivo intestinal
barrier function compared to individual monocultures, as proven by transepithelial
electrical resistance measurements (TEER).*? As a further example, Edling et al.
established an in vitro model by the indirect co-culture of a monocytic cell line
(THP1) and an adherent hepatoma cell line (Huh-7) and thereby demonstrated
a higher sensitivity of both cell types in co-culture to troglitazone.*® This former
antidiabetic drug was withdrawn from the market by causing (in vitro undetected)
hepatotoxicity.** Despite the benefits of in vitro co-culture models compared to
monocultures, culturing cells on flat 2D surfaces remains problematic as cells interact
with their surrounding non-cellular matrix in addition to intercellular signaling.
Therefore, also the cell-matrix interactions are to be implemented in more advanced

3-dimensional (3D) in wvitro models.?

1.2.2 Cell-matrix interactions

The biophysical microenvironment has a major impact on cellular differentiation and
thus functionality.?® In their natural environment, cells are arranged as 3D structures

surrounded and supported by the tissue-dependent extracellular matrix (ECM).?

1.2.2.1 Structure and composition of the ECM

The ECM is a complex and dynamic hydrogel comprising a high content of
water, with secreted and membrane-bound structuring components, including

fibrous proteins (collagens, elastin), glycoproteins (laminins, fibronectins) as well as
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glycosaminoglycans (GAGs), such as hyaluronan (HA) and heparan sulfate (HS).%6
It creates a functional network with narrow composition and mechanical properties,

like stiffness and porosity, depending on its location.*”

1.2.2.2 Cell-matrix interactions

Cells are able to sense and translate mechanical cues from the surrounding matrix
to biochemical signals, which downstream affect various processes like proliferation,
apoptosis, migration, adhesion and differentiation.*® Therefore, cells need a mechan-
ical connection to the surrounding substrate, which is mainly established by the
formation of focal adhesions (FA). Initially, integrin heterodimers spanning the cell
membrane interact with ECM proteins such as collagen, laminin and fibronectin.
This interaction activates the integrins and initiates their clustering to form nascent
adhesions.*® Proteins like talin and vinculin connect cytoskeletal actin fibers to the
integrin clusters and thereby allow cellular mechanosensing, which is a complex
and multi-step process.?® The sensing of e.g., substrate stiffness can be illustrated
as the cells pulling and dragging on their surrounding or underlying substrate
through myosin-based contractility (Figure 1.2). Depending on the feedback, i.e.
the deformability of the substrate, a complex signal cascade is set in motion.?® In
the human body, the elastic modulus of tissues is ranging from 0.1-1 kPa (brain)
to 40 kPa (bone),’! while polystyrene as the most commonly used cell culture
substrate®? resides in unphysiological ranges of substrate stiffness from 2 to 4 GPa.
Engler et al. demonstrated the influence of the substrate stiffness on the cell fate by
showing a substrate elasticity-dependent neurogenic (brain), myogenic (muscle) and
osteogenic (bone) differentiation of mesenchymal stem cells (MSCs) on collagen-
coated polyacrylamide gels.?! There are different approaches to implement materials
with adjusted mechanical properties into in vitro models, including embedding the

cells into a hydrogel or seeding them on pre-fabricated and shaped porous scaffolds.*
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Figure 1.2: (a) Structur of extracellular matrix and (b) cellular sensing of substrate
stiffness. (a) Reprinted under a Creative Common Licence (CC BY 4.0) from reference®
and (b) adapted and reprinted with permission from reference.>

1.2.3 Hydrogels to proceed from 2D to 3D

In 1992, Petersen and Bissell were the first to report on human breast epithelial
cells regaining their structural and functional phenotype when embedded into a 3D,
ECM-based matrix.?”*® Since then, a variety of materials including nature-derived
biomaterials and synthetic materials have been developed to enable cell-cell and

cell-matrix interactions through embedding (Figure 1.3).5

Hydrogels Formed cell cluster or
organoid (depending on
Crosslinking of pre- cell type and hydrogel)
hydrogel (e.g., photo-
or enzymatic
crosslinking)

Cell proliferation and
rearrangement

PG = okt
(i) Mixing of cells with (ii) Cell-laden hydrogel
pre-hydrogel cell-laden hydrogel ™

(iii) Matured

Figure 1.3: Illustration of cellular embedding to yield 3D hydrogel constructs. Adapted
and reprinted under a Creative Common Licence (CC BY 4.0) from reference.>*
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1.2.3.1 Biomaterials

The most commonly used bio-derived hydrogel is Matrigel™. It is derived from a
murine tumor that extensively produces ECM-proteins, with laminin and collagen
IV as the main structuring components.®® Due to its origin, the composition of
Matrigel™ is complex, varies from batch to batch and comprises cancer-derived
proteins with potential tumorigenicity.®! Nevertheless, it is commonly used to main-
tain undifferentiated stem cells®® and for in vitro tube-formation assays of human
umbilical vein endothelial cells (HUVECs) to study angiogenesis.®® Alternative
biomaterials with more reliable compositions include purified ECM% or blood
plasma proteins.® The advantages of biomaterials for 3D in vitro models reside
in their intrinsic biocompatibility and cell-adhesiveness, while their compositional

and mechanical variations and high costs limit their application.5%-67

1.2.3.2 Synthetic hydrogels

Synthetic hydrogels used for in vitro models offer precise control of mechanical
properties with defined structures and compositions.®®* ™ One of the first synthetic
materials for cell culture was polyacrylamide, which is commonly synthesized via
free radical polymerization with bis-acrylamide and is still widely used today. The
elasticity of polyacrylamide gels can be adjusted within a broad range (200 Pa-
40 kPa), but cell-adhesion is only achieved via modification by e.g., introducing
RGD-peptides.™ Polyethylene glycol (PEG) is another commonly used synthetic
hydrogel, which also needs modification to enable cell adhesion. Nevertheless, its
synthesis and post-modification are well established and defined and its low costs

additionally contribute to its broad application in biomedical hydrogels.”"

1.2.4 Scaffolds to generate in vivo inspired 3D structures

To provide cells with a biomimicking 3D environment, whole organs can be
decellularized and recellularized to serve as scaffolds for the seeded cells. Detergents

like sodium-dodecyl-sulfate (SDS) and Triton-X 100 are commonly used to remove

74

cells from organs of different origins,” at best leaving behind a scaffold only
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comprising native ECM-compounds. This scaffold can be then repopulated with
cells of choice. The de- and recellularization approach is usually applied the field
of regenerative medicine,” but has been also used to investigate drug delivery
or as disease models to study pathogenesis.”® ™ However, due to restrictions
in availability and scale of decellularized ECM (dECM) for high through-put
studies, scaffolds for in wvitro models are commonly manufactured from bio- or
synthetic materials, populated with cells (Figure 1.4) and thus®® implementing

3-dimensionality into in wvitro models.™

Porous scaffolds 4 ©® ©

~— Maturation
Cell proliferation and
rearrangement

Cell seeding

(i) Preparation of porous (ii) Attachment of

scaffold (e.g., by cells onto (iii) Mat:l:ﬁﬂ;caffold r
electrospinning) the given scaffold )

Figure 1.4: ITllustration of porous scaffolds to enable shaped three-dimensionality to in
vitro models. Adapted and reprinted under a Creative Common Licence (CC BY 4.0)
from reference.>*

1.2.4.1 Manufacturing of scaffolds for tissue models

Scaffolds for the fabrication of in vitro models have certain requirements, including
biocompatibility, narrow mechanical properties and a high porosity to enable
nutrient diffusion as well as removal of metabolic waste.”™ 8!

Conventional techniques

Conventional techniques to generate porous scaffolds from bio- or synthetic materials
include e.g., salt-leaching and freeze-drying methods.®? In the salt-leaching, the
solvent in a salt-containing polymer solution is evaporated, leaving behind a poly-
mer/salt composite, from where the salt is further extracted with water. This method
was successfully applied to generate scaffolds with up to 93% porosity.8! In the
freeze-drying (also called lyophilization), freezing of the polymer solution generates
solvent crystals that are subsequently removed under vacuum via sublimation,

leaving polymer scaffolds with up to 99% porosity.5?
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Advanced techniques
Even though the conventional manufacturing techniques are simple and of low cost,
they suffer from poor control over the pore architecture. With more advanced
techniques, the pore size and shape can be better adjusted to result in well-defined
scaffold structures. In the electrospinning process, an electric field between a
nozzle and a collector is generated by subjection to high voltage. A polymer
solution is dispensed through the nozzle, creating a fine jet that solidifies by solvent
evaporation.®* This results in a mesh-like anisotropic or isotropic structure with
variable thickness and fiber-diameters ranging from nano- to micrometers.%%
Another advanced and more recent way to manufacture well-defined porous
scaffolds is 3D printing via different principles. For example, in fused deposition
modeling, the filamented material is fed through a heated nozzle, forming pattern on
a build platform in a layer-by-layer manner. In vat photopolymerization, including
stereolithography (SLA) and digital light processing (DLP), liquid resins that contain

photocrosslinkable monomers or polymers and a radical-forming photoinitiator form

solid crosslinked layers upon light irradiation (Figure 1.5).57

A) Syringe pump B) Movable platfrom

---------- >

. 3D structure
Resin

Collector m -
[ Light source
%@ CAD model

Figure 1.5: Manufacturing of scaffolds for in wvitro models. Ilustration of (a)
electrospinning and (b) DLP-based 3D printing. (a) Adapted and reprinted under
a Creative Common Licence (CC BY 4.0) from reference.®8

Materials
Like the conventional methods, all the advanced methods are able to generate scaf-

folds from both biological and synthetic materials as well as their blends. It is often
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assumed that nature-derived biomaterials lack the necessary mechanical properties
to yield well-defined scaffolds. A few studies have shown the feasibility of chemically
modified biobased materials including alginate and HA,* as well as functionalized
methacryloyl gelatin.”® However, in direct comparison with synthetic polymers,
lower shape integrities are observed.”! The synthetic materials for hydrogels have
the advantage of being tunable and well defined, but they commonly lack cell
adhesive properties and therefore often require additional surface modification or
functionalization. For hard tissue engineering, hydrophobic, mechanically stronger
polymers, such as poly(L-lactic acid) (PLLA) and polycaprolactone (PCL) are
commonly used instead of hydrogels.”?% The use of blends of two material types can
eliminate the corresponding disadvantages of the other, as previously demonstrated
((dECM/PCL)% and (polysaccharide/PCL)% or (alginate/PEG)%).

With the aforementioned materials and fabrication methods, a wide range of
3D in witro tissue models with varying structures and different levels of complexity
can be generated. However, all of these models share a common feature: They are
based on scaffolds that are populated with cells derived from single cell suspensions.
The standard method to subculture and seed cells into the scaffolds relies on use
of enzymes that via proteolytic activity disrupt cell-cell and cell-matrix junctions,
including already produced ECM.% Non-enzymatic alternatives, such as a solution

9798 and mechanical treatment by the

of chelating agents in combination with salts
application of acoustic pressure/ultrasound,” exist, but they are rarely applied

and still disrupt the cell-cell junctions.

1.2.5 Thermoresponsive polymers for cell culture

Another enzyme-free and non-invasive approach to detach single cells as well
as confluent cellular monolayers, known as cell sheets, is based on using surfaces
coated with trigger-responsive polymers.'% To facilitate cellular detachment, trigger-
responsive systems need to switch from a cell-adherent to a cell-repellent state
provoked by an external factor, which can be diverse and includes e.g., the exposition

to light'®! or a change in pH.1*>19 However, the most commonly used responsive
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polymers to detach cells from surfaces are triggered via thermal changes, so-called

thermoresponsive polymers.100:104

1.2.5.1 General aspects

The principle of thermoresponsive polymers lies in their solubility change upon

105 The homogeneous polymer /solvent system undergoes a

changing temperature.
transformation into a heterogeneous two-phase system by segregation of the polymer
and solvent; the specific temperature at which this phase transition occurs is referred
to as the phase transition or cloud point temperature (TCP) (Figure 1.6). The
TCP of a thermoresponsive polymer can be defined by adjusting its composition
and molecular weight, and it furthermore depends on its concentration (weight or
volume fraction) and the solvent system.!?® To be applied in cell culture processes,
the TCP needs to be in a physiological temperature range, ideally above room-
temperature and below 37 °C.?6 Thermoresponsive surface coatings can be prepared
in different ways, including grafting the polymer from the surface via polymerization

(grafting-from) and grafting of synthesized polymers to the surface (grafting-to).7

1.2.5.2 Common thermoresponsive polymers for cell culture application

Poly(N-isopropylacrylamide)
The best characterized and most widely used polymer for cell detachment is poly(N-
isopropylacrylamide) (PNIPAM) (Figure 1.6). First published by Yamada et al.,'%®

it was successfully applied to detach cells from different origins, including endothelial

109 110

cells™ and epithelial cells"™” and is commercially distributed in various formats
under the trademark Nunc™. The TCP of PNIPAM is approximately 32 °C, and
remains mostly unaffected by molecular weight.!'! Thermoresponsive coatings of
PNIPAM are usually generated from aqueous polymer solutions via electron beam
irradiation, which results in the formation of polymer gels.*!? Besides the requirement
of costly equipment,'!3 this grafting-from approach is rather uncontrolled and leads

to a gel-like polymerization with unpredictable configuration.'!* This, along with
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15 and need for additional surface coatings with ECM-

biocompatibility concerns
compounds,''® has motivated the development of alternative thermoresponsive

polymers for the use in cell culture.

Poly(glycidyl ethers)

Thermoresponsive poly(glycidyl ethers) (PGE) copolymerized from glycidyl methyl
ether (GME) and ethyl glycidyl ether (EGE) monomers were first described as
surface coatings for cell culture by Weinhart et al. in 2010 (Figure 1.6).% By
introducing a hydrophobic photoreactive anchor block including benzophenone,
the polymer can be adsorbed to bare polystyrene, a process called physisorption,
and immobilized via UV-irradiation.''” This grafting-to approach yields highly
reproducible and defined thermoresponsive coatings. The TCP as well as layer
thickness and other parameters can be precisely controlled by e.g., the polymers’
molecular weight and co-monomer ratios.!'® PGE-coated surfaces have shown
excellent cell-adhesive properties without additional precoating and have been
successfully implemented to culture and detach cells of various origins, including

fibroblasts, smooth muscle cells (SMCs) and endothelial cells.'

A) B)
T
PNIPAM PGE
two phases (
(0]
Br{/\[opo O}H
phase transition 07 NH CI)X Yoo *

(0]

homogeneous phase
) (0]
0 weight fraction 1

Figure 1.6: (a) Illustration of phase transition and TCP in a phase diagram and (b)
examples of thermoresponsive polymers.

1.2.5.3 Development of 3D in vitro models utilizing cell sheets

Intact cell sheets harvested from thermoresponsive polymers enable the construction
of both scaffold-based and scaffold-free in vitro models.'?%12! Due to their fragility,

the application of single cell sheets is mainly restricted to regenerative medicine
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in the form of transplantation as shown with human corneal endothelial cells'??

and primary hepatocytes.!?® Only a few studies utilized single cell sheets for the
construction of in witro models. Sekine et al. investigated the differentiation of cell
sheets obtained from human endometrial gland-derived mesenchymal stem cells
(MSCs) into chondrocytes. Even though harvested as a single sheet, the cellular

layers had a multilayered appearance due to cellular contraction.!?*

Stacking as a scaffold-free approach

An increased stability of the cell sheets can be obtained by stacking several cell sheets
to yield 3D models or by combining harvested cell sheets with a supporting scaffold.
Tsuda et al. constructed a multilayered model including human dermal fibroblasts
(HDFs) and HUVECs and demonstrated the formation of vessel-like vascular
structures.'?® Additionally, the endothelial migration of HUVECs into multilayered

human skeletal muscle myoblast constructs was investigated by Ngo et al.'?¢

Wrapping as a scaffold-based approach

The combination of cell sheets with scaffolds can be addressed by rolling or
wrapping the sheets around a pre-shaped 3D construct. Kubo et al. reported
on the construction of an advanced in vitro heart model by wrapping sheets of
neonatal rat ventricular cardiomyocytes around a fibrinogen-based tubular scaffold
and demonstrated dense cell layers with synchronized pulsation.'?” Furthermore, a
blood vessel mimic comprising primary human aortic smooth muscle cells wrapped
around an electrospun PCL-scaffold was proposed by Rayatpisheh et al.'?® The
aforementioned methods demonstrate the capacity to generate advanced 3D in vitro
models with higher functionality compared to conventional 2D models. Nevertheless,
the implementation of external biophysical triggers remains to be included, providing

in vitro tissue models with a further refinement.
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1.3 The transition from static to dynamic cell
culture

Cells in multicellular organisms are permanently exposed to external and internal
mechanical forces and stress.?Y These external biophysical triggers influence cell
fate and are essential for tissue functionality and development.!?® The mechanical
stimuli can arise from various origins, including e.g., the (cyclic) compression and

tension of cellular substrate and fluid flow-derived shear stress as well as osmotic

130 131

pressure gradients™® or hydrostatic fluid pressure.’”" In addition, selected cells

132,133 30,134

such as muscle cells or contractile fibroblasts are capable of generating

intrinsic contractile forces.

1.3.1 General aspects of stress and strain

Stress is defined as the ratio of applied force to the cross-sectional area of the material
and is usually reported in Pa (N m™?) or dyn cm™ (equivalent to 1 x 10" Pa). Cells
can experience two different types of stress, with the force acting perpendicular to
the surface (normal stress) or parallel to it (shear stress). The latter occurs from
fluid motions parallel to the cellular surface, causing a flow-derived wall shear stress
(WSS). Strain, on the other hand, is defined as the change in length of an object
relative to its initial state and is therefore dimensionless. Cells are facing strain by

the compression and tension of their surrounding ECM /matrix (Figure 1.7).1%

Shear Stress
——

—_—
[ Strain — IE

Figure 1.7: Illustration of stress and strain.

|

1.3.2 Stress and strain in vivo

Fluid flow-derived shear stress is often associated with blood flow in the vascular
system, but also occurs in the lung, kidney, lymphatic system and the intestine with

varying magnitudes. Endothelial cells lining all vascular vessels are subjected to
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varying shear stress depending on their location and vessel-type, ranging from 1 up

2

to 70 dyn em™ in venous and arterial vascular networks, respectively.'3¢ Air-facing

epithelial cells in the lung are exposed to approximately 0.5-3 dyn cm™,'37 whereas
epithelial cells in kidneys are facing approximately 0.1-1 dyn cm™ depending on

138 Tngested and digested fluids cause even lower

the glomerular filtration rate.
shear with dimensions about 0.002-0.08 dyn cm™.13° Furthermore, interstitial flow,
which is slow travel of liquid through ECM is estimated to be in a range of several
10 dyn cm™.140 Substrate strain primarily occurs in the lung and is estimated to
range from 1-5% for alveolar epithelial cells at rest,'*! but it also appears in the
gut'*? and to a small extend in blood vessels.'*3 Besides stress and strain, cells are

44

subjected to other physical cues, including hydrostatic pressure in capillaries'** and

the lymphatic system!®! as well as osmotic pressure in renal collecting tubules.!4?

1.3.3 Cellular mechanosensing of stress and strain

According to the mechanism of sensing mechanical properties of cell-matrices,
the cellular mechanosensing of fluid flow involves complex processes and has not
yet been fully deciphered. Glycocalyx components, directly or indirectly coupled
with the cytoskeleton, were identified as mechanosensors of endothelial cells. The
enzymatic removal of cellular HS or HA is causing a loss of shear-induced HUVEC

146,147 wwhich typically protects the cells and maintains

alignment and elongation,
endothelial barrier function.'?® In contrast, kidney epithelial cells comprise hair-like
projections of the cell surface, known as primary cilia, which sense external flow
by bending.'*®49 Up to now, intestinal mechanosensing is barely understood and

mechanisms as well as sensors remain unidentified.®®

1.3.4 Implementation of dynamic culture conditions into
in vitro models

1.3.4.1 Early examples of stress and strain in cell culture

The culture of cells in the presence of physical stimuli has found its early application.

Krueger et al. demonstrated the effect of fluid flow-derived shear stress (FFS) in a
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parallel plate flow setup, applying 10 to 10 dyn cm™ on madin darby bovine kidney
cells and by subsequently observing alterations in their morphology and migration.>!
In 1985, Banes et al. showed that cyclic stress by only 0.13% compression of
plastic substrate generated with vacuum affected the actin and tubulin synthesis in
primary cells from chicken tendons.!®? The vacuum principle to generate substrate
strain is widely applied in various formats and models. The substrate can either
be membranes comprising barrier functions or bulk materials without barrier
function. For both, polydimethylsiloxane (PDMS) material is often applied, with

153,154

thicknesses ranging from tens of micrometers up to millimeter-scale, and

stretching frequencies and resulting strains up to 5 Hz and 60%, respectively.1?5:1%6

1.3.4.2 Pumps to generate fluid flow

The fluid flow in cell culture can be generated in different ways. Gravity-, surface
tension- and osmosis-driven pumps are passive examples, which are easy to im-
plement and of low costs, although they usually suffer from either low flow rates,
short operating times or inconstant flow patterns.'®” For continuous cell culture
under laminar flow conditions, active fluid transport is required. Syringe pumps
are convenient in their implementation and operation, but they usually allow only

%% and thus without conditioning of cell

open flow circuits without recirculation?
culture medium. Unlike the syringe pumps, peristaltic pumps allow recirculation
of the media,'® and their non-invasive pump principle prevents a direct contact

of the pump with liquid to be transferred.'®®

1.3.4.3 Microfluidic devices

Many groups have developed different microfluidic systems, commonly referred

to as “lab-on-a-chip” or “organ-on-a-chip” systems with channel-dimension in

161

micrometer-sizes.'® There, the fluid flow is generated via syringe pumps'®® as well

1159,162 1163 (

as externa and interna “on chip”) peristaltic pumps. The numerous
advantages of microfluidic system include for example their small scale, low required
cell number, precise control over the flow conditions and other process parameters,

as well as advanced structural complexity by the implementation of different cell
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compartments and additional physical cues.!%315 However, the use of microfluidic
systems is still difficult to standardize, and most platforms include or are even com-
pletely made of PDMS, which may interfere with study design due to its hydrophobic
adsorption and absorption.!%® Additionally, manufacturing of microfluidic devices

involves complex manufacturing procedures and requires expensive equipment.'67

1.3.4.4 Millifluidic devices

Millifluidic devices, which are typically easier to handle and allow rapid prototyping
and manufacturing, are a valuable alternative to the microfluidics and enable the
use of standard cell culture substrates. They provide an accessible and easily
customizable system to apply shear forces to cells and thereby generate advanced

in wvitro tissue models.

Commercially available milllifluidic devices

Quasi-Vivo is a commercially available system from Kirkstall (York, UK) comprising
different designs of “bioreactor systems” for various applications, including dynamic
culture of cell-populated scaffolds or single and double-circuit flow on or through.!%®
Nithiananthan et al. studied physiological flow conditions (3.61 x 10 dyn cm™2)
on oral and dermal fibroblasts and demonstrated their enhanced differentiation
as judged by immunofluorescent staining and mRNA-levels of selected markers.'%
Additionally, Miranda-Azpiazu et al. created a co-culture system including human
brain primary endothelial cells, pericytes and astrocytes to investigate individual
functionality of cells comprising the blood-brain barrier under flow conditions of
2 x 107 dyn cm2.1"° Unfortunately, characterization of the system via computational
fluid dynamic (CFD) simulation revealed rather inhomogeneous flow conditions!"*172
and the setup could be reused a maximum of 3 times, according to manufacturer.
Ibidi (Gréfelfing, GER) offers various flow channels with well-defined geometries
and flow conditions in a standard microscope slide format, traded as p-slides. This
system can address various scientific questions and is widely used.'™ " However,

in addition to being solely for single use only, the chambers for high shear stress

are usually completely closed and open channels allow applications of only low
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shear stress, which limits their output. To overcome these limitations, convenient
culture chambers in a millifluidic format that can be used to apply shear stresses

on standard cell culture substrates are needed.

Material for the fabrication of millifluidic cell culture chambers and their
requirements

The main critical material properties for the fabrication of millifluidic cell culture
chambers, including their biocompatibility and mechanical properties, are similar
to those in the construction of 3D in witro models, but must fulfill different
requirements. Ideally, the cell culture chambers are reusable while withstanding
repeated sterilization processes like autoclaving and therefore need high mechanical
load capacity. Commonly used materials include glass and various plastics, such
as polycarbonate (PC), polypropylene or nylon 66 (polyamide, PA).163176.177 Tp
addition, to connect the culture chambers into a fluid flow circuit, materials for
tubing must be carefully selected (Section 3.1). The requirements for hoses are
diverse and mainly include abrasion resistance when operated in a peristaltic
9

pump'™ and gas permeability to enable sufficient supply of cells with oxygen.!”

Silicone is the most commonly used tubing material in biomedical research.!®

1.4 Where fluid flow meets cells

Cells possess numerous protective mechanisms to avoid damage from external and
internal factors. Epidermal melanin, for example, functions as a photoprotector
in the skin by adsorbing harmful UV irradiation.'® Accordingly, endothelial and
epithelial cells comprising cellular barriers and interfacing FFS need protection.!82183
Although this is widely known, these interfaces are often neglected in in wvitro
barrier models.!®* The following concluding section focuses on the cellular interfaces

where shear forces meet cells, with emphasis on the gastrointestinal (GI) mucus

and the endothelial glycocalyx.
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1.4.1 Mucus

Mucus is a highly dynamic hydrogel with up to 95% water content, which can be
found on every wet surface of epithelial cells in the human body,'®® including the
eyes,'®0 reproductive tract!®” as well as lung!®® and GI tract.'®® Dimension and
composition of the GI mucus varies according to its location, with membrane-bound
or secreted high molecular weight glycoproteins, mucins, representing its main
structural element. For a long time, only mechanical protection of the underlying
epithelium was functionally attributed to the GI mucus. Detailed investigations
revealed a variety of additional functions, such as hosting commensal bacteria
while simultaneously suppressing growth of pathogens.!'®® In vitro models cultured
under conventional static conditions are usually lacking mucus, or unphysiological

190,191

mucus thicknesses are reported. Especially intestinal in vitro models that are

used to evaluate the adsorption and reabsorption as well as pharmacokinetics of

drug candidates are usually comprising only Caco-2 cells that represent enterocytes

192

without being able to generate mucus."”* Even though it is known from literature

that dynamic culture conditions enhance mucus production,'® common mucus
models are still suffering from low thicknesses or require complex equipment to

achieve the desired mucus layer (Section 3.2).
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Figure 1.8: Illustration of the mucus structure in the (a) small intestine and (b) colon.
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1.4.2 Glycocalyx

The endothelial glycocalyx is a membrane bound, mesh-like hydrogel composed of
different glycoproteins, proteoglycans and GAGs.'®3 It interacts with circulating pro-
teins like albumin'®* and is modulated by fluid flow-induced surface shear stress.!?® It
comprises different vasculoprotective functions like the inhibition of coagulation!'%
and leukocyte adhesion under physiological conditions.'®” A loss of glycocalyx,
besides others, initiates the repair of damaged vascular vessels by enabling the
interaction of leukocytes and platelets.!%® The glycocalyx regulates the vascular
permeability by steric hinderance of substances as well as electrostatic repulsion
through its net-negative charge,'® and several glycocalyx components, such as

200202 PDye to its various important

HS and HA, are involved in mechanosensing.
functions, functional in vitro models mimicking the endothelial barrier require an

intact glycocalyx layer with in vivo like dimensions and composition (Section 3.3).
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Objectives

Conventional cell culture techniques, particularly 2D monoculture under static
conditions, are limited in their ability to generate physiologically relevant in

204 Tn fact, there is a need for

vitro models of endothelial and epithelial barriers.
reproducible and easily accessible ways to implement fluid flow using commercial
substrates which can enhance cellular functionality to overcome these limitations. A
convenient technical setup as well as easy-to-use, well-characterized and adaptable
cell culture chambers capable of applying native fluid shear stress would be highly

needed to improve the physiological relevancy of in wvitro cell culture studies.

Therefore, the overall aim of this thesis was to

1. build a versatile system for the application of physiological fluid-derived shear

stress to anchorage-dependent mammalian cells.

2. develop and characterize easy-to-use chambers for the dynamic culture of

mammalian cells on various substrates.

3. examine the influence of shear stress on human endothelial and epithelial cells

for the fabrication of advanced barrier models.

To achieve and implement these aims with meeting the aforementioned require-
ments, the first step includes the establishment of an economical and reliable
circuit to apply fluid flow in place, i.e., in the cell culture incubator. This
involves the generation of the flow and in particular the design, manufacturing,
and characterization of the cell culture chambers. For this purpose, suitability of

conventional and advanced manufacturing techniques for the fabrication of cell

25
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culture chambers for medium flow circuits will be compared in this thesis, including
particularly CNC-milling and 3D printing. The comparison includes evaluation of the
achievable chamber geometries and the processable materials. The requirements of
the material are comprehensive and range from general aspects like biocompatibility
to application-specific parameters, such as resistance to repeated sterilization or
optical transparency for imaging. Accordingly, common materials, such as glass
and thermoplastic polymers, as well as appropriate elastomeric materials for tubing
require careful selection and validation. This goes along with the design of the
culture chambers, which at best are reusable and allow cell culture on standardized
solid and membrane-comprising substrates. Depending on the system to be modeled,
the cell culture chambers can be evaluated in detail via mathematical approximations
and computational fluid dynamics with respect to their flow conditions as well as
the application of physiologically relevant shear forces. Iteratively, the chambers
will be functionally evolved with respect to the implementable substrate as well
as the biological output. Substrates could be, for example, simple microscope
slides that allow the application of shear forces on cells on solid substrates as
well as membrane-comprising cell-culture inserts for barrier models. From the
biological perspective, cell lines that are easy to handle and extensively studied
will be used to validate the selected materials and the whole circuit in ensemble.
Demonstrating first the capacity of dynamic culture to enhance the functionality of
these simple cell models will lay the foundation to proceed to more sophisticated
cell types, including primary and stem cell-derived differentiated cells. The setup
and consequently the models will successively be refined by enhancing the biological
output and including cellular crosstalk. Likewise, the use of hydrogels as well
as the combination of thermoresponsive surfaces with flow culture could be an
interesting approach towards 3-dimensionality, which has not yet been implemented.
For precise characterization of the dynamically grown cells, the establishment
of appropriate quantitative and qualitative methods is necessary. These can be
multifaceted and include, for example, immunofluorescence staining followed by

high-resolution microscopy to visualize and evaluate the structure and composition
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of cellular barrier layers as well as cell-cell and cell-matrix interactions. Appropriate
assays for in-depth evaluation of critical parameters, such as proliferative capacity
of cells and their differentiation and functionality, will be established. Quantitative
methods for the investigation of metabolic activity and validation of the barrier
function of the cells are also conceivable, but not limited to this. Overall, this work
will provide a convenient basis to construct 3-dimensional, reliable, and functional

in vitro models mimicking human endothelial and epithelial barriers.
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Publications

This thesis and included publications deal with the establishment and characteri-
zation of a convenient system to implement physiological fluid-flow derived shear
stresses to anchorage-dependent mammalian cells. Unless otherwise stated, the

individual projects were conceptualized by the author and Prof. Dr. Marie Weinhart.
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3.1 Step-by-step development of a toolbox for
dynamic cell culture

This manuscript describes the technical establishment of a system for generating
physiological shear forces and the design of culture chambers. Except for the CNC
milling, which was done by the institutes’ workshop, all practical tasks, CAD
modelling and CFD simulation were carried out by the author. The manuscript
was written by the author and reviewed and edited by Dr. Laura Elomaa and

Dr. Anna Laporte.
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Step-by-Step Development of a Toolbox for Dynamic Cell Culture

Abstract

To develop reliable in vitro models for varying applications, it is crucial to mimic physiological, in vivo-
like conditions in cell culture, especially including various biomechanical cues. Particularly important is
the application of relevant flow-induced shear stress that resembles the biophysical environment of
cells. In this work, we provide step-by-step guidance for establishing dynamic culture conditions,
starting from building an apparatus to generate flow and selecting materials to set up a flow circuit.
Next, we introduce the design, characterization, and fabrication of millifluidic flow chambers for
various cell culture substrates and applicable shear stresses. We herein focus on presenting essential
points for all necessary steps, adding personal experiences on different issues and referring to
appropriate literature for in depth exploration of the individual topics.

1. Introduction to Dynamic Cell Culture

Cells in vivo are exposed to a variety of internal and external mechanical forces, and their ability to
respond and adapt to stress induced by, for example, breathing or muscle contraction is fundamental
for their development and survival.[Yl Besides the substrate compression and tension, one of the most
important mechanical triggers is shear stress on surfaces generated by moving fluids in the body
(Figure 1).1¢

Shear Stress

—_—
o
e
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Figure 1: Illustration of shear stress caused by fluid flow and strain in connection to substrate compression and

tension acting on a surface-attached cell.

In conventional two-dimensional in vitro culture of mammalian cells, it is evident that the mechanical
input is limited by several factors, such as the underlying substrate of the cells,”! intercellular forces
between neighboring cells,' and the osmolarity of the medium.® The idea of including additional
mechanical triggers into cell culture was introduced in the 70s, when cells were for the first time
exposed to defined fluid flow and cyclic stretching of their substrate.®”! An easy way to apply fluid
flow-derived shear stress in cell culture is the use of shakers. Besides the actual device, no further
equipment is required in addition to the standard cell culture materials. However, this simplicity is also
its major disadvantage, namely that the applied stress is inhomogeneous, unspecific and the flow is
non-laminar, if not turbulent.®*

In the following, we will focus on the use of liquid handling pumps that can be employed instead of the
simple shakers!. These allow the generation of a constant or pulsatile medium flow under laminar
conditions, applying a well-defined physical cue to the cell. However, the typical setup of such a
dynamic cell culture system is more complex, consisting of a pump, one or more cell culture chambers,

10ther ways for liquid transports e.g., gravity or osmosis-driven, are comprehensively reviewed in ref.[']
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tubing and adapters. This circuit can be either open or closed, with the latter being characterized by
the possibility of medium recirculation and can therefore be especially valuable for long-term dynamic
culture.

In dynamic cell culture, the use of inexpensive and easy-to-operate syringe pumps is suitable for the
application of very low shear stresses. Although technically feasible,!*” syringe pumps are mainly
operated in open systems without recirculation, which limits their use in long-term application of shear
stress. Therefore, peristaltic pumps are frequently employed to generate fluid flow over a prolonged
period of time.*) Commercially available devices that can be operated in the incubator are available,
but they can be inconvenient in terms of size and bulkiness, and usually allow operation only at a single
pump speed. Advanced systems, such as the ibidi® Pump System, are superior in terms of precision
and versatility, as they allow uniform, oscillating, or pulsatile flow and can be based on an air-pressure
pump. However, these systems are rather expensive to acquire (>10,000 €; www.ibidi.com).

To provide alternatives to the current commercial systems, we will introduce the set-up and
configuration of a simple and flexible controller that allows operation of up to four peristaltic pumps
independently in the following section. The costs of this system amount to little more than the price
of the individual pump heads. Furthermore, we describe in detail all necessary components including
principles, production and materials for the construction of a dynamic culture circuit. This is
complemented by an introduction to the design and manufacturing of culture chambers using CAD
modeling and 3D printing as well as their final characterization using CFD simulation. In addition, four
various culture chambers developed in our group will be portrayed, summarizing the rationale behind
the design and their application.

2. Peristaltic Pumps: Principle and Operation

2.1 Basics of Peristaltic Pumps

In the body, propulsive peristalsis is defined as wave-like contraction of muscles that moves the
contents of hollow organs. It is often associated with the digestive tract (e.g. the esophagus, stomach,
and intestine), but is also observed in urine transport from the kidney to the urinary bladder.[*?*3!
Similarly to the body, the peristaltic pumps, which belong to the category of positive displacement
pumps, use this principle as illustrated in Figure 2. In a peristaltic pump, a flexible tube is pushed
against a wall by a rotor with external rollers, which is the reason for these pumps commonly being
referred to as roller pumps. The closing of the hose and the continuous movement recapitulates the
peristaltic muscle contraction and results in liquid flow with negative pressure on the inlet side and
positive pressure on the outlet.[**
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(A) (B)

Figure 2: Illustration of (A) propulsive peristalsis in a hollow tube created by wave-like contractions and (B) basic
principle of a peristaltic pump comprising a rotor with four connected rollers.

The principle of peristaltic pumps is their greatest advantage for the use in bioprocesses: The pump
itself does not come into direct contact with the pumped liquid, which on the one hand protects
components of the pump from corrosion and on the other hand prevents contamination of the liquid
inside the tube.™*¥ Every peristaltic pump must be driven by a motor, the most common of which are
conventional direct current (DC) motors and stepper motors. The former are relatively easy to control
in constant pump speeds, but their disadvantage lies in their maintenance requirements and their
tendency to fail especially at relative humidity >90%, which exists in cell culture incubators.!** Contrary
to the DC motors, the stepper motors need little maintenance and can be operated at temperatures
of 40-60 °C under normal conditions, which counteracts condensation in the incubator?. Furthermore,
they have the required torque at low pump speeds. The stepper motors work on the following
principle: One revolution of the motor is divided into n steps, usually 200 or 400, and electromagnets
are arranged circularly/radially around a permanent magnet to move it step by step with the help of a
moving axis. The electromagnets are controlled with a special stepper motor driver.[*®

2.2 Construction of the pump control with the help of Arduino microcontroller

Hardware/Material

The pump control in our circuit is based on the open-source hardware platform Arduino. It comprises
a microcontroller (Arduino Uno Rev 3, Arduino S.r.l, Monza, Italy) that is extended with a pluggable
computer numerical control (CNC) shield. This shield (CNC shield v3, SIMAC Electronics GmbH,
Neukirchen-Vluyn, Germany) was originally developed for CNC milling and has the ability to control
four stepper motors independently with plug-on motor drivers (A4988, Pololu Robotics and
Electronics, Las Vegas, NV/USA). A separate LED driver (24V, 4.2A, MeanWell, New Taipei, Taiwan) was
used to supply the stepper motors, and this setup was able to control different peristaltic pump
models, including Model 114 ST (Watson Marlow, Falmouth, UK) as well as Model 15QQ (Stepper 24V,
4 Roller) and Model 9QS (Stepper 24V, 6 Roller) from Boxer GmbH, Ottobeuren, Germany?. Jumpers
to configure the CNC shield (RM 2.54, BKL Electronic, Liidenscheid, Germany) and the cables to connect
the stepper motors to the board (4-PIN, female, Dupont) were purchased separately. The
microcontroller itself can be powered via a normal USB cable (connected to a laptop or USB power
adapter) or with a universal power supply (7-12 V, 1 A, plug: 5.5 x 2.1 mm).

2 We did not observe any failure of pumps or motors during constant operation over 3 years.
3 The operable stepper motors and thus peristaltic pumps are not limited to the specified models. The CNC shield
can operate stepper motors with voltages between 12-36 V, whereby the supplying power supply must be
adapted accordingly.
3
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Important: The assembly of the pump controller should only be carried out by a suitably trained
person. When power is applied to the microcontroller, neither the stepper motor drivers nor the
stepper motor may be removed or attached. This can lead to a defect of the driver and/or the
entire board.

Assembly

The assembly of the device to control the stepper motors is shown in Figure 3. Basically, the
microcontroller (A) is equipped with the shield (B), the jumpers on the board are placed to configure
the shield (C), the motor drivers* are attached (D), and the stepper motors (E) and power supply are
connected (not illustrated).

Figure 3: Photographs of (A) Arduino Uno Rev 3 microcontroller, (B) with pluggable CNC shield v3 and (C)
positioned jumpers. (D) Fully equipped microcontroller after attaching motor drivers and (E) connecting a
peristaltic pump.

41f not pre-mounted, the supplied heat sinks must be attached to the drivers. This is done with the already
attached double-sided adhesive tape.
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Software and final adjustments

The free software of Arduino (v 1.8.9) was used to configure the microcontroller. Beginner tutorials up
to professional explanations in dealing with Arduino can be found online (www.arduino.cc). In brief,
the software is installed, the microcontroller is connected to the computer and automatically detected
vial Tools - Get Board Info. Now sketches can be written in the programming interface and uploaded
to the controller. In the following, a minimal example of using the AccelStepper library for controlling
a single pump is shown and commented (Figure 4).1'”) The library must be added in advance in the
Arduino software via Sketch - Include library — Manage libraries.

finclude <AccelStepper.h>
float RPMXaxis = 10.;

// Speed of pump connected to X-Axis in RPM, data type defined as float

void sstup() {

Haxis.s=tMax
// Se

in steps/second
Xaxis.setSpeed /OBO.)Y);

/{ Defines running speed in steps/second. Includes gquaterstep (4) and stepsize (200)

Figure 4: A minimal source code to drive a stepper motor with 10 RPM connected to the X-axis of the
CNC shield.

After uploading the sketch to the microcontroller, the program can be tested by enabling power to the
LED power supply and the stepper motor-driven peristaltic pump should move®. Finally, the reference
voltage Vier of the motor driver, that regulates its electrical current, needs to be adjusted. If the Vi is
too low, the torque may not be sufficient to move the peristaltic pump with the hose clamped, whereas
in case of too high V.., the motor may overheat and be damaged. According to the manufacturer’s
datasheet, Vief can be calculated with Equation (1)

Vief = Imax X 8 X Rs (1)

where Imax is the rated current (specific for stepper motor) and R; is sense resistor (specified by
manufacturer of the stepper driver). The calculated voltage reflects its maximum value and should
finally be reduced by 20-30%. An illustration of measuring and adjusting V., as well as implementation
of micro steps and an approach to realize a time-dependent, stepwise acceleration of the pump speed
can be found in the supporting information (SI, Tables S1 and S2, Figures S1 and S2).

> When disconnecting the microcontroller from power it does not lose its configuration, but restarts after
replugging.
5
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3. Setting up a circuit for dynamic cell culture

After having established a device to generate fluid flow, we will now proceed with the setup of a
minimal circuit for dynamic cell culture, which is shown schematically in Figure 5.

Figure 5: Schematic illustration of a minimal circuit for dynamic cell culture comprising a peristaltic pump, a slide
culture chamber and a medium reservoir/bubble trap connected by tubes.

3.1 Materials used in dynamic cell culture

General requirements

A variety of materials can be used in the construction of a circuit for dynamic cell culture, while their
most important characteristic is cyto- and biocompatibility. Certifications such as FDA-approval, USP
classification, or the biocompatibility test according to DIN EN ISO 10993 can provide suitable
indications. However, because of the use of many proprietary materials, detailed specifications
including their exact composition, molecular weight, and chemical structure, which are all affecting
mechanical properties are rarely presented.'®! This is because the information is often kept
confidential by manufacturers,*® which further highlights the need to validate materials for their
intended purpose. Polystyrene, as the most commonly used disposable substrate in cell culture?® may
contain plasticizers and other leachable substances, which may differ from batch-to-batch and can
negatively influence the cultured cells.?Y This also emphasizes the need to be critical and validate the
suitability of materials, despite appropriate certification and depending on the application. In the
following, we will focus on the materials we have used in our circuits.

Tubings

The requirements for the hoses depend on their intended use, which can be either to simply connect
individual components of the circuit or are used as a pump hose in the peristaltic pump®. The use of
silicone tubing (polydimethylsiloxane, PDMS) is common for medical application and research
purpose.?? They are relatively inexpensive, autoclavable, and available in nearly any dimension.
Despite its good biocompatibility, PDMS is highly hydrophobic and is susceptible to adsorption and
absorption of small hydrophobic substances, and possibly needs to be avoided if interfering with the
study design.?® In addition, the mechanical strength of silicone, albeit dependent on its degree of

6 Due to the principle of peristaltic pumps, the tubings must have a defined wall thickness in addition to the
corresponding mechanical properties in order to function properly. The inner diameter can be varied to a limited
extent and thus determines the volume/revision and consequently the flow rate. This depends on the model of
the pump. In addition, pump designs determines if continuous tubing is operable or whether the hoses need so-
called stoppers to keep them in place. A table with the corresponding requirements for the hoses and the
resulting flow rates for our pump models can be found in the S, Table S3.
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crosslinking, is rather low, making the tubing susceptible to abrasion when used with peristaltic pumps
for prolonged time.?%

A variety of proprietary materials for pump tubing specially designed for use with peristaltic pumps
exists, which are more robust and durable under mechanical load compared to conventional silicone
tubing. As the exact composition of the hoses is mostly unknown, their specification ranges from a
"polypropylene-based thermoplastic elastomer" (Pharmed BPT® from Cole Parmer, Wertheim,
Germany), and "manufactured from virgin, FDA approved raw materials" (Innovaprene® P60 from
Innovapure, Shanghai, China), to "made from medical grade thermoplastic elastomers" (Pharm-A-
Line™ from TBL Plastics, Sparta, NJ/USA). Although not quantified, we have seen significantly less
tubing deformation and extended tubing life compared to conventional silicone tubing after
continuous pumping’.

Thermoplastics for culture chambers and adapters

Bisphenol A (BPA)-carbonic acid copolymer (MakroClear®, Arla Plast, Borensberg, Sweden) was used
as the bulk material for our conventionally produced culture chambers. It is an amorphous,
thermoplastic polyester, which is usually referred to as “polycarbonate” (PC). The advantage of this
material is its high impact strength, optical transparency, and high temperature resistance.
Nevertheless, the use of BPA-derived polycarbonates should be critically questioned and validated
depending on the study. BPA released from polycarbonate can be absorbed and has an endocrine,
estrogen-analogous effect.*! In addition to polycarbonate, luer-based adapters (introduced in the
upcoming section) that were used to assemble the circuit were made mainly of polypropylene (PP,
polyolefin) and nylon 66 (PA, polyamide), both of which are semi-crystalline thermoplastic elastomers.
They are softer than polycarbonate (PP > PA),?®! which allows better sealing, with still retaining their
shape integrity over several cycles of steam sterilization.

Biocompatible resins for 3D printing of culture chambers

Commercially available resins were used to manufacture culture chambers by means of 3D printing.
Initially DentalSG was used (Surgical Guide, Formlabs, Somerville, MA/USA), which was later replaced
by BioMed Amber (Formlabs) resin. Both resins are biologically evaluated for use in medical devices
after processing, and they are non-cytotoxic, non-sensitizing and non-irritating. However, this
certification is limited to short-term contact, such as dental procedures. A closer look at the safety data
sheets of the two resins reveals that the DentalSG resin, but not BioMed Amber, contains = 75% (w/w)
of the BPA derivative bisphenol A glycol dimethacrylate (bisEMA). As the BPA has been seen to be
released from printed resins in dental application,!?” the use of these materials in cell culture should
be evaluated accordingly. In our experiments with cell lines (intestinal epithelial, HT29-MTX), as well
as primary cells (human umbilical vein endothelial cells and dermal fibroblasts), no negative side effect
could be detected when using components manufactured from these resins. However, careful post-
processing after 3D printing is essential as non-crosslinked resin must be removed with a suitable
solvent, such as isopropanol, and the printed parts should be fully crosslinked.??® To further remove
possible leachables, we extensively extracted the printed parts in deionized water and repeatedly
autoclaved them under submerged conditions.

7 A direct comparison was not possible, since the different hoses were used in different pumps and thus
parameters like pump speed and wall thicknesses varied.
7
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3.2 Adapters - Introducing the Luer system

The luer system refers to a standardized connection system (specified via DIN EN 1707:1996 and DIN
EN 20594-1:1993) and is mainly used for syringes and needles, although it is applied also in numerous
other medical and analytical devices. Originally, a simple conical press seal (also known as a luer slip)
was used, which was later improved by the addition of a thread that counteracts self-loosening and
thus provides additional security (hence referred to as luer lock). Adapters with an inner and outer
cone are designated as female and male?, respectively. There are uncountable different variants and
designs of adapters for this system. An overview of the adapters we used most frequently can be found
in the Sl (Table S4).

3.3 Bubble trap and medium reservoir

A bubble trap is a simple but essential part of the circuit system for dynamic cultivation of cells. It
comprises a vessel containing the medium used for cell culture. Adapters in the lid allow tubes to be
connected from the outside and inside. A minimum of three connectors are needed, namely the input,
the output, and the filter adapter, which enables gas exchange. At the output, the medium is drawn
bubble-free by the pump via a hose located below the filling level. Figure 6 illustrates the principle and
shows different variants of our bubble traps®.

(A) ¥ b (B)

Figure 6: (A) Schematic illustration of a bubble trap showing the input and the output of medium and (B)
photographs of bubbletraps made of polycarbonate, borosilicate and PP/PC (from left to right) all comprising the
minimum of three outlets.

8 Male luer lock adapters are available either as a single part with a fixed thread or as two-piece version with a
rotating thread. The advantage of the latter is that during fastening, only the "nut" is tightened without twisting
already connected hoses.
% Initially milled from polycarbonate, we switched to commercially available borosilicate bottles (Schott, Jena,
Germany) and plastic-based wide-mouth jars (PP and PC, Nalgene, ThermoFisher, Waltham, MA/USA) due to
easier fabrication. The use of commercially available vessels allowed us to fabricate the traps by ourself with
minimal requirements, namely drilling a 5.5 mm core hole for the specified adapters and cutting a thread (1/4"
28 UNF) with a hand tap. Panel mount adapters sealed with poly(tetrafluoroethylene) (PTFE) thread tape were
subsequently mounted.

8
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4. Chamber design, manufacturing, and evaluation

In the following, we will address the design and manufacturing of culture chambers. The general
requirements for all culture chambers comprise reliability, tightness, easy handling, and reusability if
possible. More detailed design criteria are essentially determined by three factors:

e The cell culture format or substrate.

e The range of applicable shear stresses, which is determined by the cells’ (patho)-physiological
in vivo counterpart.

e The desired output.

4.1 Computer-aided design (CAD)

3-dimensional models created via CAD are required for using 3D printers as well as modern CNC milling
machines.?? lllustrations and descriptions of specific commands can be found in the Sl and were
generated using Rhinoceros® (Version 5.0, Robert McNeel & Associates, Seattle, WA/USA). There we
limited the presentation to operators, which are available in the OpenSource software FreeCAD as
well. lllustratively, the creation of 3D models is a combination of additive and subtractive
manufacturing. Starting from simple geometries like cuboids or cylinders, structures are removed or

added to generate the final model°

)11.

mainly via Boolean operators (Difference, Intersection, Split, and
Union

4.2 Mathematical approximation of flow induced wall shear stresses

The aim of dynamic cultivation of cells is to apply shear stress to the respective cells and/or enable
crosstalk by combination of different cell types. Depending on the scientific question, shear stresses
need to be maintained in a specific (patho-)physiological range. When designing a new dynamic culture
chamber, the applied shear stress can be roughly estimated with the help of mathematical equations®2.

In rectangular flow channels, the wall shear stress under laminar conditions can be approximated with
Equation (2)B%

T=6uQw’h? (2)
where u is dynamic viscosity, Q is volume flow rate, w is width and h is height of the flow channel.

As derived from Equation (2), the shear stress correlates positively with the flow rate, which is
dependent on the speed of the pump and the internal hose diameter (and thus volume per revolution).
The dynamic viscosity of the medium also has a positive correlation with applied shear stress. Water
has a measured dynamic viscosity of 4 = 0.66 mPa s at 37 °C, whereas u = 0.73 mPa s for Dulbecco's
Modified Eagle's Medium (DMEM, high glucose), and u = 0.93 mPa s after supplementation of DMEM
with 10% serum (fetal bovine serum, FBS).BY The dynamic viscosity of a medium at constant
temperature is thus determined, among other things, by the type and quantity of dissolved/contained
substances. The addition of a biologically inert substance to increase the viscosity, such as dextran, is

101t is recommended to place the X and Y mirror axis of the model on the coordinate origin of the CAD software.
This allows faster modeling of axis-symmetric objects.
11 Especially when using corresponding operators, it is recommended to use layers in the CAD software. The
source objects should be duplicated and kept in a layer, since (past) commands can partly not be undone. Any
necessary adjustments can then be made more quickly.
2 |n addition to the Sl unit of Pascal (Pa), shear stress is commonly found in literature as dyn cm™. To convert
from dyn cm2 to Pa, multiply by 10.
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a common practice to modify the shear stress in flow experiments. Nevertheless, the supplementation
may have undesired side effects on the cells, which should be evaluated upon application.? With
reduced channel dimensions at a constant flow rate, the mean flow velocity in the channel and thus
wall shear stress increases.

In tubular flow channels, the wall forces can be estimated with Equation (3),133 with the adjustable
parameters remaining the same.

T=4uQr'r? (3)

4.3 Manufacturing of the chambers

The various techniques for the fabrication of culture chambers can be distinguished between
subtractive and additive manufacturing, where in the subtractive manufacturing layers of material are
removed to produce the object, whereas in additive manufacturing layers of material are added to
achieve the same.*®!

Conventional CNC milling

Conventional manufacturing via CNC milling belongs to the subtractive manufacturing and is a well-
established method that can be used to process a wide variety of materials, including plastics and
metals. It is reproducible and may allow the production of prototypes and small series. On the other
hand, production of complex structures may not be feasible and the required equipment is expensive,
which is why service providers or in-house workshops are usually consulted for the fabrication®3.

3D printing via vat photopolymerization

The advantage of 3D printing is that the required equipment is affordable even for home users. After
appropriate training, it allows rapid prototyping and fast adaption to realize models with defined
structures. A disadvantage is that materials for biomedical application are rare and the production on
a larger scale is difficult. The advantages and disadvantages of various additive manufacturing
techniques are discussed in more detail in several comprehensive review articles.?% 3433

4.4 Vat photopolymerization in detail

The principle

In typical vat photopolymerization, a liquid, light-curable resin is placed in a container comprising a
transparent bottom that can be irradiated from below with a UV or visible light source. The vat bottom
usually consists of fluorocarbon-based polymer films made of fluorinated ethylene propylene (FEP) or
PTFE, which are characterized by their low adhesiveness and chemical inertness.?® To print the first
layer of a 3D object, a Z-movable building platform is positioned in such a way that it leaves a small
gap between the base and the building platform. The light source now irradiates the polymer from
below, leading to crosslinking of the resin. The non-adhesive surface prevents attachment of the cured
resin to the vat bottom and allows the building platform to be moved up and down, again leaving a
gap between the previous layer and the bottom. This is repeated until the model is completed in a
bottom-up manner. The simplest and most important adjustable parameter, besides layer thickness,
is the exposure time, which needs to be adjusted depending on the printer (light source) and the
photocrosslinkable resin.

3 Internal corners are always rounded and comprise at least the radius of the milling head itself.
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One way to determine the optimal exposure time

Various platforms on the Internet allow the user-to-user exchange of 3D models, with Thingiverse
(www.thingiverse.com) being the largest of these and the first place to go for finding existing 3D
models.'®”’ Among these, one can find different models for validation of the exposure time and testing
the printers’ resolution. The 3D model "Resin XP2 Validation Matrix" is one versatile tool to optimize
printing parameters (Figure 7A). To do so, the model is printed with different exposure times and
subsequently analyzed for over- or underexposure. The interpretation is rather simple, and the
following features indicate for good or optimized printing parameters: The number of intact countable
pins and holes should be equal, the central square should measure 20 mm with 1 mm edges, and the
enclosed “teardrops” should barely touch at the intersection point as illustrated in Figure 7. The
remaining features can provide additional information about e.g., resolution, which also depends on
the printer, the printing parameters, and the resin used.

Central Square with

Pins & Holes ..Teardropsu

Figure 7: (A) 3D model of the “Resin XP2 Validation Matrix” with labelled features and (B) examples of printed
models indicating for too low (top) and optimized exposure time (bottom).

Aspects to consider for biomedical resins

In order to reduce the amount of material required and to reduce intersectional area'* and thereby
adhesion to the vat bottom, solid parts are hollowed if possible. Yet this requires special attention
since uncured resin will be trapped in enclosed volumes and printing may fail. Holes for resin drainage
are therefore cut in the model. The efficiency of resin removal depends mainly on the viscosity of the
resin, the dimension of the drainage holes, and movement speed of the building platform. Compared
to other commercially available resins, which we used for e.g., drafting, both the Dental SG and the
BioMed Amber resin had relatively high viscosities. This may be due to the absence of solvents, which
could possibly leach from printed models and impair their use for biomedical application.® With these
resins, a lack of drainage for printing culture chambers, as illustrated in Figure 8 by the areas marked
in red, can therefore lead to defects in the printed parts.

14 This can also be achieved via tilting of the structure and including support structures.
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Figure 8: Implementation of holes (red structures) to enable drainage of trapped resin.

4.5 Validation of chamber design - CFD simulations

The flow behavior of fluids can be simulated with computational fluid dynamics (CFD), which is
particularly useful in case of physical problems in the cell culture chamber.BY However, the programs
for numerical analysis are not limited to solving only fluid flow problems, but can also address
(bio)chemical problems such as metabolism and oxygen diffusion.’*! We will focus here on the general
workflow and possible outputs, rather than any mathematical background, which is excellently
reviewed in literature.*”) The CFD-simulations were conducted using the commercially available
software COMSOL Multiphysics with the CFD module (v 6.0). The most frequently used CFD software
is provided by ANSYS (commercial) and OpenFOAM (free).*Y) Their general workflow for CFD-
simulations is similar and includes the following steps, which are illustrated in Figure 9.

e Design of the fluid channel in the software or import from already existing CAD-models.

e Assignment and definition of the material.

e Definition of the physics and boundary conditions. This includes choosing the mathematical
model (e.g., turbulent vs. laminar flow or stationery vs. time-dependent) and definition of
boundaries and in-/outlet conditions.

e Dividing the geometry into finite subunits, called meshing. The subunits are usually tetrahedral
or hexahedral®.

e Based on the defined conditions, the software tries to solve the problem?®.

e If successful solved, obtained results can be validated quantitatively (surface shear stress) or
qualitatively (streamlines).

15 The quality of the mesh also conditions to a large extent the results obtained and is extensively discussed.*"!
16 1t should be mentioned, that the software will not find a discrete solution, rather than an approximation. A
measure for how well the result is solving/approximating the problem is the "residual", which should converge
to 0. It can happen that COMSOL is not able to solve a problem and therefore the residual error does not
converge. This might be the case if the physic is out of range, e.g., the defined conditions are resulting in a
turbulent flow but the software tries to solve under the mathematical assumption of laminar one.
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Figure 9: Workflow of CFD-Simulations including (A) the design of the flow channel, (B) meshing of the structure
and (C) possible result expressed as velocity stream lines of the fluid flow.

4.6 Examples of chamber designs
Insert chamber

5 10 15 20 25 001 002 003 0.04 0.05 0.06

Streamlines: Velocity Field Surface: Shear Stress
[mm/s] [dyn/cm?]
Substrate: cell culture inserts (format: 12-Well)
Fabrication: 3D printing
Intended application: barrier models (intestinal,!**! renal, dermal)
Features: screwless handling, compatible for inserts from different

manufacturers (Falcon®, Transwell ®), removal of trapped bubbles via
continuously rising flow channel
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Slide chamber

5 10 15 20 25
Streamlines: Velocity Field [mm/s]

Substrate:
Fabrication:

Intended application:

Features:

Tube chamber

Substrate:
Fabrication:
Intended application:

Features:

0.01 0.02 0.03 0.04 0.05 0.06
Surface: Shear Stress [dyn/cm?]

standard microscope slides (75 x 25 mm), various materials
milling, 3D printing possible

generation of a wide range of shear stress depending on channel
height (shear stress spanning four orders of magnitude from <0.004
to >20 dyn cm™)

compatible for different substrate thicknesses from 1.0-1.5 mm

tubular scaffolds, 3D printed, embedding/ECM possible
3D printing
vascularization, reconstruction of artificial blood vessels, crosstalk

optical (glass) bottom enable microscopy, two independent circuits
for inner perfusion and crosstalk with separate cell type (Elomaa et al.
2022, manuscript in preparation for publication, section 3.4)
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Disc chamber

Substrate: cylindrical, scaffolds based on decellularized extracellular matrix
(dECM, @ 5-6 x 0.5 mm)

Fabrication: 3D printing
Intended application: intestinal epithelial, influence of matrix stiffness and composition
Features: Simultaneous application of different shear forces (differing with a

factor of 5) to 3 sample replicates

5. Conclusion

The use of dynamic conditions in in vitro cell cultures significantly improves their physiological
relevance as it allows the application of mechanical stress to the cells similar to in vivo conditions.
Here, we provided the readers with guidance to design their own cell culture chambers and full
dynamic culture circuits. To ensure a non-toxic, cytocompatible environment for cells in the dynamic
culture, the selection of materials used in the culture chambers, tubings, and medium reservoirs
requires special attention, which we aimed to discuss here in detail by sharing our own experience and
know-how. When setting up a new dynamic culture system, 3D printing enables the design and
adjustable prototyping of the cell culture chambers in a fast and feasible way and the Arduino
microcontroller is an extremely useful tool to control several peristaltic pumps at the same time. To
show the readers examples of the dynamic circuits, we introduced here the design and 3D printing of
various perfusable cell culture chambers for use in development of in vitro epithelial barrier and
vascularization models. As all the parts in the dynamic circuits introduced above are easily available
with relatively low costs, we hope to provide a broader audience with an access to dynamic cell culture
circuits without the need for high-cost investments in commercial bioreactors.
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Supporting Information regarding the setup for dynamic cell culture

Pin assignment for all axes
Table S1 shows the definitions of pins to enable the 4 available axes on the CNC shield in the Arduino
software.

Table S1: Assignment of pins in the Arduino software respective to the axes on the CNC shield.

Axis Definition (pins)

X AccelStepper Xaxis(1, 2, 5)

Y AccelStepper Yaxis(1, 3, 6)

Z AccelStepper Zaxis(1, 4, 7)

A AccelStepper Aaxis(1, 12, 13)

Microstepping

As mentioned before, one revolution in a stepper motor is divided into a number of steps specific to
the motor, and is usually 200 or 400. The motors can be operated in different modes. In full-step mode,
the original number of steps of the motor is maintained. However, this can lead to vibrations and
oscillation of the rotor, especially at low speeds. To smoothen the movement and reduce vibrations,
microstepping is used, which further divides the steps and increases resolution of the motor (half-step
doubles, quarter-step quadruples the number, etc.[Y However, this comes at the expense of the torque
that can be applied and increases controller’s complexity. In our experiments, motors were operated
in quarter-step mode, which enabled smooth operation with still sufficient torque. The configuration
is done via jumpers and is summarized in Table S2 for the Pololu A4988 stepper motor driver. The
adjacent Figure S1 illustrates set jumpers for operating a stepper motor in quarter-step mode.

Table S2: Configuration of the Pololu A4988 stepper motor driver via jumpers.

Mode Ms1 MS2 Ms3
Full step Low Low Low
Half step High Low Low
Quarter step Low High Low
Eigth step High High Low
Sixteenth step High High High

[T+

(LR R

t MST MS2-MS3

low high low

Figure S1: Positioned jumpers to operate stepper motor in quarter-step mode with high indicating
presence and low absence of respective jumpers.
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Adjustment of the reference voltage
Figure S2 illustrates measuring and adjusting the reference voltage V.. The bolt of the on-board
potentiometer is screwed to increase (clockwise) or decrease (count-clockwise) Vies.

Figure S2: Adjustment of the stepper drivers’ reference voltage.

An approach to gradually increase the number of steps

Especially when applying shear stress to cells in high magnitudes (>1 dyn cm™), it is recommended not
to run the culture instantly at maximum speed, rather than giving the cells time to adapt to shear stress
by gradually increasing the pump speed. The approach for implementing this into Arduino is as
following:

In addition to pump speed, parameters step number and interval length and interval counter=0 are
defined. The microcontroller compares the time when the pump started (ts.rt) With the current time
(tnow). If the difference of both is greater than the specified interval length (tnow - tstart > interval length),
the interval counter is increased by 1 as long as it is smaller than the step number. The actual speed is
now calculated according to Equation (S1).

1+interval counter

actual speed = final speed X (S1)

step count

Pump speed and tube requirements for used pumps:

Table S3 shows required wall thicknesses (WT) for different pump models and volume flow rates for
specified inner diameters (ID) of the tubing depending on the pump speed.

Table S3: Volume flow rates for 3 different peristaltic pumps in relation to wall thickness (WT) and inner
diameter (ID) of pump tubing.

Modell Boxer 9QS Boxer 15QQ Watson Marlow 114 ST
(ID, WT, pl revision?) (2.0 mm, 1.0mm, 120%) (1.6 mm, 1.6 mm, 170°) (1.6 mm, 1.6 mm, 142b)
5 0,6 0,85 0,71 <
10 1,2 1,7 1,42 _ 2
s 15 18 2,55 2,13 23
= 20 2,4 3,4 2,84 2 2
25 3,0 4,25 3,55 = f;?
30 3,6 51 4,26 o

2 technical specification from manufacturer, ® experimentally determined

! Touching other compartments than the potentiometer can easily short circuit and damage the board.
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Adapters for dynamic cell culture
Table S4 summarizes the adapters we used including article numbers from the distributor (Qosina),
the material, and usage comments.

Table S4: Luer adapters implementable into dynamic cell culture circuits distributed by Qosina.

Name (article number) Material Comment

Male Luer lock to barb connector PP For connecting tubings

(11533, 11534)

Female Luer lock to barb PP For connecting tubings

connector (11532, 11534)

Female Luer Lock; Panel Mount PP The thread allows mounting to lids or culture

(PMLF21, PMLF31) chambers. Especially useful for bubble trap.

Female Luer Lock Connector, PA Threaded adapter for in- and output of culture

Threaded (40101) chambers. Higher inner diameters are beneficial for
flow distribution.

Straight Connector, Barbed, PA Threaded adapter for in- and output of culture

White, Threaded (KS230) chambers. Higher inner diameters are beneficial for
flow distribution. Direct connection of thin silicon
tubing (1.6 ID, 0.8 WT) possible, reduces risk of
leakage via loosened adapters.

Elbow Connector, Female Luer PC, PP, PA The shape enables better structure and arrangement

Lock, Male Luer Slip of components and tubings.

(11950, 11952, 11953)

With Luer Lock Ring for Male Luer

Slips

(11955, 11959)

Non-Vented Universal Luer Lock PC Is used to close non-used ports while maintaining

Cap (65812)

Male Luer Lock Injection Site
(80029)

Duckbill Check Valve, Female Luer
Lock Inlet (80065)

Rotating High Pressure Male Luer
Lock Connector

PC, Polyisoprene

PC, Silicone

PC, EPDM/Silicone

sterility.

Latex-free septum for needle-based sample taking.

Limits medium flow to one direction.

Can reduce twisting of tubings. Resistant to only a
limit of sterilization cycles.

(20022)

T Connector, Barbed PP Can be used to split medium flow.

(11700, 11702)

T Connector with Swivel Male PC Enables more connections to one port. In

Luer and 2 Female Luer Locks
(80061)

combination with injection site valuable for bubble
trap.
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Important commands used for modelling culture chambers with Rhino

Box: Creates cubes and cuboids. Rhinoceros usually allows different alternatives for the execution of
commands. A cube or a cuboid can be constructed by "Two points" (diagonal of the base and the
height), or "Central" (center of the base, width, depth, height).

Diagonal Centered

Cylinder: Defined by the center of the base, its radius and height.

Tube: Tubular hollow body defined by the center of the base, the inner and outer radius, and the
height.

Torus: Mainly used to create cutouts for seals such as O-rings, defined by the center point, the inner
diameter (with the FixInnerDiameter option) and the diameter or radius of the cross-section?.

2 The dimension of O-rings is standardized and (usually) indicated with two numbers, d1 x d2. d1 corresponds to
the inner diameter (mm) and d2 the diameter of the cross-section. An O-ring with the dimension 10 x 4.5
therefore has an outer diameter of 19 mm.

4
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Irregular structures and smooth transitions

This is particularly important for 3D printing, since structures cannot simply be printed “in the air”
without having a support. One approach to solve this problem without the use of support structures is
the implementation of smooth transitions, each of which is connected to the previous layer during
printing. This was used for the insert chamber, which will be presented later.

Polyline & ExtrudeCrv: Creates a set of connected line or arc segments. After closing, the ExtrudeCrf
command can be used to extrude the corresponding base surface and create a 3-dimensional object.

Polyline Extrusion

BlendSrf: This command is used to create a smooth transition between two surfaces?.

3 Rhino creates a transition surface that must be closed for later processing using _Cap (cap planar holes).
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Adjustment of already existing structures
Scale: Depending on the command, the object is scaled according to a factor or starting point either
in one (scalelD), two (scale2D), or three dimensions (scale).

Before Scale 1D

Scale 2D Scale 3D

Move changes the position of the selected object(s).

Rotate turns the objects around a specific angle and center point.

Mirror flips the object either at a self-defined mirror axis, or the axes of the coordinate system (X, Y,
or Z). This is especially useful for holes for symmetrical threads.
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Boolean operators
BooleanDifference (=cut), Subtracts one (or more) object(s) from one (or more) other(s).

Booleanlntersection creates the intersection of two (or more) objects.
BooleanSplit divides object by, for example, outer surface or plane.

BooleanUnion combines two or more objects into a single one.

Before Substract A and C from B

lit B with A

Intersection of B and C S

Refinements: FilletEdge and ChamferEdge rounds or chamfers selected corners with a specified
radius/distance.

Selection

Fillet Edge Chamfer Edge
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Introducing a system for automated bioprocesses

Using a commercially available system (OSPIN, Berlin, Germany), we present the possibility of
performing automated bioprocesses.

Brief introduction of the device

The OSPIN Bioreactor System is a stand-alone device that works independently of conventional
incubators. It enables (semi-) automated bioprocesses to be carried out, whereby important process
parameters can be monitored online and partially controlled. The device requires a power and network
connection and has inputs for compressed air and CO,.

Design, components and controllable process parameters
Figure S3 shows a possible configuration of the device.

Figure S3: Representative photograph of a bioreactor system (OSPIN).

Similar to the minimum circuit for dynamic cultivation described in section 3, the bioreactor circuit
requires a culture chamber, as well as the bubble trap/media reservoir which are connected via tubing
and allows the application of medium flow via peristaltic pumps.

Process controlling in general
A brief introduction to process control is necessary before additional components of the bioreactor
and their principles are described (Figure S4).

Fault

Y

Recognition Corrective

Target Value = of Discrepancy > Measure [ Actual Value
Measuring the
Actual Value

Figure S4: lllustration of a control loop.

The principle for controlling a parameter can be described as follows (examples): First, a measurable
and controllable parameter (temperature) is required. The desired value of this parameter is defined
for the process (37 °C, setpoint). The actual value is now determined via a suitable measuring method
(20 °C), and a controller compares the setpoint and actual value and determines the corrective
measure (switching on a heating element).
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PID controller

A variety of control concepts exist, with the PID controller still being the most common.”?! In the
following, we will deal with the individual components of the controller in a simplified manner,
whereby detailed descriptions of the concept and the adjustment of the controller are reviewed
elsewhere.?!

Proportional term:
The proportional term (P) of the controller is linear and reacts immediately to control deviation.

Integral term:
The integral term (I) accumulates the control deviation over time. It stabilizes the system and corrects
possible offsets.

Derivative term:
The derivative term (D) does not consider the actual control deviation, but the change of the deviation
over time and thus anticipates the control process ("negative feedback").

Temperature
Two systems in the device enable temperature control:

Ambient air:

Air is permanently circulated within the device via fans. In combination with heating elements, the
temperature can be kept constant at 37 °C (or more/less). Temperature sensors, which can be placed
within a limited radius, monitor the temperature®.

Heating plate:

A heating plate below the culture chamber can be helpful especially for working with
thermoresponsive surfaces and counteracts temperature drops e.g., when removing the cover/lid of
the device.

Filling the circuit, perfusion, and media change

The minimal required circuit is extended by additional vessels (medium reservoir and waste). This
enables filling and (automatic) change of the medium. For this purpose, two additional pumps are
added (medium in und medium out)®.

pH control

In contrast to cell culture incubators, the pH value of the medium within the circuit is actively
controlled. This is done in the gassing unit, where a defined air/CO, mixture is introduced and changes
the pH value of the medium via diffusion through a thin-walled silicone tube®. The actual value is

4 The heating system only works when the lid is closed. The time during which the unit is operated open (for
example mounting/placing of the circuit) should be kept to a minimum.
5 For initial filling, a two-step procedure has proven successful, whereby the bubble trap is first filled to about
50% and then perfusion is started. The medium is changed in two steps as well. First, as much as possible medium
is removed from the circuit by means of the medium out pump and then refilled.
6 The efficiency of the pH control not only depends on the CO, content of the gas mixture, but also on length and
wall thickness of the tubing and the pumping speed for perfusion. Too low flow rates can lead to a high
controlling-delay and consequently oscillation of the pH value. Likewise, repeated steam sterilization increases
the permeability of the gas hose in the gassing unit and may require an adjustment of the pH control.
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measured by a pH probe (InPro 3253i/SG/1207, Mettler-Toledo, Columbus, OH/USA) and according
control deviations, the composition and volume flow of the gas mixture is adjusted. This allows, for
example, the creation of physiological conditions for cells that are outside the norm in vivo (e.g., in the
gastrointestinal tract)®.

Metabolic monitoring

A biosensor (enzyme-based, Biosensor B.LV5, Jobst Technologies, Freiburg, Germany) can be
integrated into the circuit to monitor the metabolic activity of the cells, especially glucose consumption
and lactate production. This is particularly advantageous when establishing new bioprocesses, as it
allows the medium change intervals to be determined®. A cheap and fast alternative to the semi-
guantitative test for residual glucose in the medium can be the use of test strips to determine the
glucose content in wurine. Preliminary tests were promising (Medi-Test Glucose, range:
0 to > 55.5 mmol L'}, MACHEREY-NAGEL, Diiren, Germany), although further investigation is required
determine whether media components have an influence on the test result.
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autoclavable, closed probe that cannot be refilled and therefore needs periodic replacement.
& Depending on the placement and distance between the culture chamber and the pH probe, the pH value in the
chamber may differ from the measured one and should be evaluated accordingly.
° Due to the limited capacity of the sensor (glucose = 1,200 mM x 24 h, lactate = 40-80 mM x 24 h), it is not
operated permanently but in intervals. This interval is divided into four phases: the loading of the sensor, the
measurement process, the rinsing of the sensor and a final pause. The sensor itself cannot be disinfected with
solvent and must either be rinsed with antibiotic solutions or the recirculation of the medium is avoided.
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3.2 Physiological shear stress enhances differen-
tiation, mucus-formation and structural 3D
organization of intestinal epithelial cells in
vitro

In this study, the influence of physiological shear stress on a mucus-producing
intestinal epithelial cell line was investigated. All experiments were carried out by
the author except for the TEER measurements with inserts which were performed
by Dr. Laura Elomaa. The initial idea and support to establish the mucus thickness
measurement was given by Dr. Stephan Block. The manuscript was drafted
including literature research by the author with assistance from Dr. Anna Laporte
and Prof. Dr. Marie Weinhart. The final write-up was performed by the author
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Abstract: Gastrointestinal (GI) mucus plays a pivotal role in the tissue homoeostasis and function-
ality of the gut. However, due to the shortage of affordable, realistic in vitro GI models with a
physiologically relevant mucus layer, studies with deeper insights into structural and compositional
changes upon chemical or physical manipulation of the system are rare. To obtain an improved
mucus-containing cell model, we developed easy-to-use, reusable culture chambers that facilitated
the application of GI shear stresses (0.002-0.08 dyn-cm~2) to cells on solid surfaces or membranes
of cell culture inserts in bioreactor systems, thus making them readily accessible for subsequent
analyses, e.g., by confocal microscopy or transepithelial electrical resistance (TEER) measurement.
The human mucus-producing epithelial HT29-MTX cell-line exhibited superior reorganization into
3-dimensional villi-like structures with highly proliferative tips under dynamic culture conditions
when compared to static culture (up to 180 vs. 80 pm in height). Additionally, the median mucus
layer thickness was significantly increased under flow (50 £ 24 vs. 29 £ 14 um (static)), with a
simultaneous accelerated maturation of the cells into a goblet-like phenotype. We demonstrated the
strong impact of culture conditions on the differentiation and reorganization of HT29-MTX cells. The
results comprise valuable advances towards the improvement of existing GI and mucus models or
the development of novel systems using our newly designed culture chambers.

Keywords: 3D-printed insert chamber; bioreactor; cell-based mucus model; cellular self-organization;
CFD simulation; goblet cell differentiation; native mucus thickness; physiological fluid flow; reverse
cell culture

1. Introduction

The luminal surface of the gastrointestinal (GI) tract is a highly dynamic barrier
consisting of a constantly renewing epithelial layer covered by mucus [1]. For a long time,
the mucus was solely attributed to the protection against shear-induced damage and the
invasion of pathogens. In recent years, this view has changed, and it was identified to be in
a symbiotic relationship with the commensal microbiome; for example, by supporting the
growth of indigenous bacteria, which, in exchange, deliver nutrients to the host [2]. For
in vitro models, focusing on these host-microbiome interactions, a physiological mucus
layer is fundamental [3,4]. Additionally, changes in the structure and composition of mucus
are related to serious illnesses such as inflammatory bowel disease, although it is not yet
clear whether they are the cause or consequence [5]. Therefore, an improved understanding
of the dynamic mucus architecture is needed.

In general, mucus is a complex biological hydrogel, consisting mostly of water (~95%),
proteins, salts, nucleic acids and cell debris. Depending on the location within the hu-
man GI tract, the thickness of the adherent mucus layer varies between 16 &+ 5 ym and
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155 + 54 um in the duodenum and rectum, respectively [6]. Its properties and structure
change according to variations in pH-value, the concentration of calcium ions, and the
action of DNases and pancreatic enzymes [7-9]. The structuring components are mucins,
a family of highly O-glycosylated proteins, of which 21 members are known up to now.
Mucins are divided into two groups: membrane-bound and secreted mucins. The latter are
mainly represented by gel-forming mucins, which are able to form complex networks via
multimerization through covalent and non-covalent interactions. The main gel-forming
mucin in the stomach is MUC5AC, whereas MUC?2 is predominant in the intestine [1]. To
study the underestimated influence of mucus in health and disease, there is an urgent need
for improved, reproducible cell-based mucus models.

Various mucus models have been published in the past, including ex vivo human
and in/ex vivo animal models as well as diverging in vitro models. Even though the
in vivo and ex vivo models are physiologically highly relevant due to their high degree
of complexity, they suffer from intra- and inter-species variations, limited availability
and ethical concerns [10]. These restrictions also apply to the use of raw mucus, for
which not only batch-to-batch variations but also the involved isolation process cause
high heterogeneity. Additionally, trapped enzymes in the isolated mucus can cause a
degradation and aging over time [11]. Although the homogeneity of raw mucus can be
increased by purification, it is time intensive and results in irreversible alterations of its
native structure, composition and physical properties [12]. Alternatively, defined mucus
biosimilars are under development, which is yet complicated by the high complexity of
the natural example [13]. Instead of using the intricate in vivo models or raw mucus
samples, the use of models based on mucus-producing cells circumvents most of the
aforementioned limitations.

Notwithstanding the extensive developments in the culture of primary intestinal
cells as organoids or monolayers, intestinal models based on immortalized cells currently
remain the most commonly used systems for routine applications due to their robustness,
scalability, reproducibility and cost-effectiveness, with Caco-2 cells being the most widely
used cell line [14,15]. These cells are derived from a human colorectal adenocarcinoma and
exhibit several properties of enterocytes, including the formation of tight junctions and
the expression of drug transporters as well as typical metabolic enzymes [16]. However,
their use for permeability studies suffers from several unphysiological factors, including
an overly strong barrier formation with high transepithelial electrical resistance (TEER)
values [17] and a lack of mucus production [18,19], which is accomplished in vivo by highly
specialized goblet cells. Therefore, Caco-2 cells are commonly co-cultured with the human
cell line HT29, also originating from a colorectal adenocarcinoma and differentiating into a
constitutive mucus-forming phenotype in the presence of methotrexate (MTX) [20]. These
co-cultures are extensively applied in in vitro models of the intestinal barrier [15,21], mim-
icking the physiological features somewhat more closely than monocultures. Nevertheless,
studies focusing on the characterization of the resulting mucus layer, which is known to
play an essential role in the reliability of these models [22,23], are scarce. When closer
analysis was conducted, unphysiologically low mucus thicknesses, mostly in the range
of a few micrometers, were found [17,24]. Accordingly, an increase in mucus production,
and thus mucus thickness, could further improve the relevance of these models. Previ-
ously, the presence of biologically active molecules, such as prostaglandin E2, ATP or
vasoactive intestinal peptide, as well as bacteria have been detected to induce elevated
mucus generation and secretion [24-26]. Aside from that, the mucus formation can be
increased by an underlying substrate or by culture under semi-wet or air-liquid-interface
conditions [24,27]. Furthermore, several groups have reported the shear-induced mucus
production of primary and Caco-2 cells in organ-on-a-chip systems [26,28-30]. These
microfluidic devices are highly sophisticated, allowing, for example, other mechanical
stresses in addition to the application of fluid flow, and were recently reviewed [31,32].
Despite all of the aforementioned benefits, these culture variants are still limited either by
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low mucus thicknesses, unphysiological culture conditions, costly supplementation or the
requirement for complex equipment.

To overcome these restraints, we aimed to develop a simple millifluidic setup for the
culture of cells under laminar flow conditions to thereby improve the mucus layer in a
cell-based model without the need for further stimulation, making it easily accessible for
deeper characterization of the mucus thickness and composition. Therefore, we developed a
complementary set of reusable culture chambers that allow the application of physiological
shear stress to cells on microscope slides or on membranes of commercially available cell
culture inserts. Designed for this set of conventional solid and porous cell culture substrates,
our chambers are intended to augment and refine state of the art microfluidic devices by
providing the opportunity to apply homogenous shear stress in varying magnitudes
on the entire macroscopic cellular seeding area. This versatility makes it possible to
address a multitude of diverse scientific questions. We herein solely focused on the mucus-
producing HT29-MTX cell line, hypothesizing that the applied mechanical influence is
sufficient to promote their maturation into goblet-like cells and consequently increase
mucus production. The obtained results could further improve its significance as a simple
and readily available human mucus model or as component in future cell line-based GI
models with higher physiological relevance. Thus, HT29-MTX cells were cultured under
defined dynamic conditions and analyzed in terms of proliferation, differentiation, 3D
reorganization, mucus generation and barrier formation. The composition of the adherent
mucus layer was further characterized via immunofluorescent staining and its thickness
was determined by confocal microscopy.

2. Materials and Methods
2.1. Materials

Dulbecco’s Modified Eagle’s Medium (DMEM, high glucose, GlutaMAX™ supple-
mented), trypsin-ethylenediamine tetraacetic acid (Trypsin-EDTA), Dulbecco’s phosphate-
buffered saline (PBS), proliferation assay (Click-iT™ EdU Cell Proliferation Kit, Alexa
Fluor™ 488), DNA-intercalating dye (Hoechst 33342), proteinase K powder (from Engyo-
dontium album), 96 well plates (Black/Clear Bottom), amine-modified fluorescent latex
beads (FluoSpheres™, 0.2 pm, yellow-green), MUC5AC-antibody (mouse, monoclonal),
radioimmunoprecipitation assay buffer (RIPA, Lysis and Extraction Buffer), protease in-
hibitor (Halt™, EDTA-free) and ZO-1-antibody (rabbit, polyclonal) were purchased from
Thermo Fisher Scientific (Waltham, MA, USA). Fetal bovine serum (FBS, Superior), non-
essential amino acids (MEM-NEAA), octoxynol 9 (Triton™ X-100), alcian blue solution (1%
in 3% acetic acid, pH 2.5), periodic acid Schiff (PAS) staining kit, MUC5B-antibody (rabbit,
polyclonal), p-nitrophenyl phosphate solution (pNPP, Alkaline Phosphatase Yellow Liquid
Substrate) and phalloidin-Atto® 647N were obtained from Sigma-Aldrich (St. Louis, MO,
USA). Microscope slides (Superfrost®), 4% paraformaldehyde (PFA, ROTI®Histofix 4%),
tris-(hydroxymethyl)-amino methane (Tris, >99.3%, PUFFERAN®), EDTA (>99), albumin
fraction V (BSA, biotin-free) and sodium hydroxide (NaOH, >98%) were ordered from
Carl Roth (Karlsruhe, Germany). Glacial acetic acid (>99.7) and hydrochloric acid (HCl,
37%) were purchased from Fisher Scientific (Loughborough, UK), 6-well tissue culture
plates and rectangular cell culture dishes (quadriPERM®) from Sarstedt (Niimbrecht, Ger-
many) and syringe filters (Minisart®, PTFE, 0.2 pm) from Sartorius (Gottingen, Germany).
MUCT1-antibody (rabbit, polyclonal) was obtained from Abcam (Cambridge, UK), polycar-
bonate (Makroclear®) from Arla Plast (Borensberg, Sweden), mounting medium (ProTaqs®
Mount Flour) from Biocyc (Luckenwalde, Germany), DNA-quantitation kit (AccuBlue®
Broad Range) from Biotium (Hayward, CA, USA) and antibiotic-antimycotic solution from
Biowest (Nuaillé, France). Silicone tubings (Puri-Flex /S 14®) were purchased from Cole
Parmer (Vernon Hills, IL, USA), 12-well cell culture inserts (Transwell®, PET, 0.4 um)
from Corning (Corning, NY, USA), HT29-MTX-E12 from ECACC (Porton Down, Wiltshire,
UK), thumbscrews (M3 x 10, DIN 646, stainless steel) from ERIKS Deutschland (Halle,
Germany), 3D-printable resin (Dental SG Resin) from Formlabs (Somerville, MA, USA),
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round coverslips (& 18 mm No.1) from Glaswarenfabrik Karl Hecht (Sondheim v.d. Rhon,
Germany), 35 mm dishes (high, glass bottom) from ibidi (Martinsried, Germany). Luer
lock to M5 thread adapters (stainless steel) were obtained from Key Surgical (Lensahn,
Germany), Luer lock to barb connectors (polypropylene) from QOSINA (Ronkonkoma,
NY, USA), MUC2-antibody (mouse, monoclonal) from Santa Cruz Biotechnology (Dallas,
TX, USA), duplicating silicone (REPLISIL 22 N) from SILCONIC® (Lonsee, Germany),
3-[(3-Cholamidopropyl)dimethylammonio]-1-propansulfonat (CHAPS, VWR International,
Darmstadt, Germany) and heat-seal sterilization bags (400 mm x 250 mm) from SUDPACK
Medica (Baar, Switzerland).

2.2. Chamber Design and Fabrication
2.2.1. Slide Chamber for Dynamic Culture on Solid Substrates

The culture chambers were computer-aided designed (CAD) with Rhinoceros (Version
5.0, Robert McNeel & Associates, Seattle, WA, USA). The chambers consist of a body, which
fits and holds a standard 26 mm x 76 mm X 1 mm microscope slide in its cavity and
forms a flow channel of defined height when closed with a lid (Figure 1a). Fluid tight
sealing of the chambers was accomplished by the insertion of casted gaskets made from
medical grade silicone in between the body and the lid, and the closing of the chambers
with six knurled thumb screws. The applicable wall shear stress T was estimated using the
following Equation (1):
T= 6wa_1h_2, 1)

with the dynamic viscosity p, the volume flow rate Q as well as the width w and height
h of the fluidic channel, which was varied from 0.15 to 6 mm (Table S1). The chambers
were fabricated from bulk polycarbonate by conventional CNC-milling. A homogenizing
triangular structure was 3D-printed from a commercially available, biocompatible and
autoclavable ink for the chamber with a 6 mm channel height (see Supplementary Materials
for detailed information on 3D-printing, CFD-simulation and material biocompatibility
assessment). This chamber, with a homogenizing structure implemented, was used for
dynamic culture on solid substrates. After fabrication, threads were cut and steel adapters
were mounted to connect hoses. All materials remained inherently stable after autoclaving
for at least 10 cycles.
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Figure 1. Chamber design, evaluation of flow properties and bioreactor setup for dynamic culture of cells on solid substrates.

(a) CAD model (exploded view) and (b) photograph of the assembled culture chamber with 6 mm channel height and flow

homogenizing insert. (c¢) Corresponding velocity streamline profile within the fluid channel and (d) surface shear stress

obtained by CFD simulation at a volume flow rate of 6.4 mL-min—!. (e) Schematic illustration of the bioreactor circuit.

2.2.2. Insert Chamber for Dynamic Culture on Membranes

The insert chamber was completely CAD-modeled and subsequently printed with
the aforementioned resin. The chamber fits a 12-well Transwell® cell culture insert and
exhibits a flow channel with 3 mm height. The channel was designed to rise from the inlet
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to the outlet, allowing potential air bubbles in the circuit to be removed by the fluid flow.
Silicone O-rings were used to seal the lid and Luer adapters were used to connect the fluid
in- and outlet. An illustration and the realization of the chamber are shown in Figure 7a,b.

2.2.3. Computational Fluid Dynamics (CFD)

The numerical analysis of flow conditions within the designed culture chambers
was carried out with COMSOL Multiphysics (v5.5, including the CFD-module, COMSOL,
Stockholm, Sweden). The inlet flow properties were set to 6.4 mL-min~! and 1.42 mL-min !
for the slide and insert chamber, respectively. Zero pressure was defined as outlet condition.
Gravity was included and the dynamic viscosity p of the fluid was set to 0.93 cP [33].
Meshing was performed using the “physics-controlled”-mesh option as free tetrahedral
elements and the mesh-quality was judged based on COMSOL’s minimum element quality.

2.3. Cell Culture

Human intestinal HT29-MTX cells (ECACC, Porton Down, UK) were cultured in
DMEM High Glucose medium, supplemented with 10% FBS, 1x MEM-NEAA and 1 x
antibiotic-antimycotic solution at 37 °C and 5% CO; in a humidified atmosphere. Trypsin-
EDTA (0.05%) was used to passage cells once a confluency of 60-80% was reached. The
seeding density for all experiments was 2 x 10° cells-cm 2. The passage number of cells
used in experiments ranged from 24 up to 36.

2.3.1. Solid Substrates

For static experiments, cells were seeded on 6-well plates, on 35 mm dishes with glass
coverslip bottom for microscopy or on glass coverslips for the determination of thickness.
Medium exchange was performed every two to three days. Prior to dynamic culture, cells
were seeded on sterilized glass coverslips for the determination of thickness, or on glass
microscope slides in rectangular cell culture dishes with the aid of silicone casted cell
separators to define a growth area of 2 x 3 cm? per slide. Separators were removed 24 h
after cell seeding and cells were cultured for two more days under static conditions to
reach confluency.

2.3.2. Membranes

Cells were seeded either conventionally into the Transwell® inserts on the top of the
membranes, or on the bottom of the membrane, which will be referred to as “normal” and
“reverse” culture below. For reverse culture, cell culture inserts were flipped, equipped
with sterile cast silicone rings and transferred into 6-well plates. After overnight adhesion,
the inserts were transferred into the corresponding 12-well plate. The medium volume was
0.5 mL in the upper and 1.5 mL in the lower compartment.

2.4. Dynamic Cell Culture
2.4.1. Bioreactor Setup for Dynamic Culture on Solid Substrates

The stand-alone bioreactor system (OSPIN, Berlin, Germany) for dynamic culture com-
prises peristaltic pumps for medium exchange and perfusion, a pH sensor to monitor and
adjust the pH-value, and temperature control via the circulation of heated air. The mounted
peristaltic pumps enable a constant perfusion rate of 2.84 to 14.2 mL-min~! when operated at
20 to 100 RPM with silicone hoses with an inner diameter of 1.6 mm. A schematic illustration
as well as a photograph can be found in Figure 1e and Figure S3a, respectively.

For sterilization of all parts, the assembled culture circuit was transferred into steriliza-
tion pouches, which were sealed and autoclaved for 20 min at 121 °C and 2 bar. Afterwards,
the reservoir flask of the assembled circuit was filled with fresh medium under sterile
conditions and sealed with sterile filters for gas exchange. The circuit was integrated
into the bioreactor and equilibrated for 24 h at a constant fluid flow rate of 6.4 mL-min !
(45 RPM). Subsequently, confluent cells on microscope slides or glass coverslips were trans-
ferred into the chamber with 6 mm channel height and cultured under the aforementioned
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conditions. A complete medium exchange of approximately 40 mL was performed every
four to five days. The applied flow rate generates a physiological surface shear stress of
0.009 dyn~cm’2 (9 x 107% Pa) on the cellular monolayer. The described conditions are
referred to as “dynamic culture conditions”.

2.4.2. Bioreactor Setup for Dynamic Culture on Membranes

The dynamic culture of cells on inserts was carried out using a peristaltic pump (Model
114 ST, Watson Marlow, Falmouth, UK) in a cell culture incubator under standard conditions
(87 °C, 5% COy). The mounted stepper motor was operated with an Arduino UNO R3
microcontroller with the use of the AccelStepper library v1.61. The circuit consisted of
four series-connected chambers and a bubble trap, shown in Figure S3b. Sterilization
was performed as described above. The pump was operated at 10 RPM, generating a
constant fluid flow of 1.42 mL-min~!, which results in an average surface shear stress of
0.012 dyn-cm~2 (12 x 10~* Pa). The entire culture medium of 12 mL was exchanged every
four days.

2.5. Cell Proliferation Assay

The proliferation of cells was detected via 5-Ethynyl-2’-deoxyuridine (EdU) incorpora-
tion according to the manufacturer’s instructions. Briefly, cells were incubated with 10 uM
EdU in cell culture medium for 2 h under static or dynamic conditions. Cells were fixed
with 4% PFA for 10 min, permeabilized with 0.5% Triton-X 100 for 20 min and afterwards
incubated with the EAU-Click-ItTM reaction cocktail for 20 min. Nuclei were counter-
stained with 1 pg-mL~! Hoechst 33342 in PBS for 15 min in the dark. Finally, cells were
mounted and analyzed via confocal microscopy (LSM800, Carl Zeiss, Jena, Germany) or
via epifluorescence microscopy (Axio Observer Z1, Carl Zeiss) equipped with a black and
white camera (AxioCam MR R3, Carl Zeiss). All steps were conducted at room temperature.

2.6. Mucus Staining and Quantification

To visualize acidic mucins, samples from dynamic and static culture were fixed using
PFA, washed with PBS and incubated with Alcian Blue G8x Solution (1% in 3% acetic acid)
for 15 min at room temperature. Subsequently, the solution was removed and samples
were washed with distilled water, followed by washing steps with 3% acetic acid and
water to remove residual staining solution. To stain neutral mucins, fixed samples were
incubated for 2 min with 0.5% periodic acid, washed and treated for 10 min with Schiff’s
reagent, followed by three washing steps with PBS. Stained samples in PBS were imaged
using an inverted microscope (Axio Observer Z1, Carl Zeiss) equipped with a color camera
(AxioCam 105 color, Carl Zeiss).

To quantify neutral mucins, cells and adherent mucus were removed from the culture
substrate using a cell scraper, vigorously resuspended in PBS (1 mL), snap frozen in liquid
nitrogen and stored at 80 °C until further analysis. The cell suspension (100 uL) and 2%
w/v CHAPS (100 pL) were mixed and diluted with PBS (800 pL). The resulting suspension
was sequentially incubated with periodic acid (20 pL) and Schiff’s reagent (100 pL) for 2
and 1 h, respectively, at 37 °C in a thermal shaker. The absorbance Asz5 of the resulting
solution (100 pL) was measured in 96-well plates using a microplate reader (Infinite™
M200 PRO, Tecan, Mannedorf, Switzerland).

For normalization, DN'A content was determined using AccuBlue® assay according to
the manufacturer’s instructions. In brief, the cell suspension (100 uL) was resuspended in
2x digestion buffer (20 mM Tris, 2 mM EDTA, 0.2% Triton X-100 and 1 mg-mL~! proteinase
K) and incubated overnight at 37 °C. AccuBlue® reagent was diluted 1:100 in reaction
buffer, mixed with the sample at a ratio of 10:1 and incubated for 15 min in the dark.
Samples were excited at 480 nm and emission Espy was measured in 96-well plates using a
microplate plate reader in reference to a standard calibration curve.
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2.7. Thickness-Determination of the Adherent Mucus Layer

The thickness of the adherent mucus layer was determined as previously described in
the literature using fluorescent particles and confocal microscopy [34,35]. In brief, HT29-
MTX cells, on coverslips, were incubated with amine-modified, fluorescent latex beads (&
200 nm, 1:500) and Hoechst 33342 (5 ug-mL~!) in medium for 20 min under cell culture
conditions. Samples were gently washed twice with warm PBS and afterwards analyzed
in cell culture medium via confocal microscopy. The Image] based software package Fiji
v1.52 [26] was used for image processing and analysis to estimate the median mucus
thickness (& median absolute deviation, MAD, n = 5) of the adherent hydrated mucus
layer. Detailed information about image processing and data acquisition can be found in
the Supplementary Materials (Figure S4).

2.8. Alkaline Phosphatase (ALP) Activity Assay

To determine intracellular ALP activity, HT29-MTX cells were removed from their
substrate using a cell scraper, washed with PBS and centrifuged for 10 min at 5000 x g. PBS
was aspirated, cells were resuspended in cold RIPA buffer (60 pL), containing 1x EDTA-free
protease inhibitor and incubated for 40 min on ice. Reaction tubes were briefly vortexed
every 10 min to ensure complete cell lysis. After incubation, the lysates were centrifuged
for 5 min at maximum speed to sediment insoluble cell debris. The supernatant and ALP
working reagent were mixed at a 1:1 ratio in a 96-well plate. The ALP-catalyzed formation
of p-nitrophenol was colorimetrically monitored over a period of 60 min by measuring the
change of absorbance as A(Agps—Aggo)-min~! with a microplate reader.

2.9. Immunostaining and Direct Labelling

Cells were fixed with 4% PFA for 20 min, permeabilized with 0.1% Triton X-100 for
10 min, blocked using 5% BSA in PBS for 90 min and afterwards incubated with primary
antibodies against MUC1, MUC2, MUC5AC, MUCS5B or ZO-1 for 4 h. Primary antibodies
were detected via incubation with fluorophore-coupled secondary antibodies for 90 min
(see Table S3 for further information). All samples were counterstained with Hoechst 33342
(10 ng-mL~1) in PBS, and selected samples were counterstained using phalloidin-Atto®647,
for 15 min in the dark. All steps were performed at room temperature, samples were analyzed
via confocal microscopy and images were processed with the Zen Blue software (v2.3).

2.10. Transepithelial Electrical Resistance (TEER)

The electrical resistance of HT29-MTX cells seeded on Transwell® inserts was mea-
sured using the Millicell® ERS-2 unit equipped with an STX1 electrode (Millipore, Bedford,
MA, USA) to assess their barrier function. To ensure accurate measurements, apical and
basolateral medium was replaced by pre-warmed, fresh medium and inserts were kept on
a 37 °C heating plate (HP062, AgnThos, Lidingd, Sweden) for 10 min prior to and during
the measurement. Cell culture inserts without cells were measured as reference.

2.11. Statistics

All experiments were conducted at least in triplicate with a minimum of two tech-
nical replicates. Statistical significance between two groups was evaluated using the
Wilcoxon/Mann-Whitney test, whereas statistical significance between more than two
groups was evaluated using the Kruskal-Wallis test, followed by Dunn’s post-hoc test
with OriginPro 2020b (v9.7.5.184, OriginLab, Northampton, MA, USA). Significances are
indicated as * p < 0.05; ** p < 0.005 and *** p < 0.0005.

3. Results and Discussion
3.1. Characterization of Flow Chamber for Solid Substrates

To culture cells on standard microscope slides under defined dynamic conditions, an
easy to reproduce, reusable flow chamber was designed and manufactured (Figure 1a,b). It
allows implementation into a stand-alone bioreactor system, as illustrated in Figure 1le and
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Figure S3a. All materials remained inherently stable after repeated cycles of autoclaving.
Additionally, the chamber was operable in a common CO; incubator with a peristaltic
pump that was similar to the setup of the flow chambers for culture of cells on membranes
shown below (Figure S3b).

The geometry of the chamber was shaped to generate homogenous laminar flow
on the cell surface with adjustable physiological shear stresses. By varying the height
of the flow channel from 0.15 to 6 mm, we mathematically approximated an applicable
range of wall shear stresses from 0.004 to 29.7 dyn-cm 2 (4-10~% to 2.97 Pa; Equation (1)),
which resembles the physiological shear stresses of a variety of human organs and blood
vessels [36], opening up the opportunity to cultivate cells from various origins under
their respective physiological flow conditions to generate more realistic tissue mimicking
models [37]. The obtained values were further validated and the fluid flow behavior within
the chambers was characterized via CFD-simulations, which revealed differences between
simulated and calculated values, with the latter being slightly overestimated (Table S1).
Chambers with channel heights of up to 1.5 mm already exhibited laminar flow conditions
due to a construction-dependent threshold (Figures Sla and S2). As it can be seen from
Figure S1b, homogenous laminar flow necessitated the implementation of homogenizing
structures for chambers with 6 mm channel height, which were designed on the basis of the
conducted CFD simulations (Figure Slc). A representative example, including the velocity
profile and surface shear stress, is shown in Figure 1c,d for a corresponding chamber with
6 mm channel height and 3D-printed homogenizing triangular features at a volume flow
rate of 6.4 mL-min~!. The estimated and simulated surface shear stresses were 0.008 and
0.009 dyn-cm~2 (8 and 9 x 10~* Pa), thus matching with physiological shear stresses in
the human small intestine [28]. Similar shear stresses could be applied using convenient
ibidi® chambers (u-Slide I, 0.8 mm channel height), which in preliminary experiments
unfortunately resulted in a marked pH-gradient from the inlet to the outlet with the
HT29-MTX cells under physiological flow conditions (data not shown). Overcoming these
limitations, our newly designed flow chamber was the better choice for the dynamic culture
of HT29-MTX cells when aiming to develop a more realistic in vitro mucus model of the
human GI tract.

3.2. Design of Experiments

The human cell line HT29-MTX generally requires 21 days to fully differentiate into an
intestinal epithelial, mucus-producing cell layer under static conditions [38]. Their ongoing
maturation into functional goblet-like cells is macroscopically visible, since the mucus
layer, accumulated on top of the cell layer, progressively reduces its transparency. It was
previously shown that the mucus production of HT29-MTX cells cultured on membranes
at the liquid—air interface is enhanced under mechanical stimulation [24,39]. Preliminary
experiments revealed a markedly faster and stronger development of the aforementioned
visual turbidity of the cultures under flow conditions using our chamber, which suggests a
reduced culture time of only 14 days under dynamic conditions to yield a mucus-producing
epithelial cell layer (data not shown). Hence, the maturation of HT29-MTX cells in terms of
proliferation, differentiation and mucus production under static and dynamic conditions
was further characterized at different time points up to three weeks of culture.

3.3. Morphology and Proliferation of HI29-MTX Cells under Static and Dynamic Conditions

To monitor differences in the development of integrity and morphology of HT29-MTX
cells under static and dynamic culture conditions, the conformation of the cell layer was
first monitored at different time points via phase contrast microscopy (Figure 2a). The
cell layers were confluent at all times and conditions without any recognizable defects.
Additionally, we observed a time-dependent formation of darker regions that are hard
to bring into focus during microscopic imaging. This phenomenon developed faster and
was distinctly more pronounced under dynamic conditions, which was in agreement
with the macroscopic observation of turbidity when compared to samples from static
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conditions at the same or even advanced time points. It was previously reported in the
literature that HT29-MTX monolayers are able to expand three-dimensionally (3D) [27].
The presence of multilayered regions and the accumulation of mucus seem to decrease the
light transmission in the respective areas and hinder optimal focus adjustment.

Static Dynamic

Week 1

Week 2 Week 3 Week 1 Week 2 Week 3

(®)
3
|84

EdU / Nuclei

Figure 2. Morphology and proliferation of HT29-MTX cells under static and dynamic culture conditions at various time
points. (a) Morphology was assessed via phase contrast microscopy and (b) newly synthesized DNA was visualized with
EdU-Alexa® 488 (green) and imaged using confocal microscopy. Nuclei were counterstained with Hoechst 33342 (blue).

(a,b) show independent samples. (Scale bars: 200 um).

To further examine this effect, the influence of culture conditions on the proliferative
capacity of HT29-MTX cells was detected via incorporation of the thymidine analogue EAU
into the newly synthesized DNA of daughter cells, and subsequent labelling (Figure 2b).
Regardless of their cancerous origin, the proliferative capacity of HT29-MTX cells is known
to disappear once cells reach confluency [40]. However, a larger number of proliferating
cells was detected at all analyzed time points under dynamic conditions compared to
samples from static culture. These results are consistent with the observed increased
proliferation of Caco-2 cells, when cultured under flow conditions [41]. Furthermore, the
simultaneous visualization of nuclei via Hoechst-staining revealed HT29-MTX clusters
with a higher fluorescence intensity, which were particularly defined after two and three
weeks of dynamic culture when compared to the status after three weeks of static culture.
The clusters share structural similarities with the dark spots on the cell layer detected via
phase contrast microscopy and can be attributed to multiple layers of highly proliferative
cells and their 3D rearrangement beyond cellular monolayers. Proof of the colocalization
of the darker regions and proliferative cells is shown in Figure S5 using epifluorescence
microscopy. To exclude a potential influence of the larger medium volume, and thus,
constant and high nutrient supply present in dynamic culture, control experiments using
equally high medium volumes in static culture were conducted, revealing no effect on
the proliferation of the HT29-MTX cells (Figure S7). The improved proliferation and 3D
organization under dynamic culture conditions seem to be solely induced by the applied
physiological shear stress.

3.4. Villi Formation

The presence of intestinal micro- and macrovilli and the accompanying increase in
overall surface area determines the high absorptive capacity of the small intestine [42].
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Dynamic - Week 3

Based on the previous data on morphology and proliferation, we further examined the
cellular reorganization via visualization of the cytoskeleton. The 3D expansion of HT29-
MTX cells under static and dynamic conditions can be seen in Figure 3a. For both culture
conditions, hollow structures are visible in the lower regions of the epithelial layer, which
are covered by cells on the top. In the literature, such structures within the HT29-MTX
cell layer were previously described as arch morphology or mucus-containing vacuoles
without attribution of a function [24,27]. In our hands, these structures did not contain
mucins, but increased over time in number and size, merged to form larger entities and

were overgrown by cell layers, resulting in a 3D expansion of the cellular monolayer.
Although not yet completed, this 3D reorganization was more pronounced after two weeks

of dynamic culture, with the villi-like structures having a height of up to 120 um [43], when

compared to the situation after three weeks of static culture, in which there was a height of

only up to 80 um. After three weeks of dynamic culture, the villi-like structures were even

more defined and completely singularized, reaching up to 180 um in height (Figure 3a).
These results validate the faster and much more sufficient maturation and reorganization

of the cellular layer under minimal flow conditions.

60 90 120 150
Height [pm]

Figure 3. Topography of HT29-MTX cells under static and dynamic conditions after three weeks of culture. (a) Confocal
images of F-actin (red) and nuclei (blue) staining at different z-positions (Bottom, Middle, Top) and representative orthogonal

views below (the dotted line indicates the cutting plane). (b) Corresponding 3D surface reconstructions of z-stacks of the
epithelium, modelled by Image].

3.5. Mucus Characterization

Mucus synthesis and secretion, a major function of the intestinal epithelium [1], was
examined for both culture conditions. Staining of acidic and neutral mucins revealed a time-
dependent and ongoing increase in the respective mucins under static and dynamic culture
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conditions (Figure 4a,b). The staining intensified more rapidly under dynamic conditions,
which was not due to the higher medium volume and, therefore, better nutrition of the
cells in this culture system. According to Wang et al., an increased mucus formation and
thickness could be the result of a reduced dilution of mucin molecules in a smaller medium
volume [25]. In our hands, the higher dilution in dynamic culture nevertheless resulted in
increased mucus formation, whereas the same medium amount applied to static culture
conditions revealed a dilution of mucins compared to the conventional static conditions
(see Figure S8a). The higher amount of mucus per cell in dynamic culture can, therefore, be
solely related to the applied fluid flow. To achieve the thickest possible mucus layers under
static conditions, we recommend a reduction in medium volume (by as much as practically
feasible) and particularly careful media changes.
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Figure 4. Qualitative and quantitative characterization of mucus produced by HT29-MTX cells under
static and dynamic culture conditions at various time points. Microscopy images of (a) Alcian blue
and (b) PAS-stained cells showing acidic mucins in blue and neutral mucins in purple, respectively.
(Scale bars: 200 um). (c) Photometrically quantified amounts of neutral mucins after PAS-incubation.
Data presented as mean £ SEM with respect to week 1 under static conditions (1 = 3-5). (d) Adherent
mucus layer thickness determined under native conditions via confocal imaging data, shown as
box plot, including data points, median and full range (1 = 5). (e) Intracellular activity of ALP as
enterocyte marker. Data presented as mean + SEM with respect to week 1 under static conditions
(n = 3-8). Statistical significance indicated by * p < 0.05 and *** p < 0.0005.

Furthermore, both acidic and neutral mucins seem to be located preferentially close
to the aforementioned villi-like structures, which becomes most obvious under static
conditions. Because the presence of multicellular layers is also accompanied by a reduction
in visible light transparency, the color images of the stained samples might misleadingly
suggest higher amounts of mucins at cell dense positions with 3D villi-like structures. Thus,
we additionally determined the amount of neutral mucins per cell and were able to confirm
the time-dependent increase in mucus production under both culture conditions (Figure 4c).
The only significant increases in mucin amount were detectable after two and three weeks
of dynamic culture when compared to static conditions after week 1. The 2.4-fold increase
in mucin generation after two weeks of dynamic culture was already higher than the
2-fold increase after three weeks of static culture, clearly demonstrating the accelerated
differentiation of HT29-MTX cells into goblet-like mucus-producing cells induced by shear
stress. After week 2, the mucin amount in dynamic culture remained relatively stable.
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This indicates the completion of differentiation into a mucus-producing phenotype after
two weeks of physiological fluid flow, followed by a more defined 3D-restructuring of the
cellular layers, as shown previously.

Adherent mucus is commonly analyzed after fixation of the respective samples, which
causes the lack of data on mucus characteristics under native conditions. Unfortunately,
common fixation methods lead to dehydration, and thus, a collapse of the adherent mucus,
which does not represent its native structure. Consequently, the conventional fixation de-
creases the mucus thickness, resulting in thickness values in the range of a few micrometers
for fixed HT29-MTX cells [17,24,27]. Even though there are some fixatives used that suppos-
edly preserve its native structure, this is mutually dependent on the sample origin as the
adherent mucus may be altered by multiple washing steps and further processing [44]. To
overcome this obstacle, we incubated the native cultures with amine-modified fluorescent
beads, which stick to the charged mucus via electrostatic interactions, and counterstained
the cell nuclei with Hoechst. Confocal imaging and further image processing of z-stacks
made it possible to measure the average distance between nuclei and beads sticking to the
mucus surface (Figure 4d). We observed native mucus thicknesses reaching up to 84 pm
after three weeks under static conditions, and 145 um after three weeks under dynamic
conditions. Thus, culture under physiological shear stress yielded an increase in maximum
mucus thickness by 72%. The corresponding averaged thicknesses after three weeks of
static or dynamic culture were 29 & 14 um and 50 £ 24 um, respectively, indicating a
significant average mucus thickness increase of 72% for flow conditions. Along with the ac-
celerated development of mucus amounts in dynamic compared to static culture discussed
above, a maximal mucus thickness of 148 um and an average thickness of 41 + 14 pm
measured after only two weeks of culture under flow [43] confirm the assumption of a
faster differentiation of HT29-MTX cells into a goblet-like cell type under physiological
shear stress.

Additionally, the intracellular activity of the enterocyte marker enzyme alkaline
phosphatase (ALP) was measured to evaluate the differentiation status of the cells under
different culture conditions in greater detail [45]. As illustrated in Figure 4e, the ALP
activity increases time-dependently in samples obtained from static culture. Cells derived
from dynamic culture, on the other hand, show a drastic reduction in ALP activity from
week 1 onwards. Static control experiments with media volumes comparable to dynamic
culture also revealed a decrease in intracellular ALP activity after three weeks when
compared to conventional static culture (Figure S8b). However, the ALP activity in samples
from dynamic culture was still reduced by a factor of two, supporting the hypothesis of a
better maturation of the cells towards a goblet-like phenotype under flow.

3.6. Immunofluorescent Staining of Selected Mucins

To investigate the distribution and localization of selected mucins, the best charac-
terized transmembrane mucin MUC1 and the two main GI secreted mucins MUC2 and
MUCS5AC were visualized via immunofluorescence (Figure 5). In general, all examined
mucins were expressed at higher levels after culture of the cells under dynamic conditions
and they were mainly located at the tips of the 3D villi-like structures, as can be concluded
from the images showing the counterstaining of the nuclei. An enhanced shear-induced po-
larization was shown previously for various cell types, including epithelial and endothelial
cells of different origins [24,46]. Furthermore, mucins are known to protect the underlying
epithelium from mechanical stress [1], which is expected to be highest at the tip of the
villi-like structures under dynamic conditions. MUC1 was hardly detectable under static
conditions, whereas the tips of the villi-like structures of dynamically cultured cells were
apically covered by MUC1. The stress-induced production of MUC2 was shown previously
for HT29-MTX cells [27], and also for Caco-2 cells, which usually do not express MUC2 [47].
In our experiments, MUC2 seemed to be mainly stored intracellularly (Figure 5). MUC5AC
is known to be highly expressed in the stomach and the respiratory tract [48] and it is the
main secreted mucin of HT29-MTX cells [34]. It can multimerize by forming disulfide
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bonds and contributes to the formation of a dense mucus network [49]. As can be seen
in Figure 5, under dynamic culture conditions, the secreted MUC5AC forms a heavily
branched network, which seems to span the tips of the villi-structures and as such may
contribute to an increased robustness of the formed mucus layer. The immunofluorescent
staining allows the observation of an increased mucus coverage of the cellular layer after
culture under flow conditions. Additionally, the increased generation of secreted mucins
after culture of the cells for only two weeks under dynamic conditions, compared to a
culture spanning three weeks under static conditions, confirms the accelerated maturation
of the HT29-MTX cells in the direction of the goblet cell phenotype. The respective images
of the staining from all of the various time points, including week 2 of dynamic culture, as
well as a further immunofluorescent staining for MUC5B can be found in Figure S6. Again,
a control experiment using the medium volume of dynamic culture in a static approach
resulted in a dilution of mucins even when compared to static culture (Figure S9). All
effects seen under dynamic culture conditions can, therefore, be attributed to the influence
of the fluid flow applied to the cell surface.

Static - Week 3 Dynamic - Week 3

Figure 5. Confocal immunofluorescence images of HT29-MTX cells under static and dynamic conditions after three weeks.
Samples were stained with antibodies for the membrane-bound mucin MUC1 and secreted mucins MUC2 and MUC5AC
(green). Nuclei were counterstained with Hoechst 33342 (blue). (Scale bars: 100 pum).

Since the immunofluorescent staining of MUC5AC showed high similarities to mucus
networks found on the surface of airway epithelia, previously reported by Sheehan et al., we
conducted a co-staining of MUC5AC and the main secreted airway mucin 5B (Figure 6) [50].
Interestingly, both mucins were colocalized in the previously observed branched networks
and, to a lesser extent, in secretory vesicles, as indicated by the white arrow. Imaging at
higher magnifications revealed diameters for these single fibers as small as 200 nm. A
similar colocalization of fibrous MUC5AC and MUCS5B in mucus networks is commonly
observed in lung-derived mucus samples [51]. To the best of our knowledge, our results
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are the first to show a fibrous and heavily entangled network of MUC5AC and MUC5B
strands produced and secreted by the intestinal HT29-MTX cell line.

MUCSAC

Figure 6. Colocalization and fiber-formation of secreted mucins MUC5AC and MUCS5B. Confocal
immunofluorescence images of HT29-MTX cells after two weeks of dynamic culture stained with
antibodies for MUCS5AC (red) and MUCS5B (green). Nuclei were counterstained with Hoechst
33342 (blue). White arrow indicates an example of colocalization of both mucins in secretory vesicles.

3.7. Transfer of the Model System from Solid Substrates to Membranes

In order to transfer the established well-defined dynamic cell culture conditions for
the fast maturation and differentiation of HT29-MTX cells from the microscopic slides to
commercial cell culture inserts, we developed a fully 3D-printed insert culture chamber
that enables the culture of cells on membranes under flow conditions. A similar setup is
commercially available, comprising a silicone-based chamber that allows the application of
apical and basal shear stress. However, silicone is known to adsorb hydrophobic drugs and
applicable shear stresses are restricted to a relatively low maximum flow rate (<500 pL/min)
with this system [52]. Furthermore, CFD simulations revealed that rather non-homogenous
shear stresses were applied to the cellular surface, originating from the chamber design [53].
The CAD-model of our design and the printed and assembled chamber are shown in
Figure 7a,b. CFD simulation at a volume flow rate of 1.42 mL-min~! (corresponding to
10 RPM) demonstrated a homogenous flow distribution, as illustrated by the velocity field,
which applies a physiological shear stress of 0.012 dyn-cm~2 (12 x 10~ Pa) to the cell
surface of the cell culture insert (Figure 7c,d). The Dental SG Resin (Formlabs) used for
3D-printing of the insert chamber is specified as biocompatible. Nevertheless, a leaching
assay was performed, which revealed no influence on the viability and no increase in cell
death of HT29-MTX cells induced by contact of the cell culture medium with the printed
resin for up to three weeks (Figure S10).
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Figure 7. Chamber design for dynamic culture of cells on membranes and evaluation of flow properties. (a) CAD model

(exploded view) and (b) photograph of the assembled 3D-printed culture chamber. (c) Corresponding velocity streamline

profile within the fluid channel and (d) surface shear stress highlighted for the membrane area obtained by CFD simulation

at a volume flow rate of 1.42 mL-min—".
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To ensure that cells cultured on conventional inserts are accessible to shear stress in the
chamber, they must be seeded in a reverse manner onto the bottom of the insert membrane,
as illustrated in Figure 8a. Among others, this method offers the advantage of improved
optical access to the mucus layer and the mucus—cell interface and, thus, enhances the
imaging quality in immunofluorescence experiments [54]. For a characterization of the
epithelial barrier function of differently cultured HT29-MTX cell layers, we aimed at TEER
measurements. In contrast to Caco-2 cells, which are the most commonly used model
to mimic the intestinal barrier, HT29-MTX cells only form weak barriers, as indicated by
low TEER values [55]. Beduneau et al. reported a time-dependent barrier formation of
HT29-MTX cells developing from approximately 20 to 60 Q)-cm? from day 7 to 14 in static
culture [17]. These values were comparable to our TEER-measurements, and also showed a
time-dependent increase in the barrier strength, reaching 62.8 & 2.2 )-cm? after three weeks
of normal static culture (Figure 8b). Notably, an additional increase in the barrier function of
HT29-MTX cell layers under reverse static conditions was observed, with a 2-fold increase
in the TEER value up to 128.1 + 5.6 Q-cm? after three weeks of inverted culture. It is
reported, with Caco-2 cells, that static, reverse, upside-down culture on inserts had a
qualitatively similar effect on differentiation and cellular reorganization as the application
of fluid flow [56]. Moreover, upon application of defined shear stress of 0.012 dyn-cm 2
(12 x 10 Pa) to reversely cultured HT29-MTX cells, the maturation of the barrier was
further accelerated compared to static cultures, resulting in significantly increased TEER
values of 37.3 & 2.1 Q-cm? after one week followed by a more than 2-fold increase in the
value, reaching 84.0 & 3.6 )-cm? after only two weeks of dynamic culture (Figure 8b). At
first glance, this increase seems to stagnate from two to three weeks of inverse dynamic
culture (see dashed bar in Figure 8b). However, immunofluorescent stainings of the
cytoskeleton via phalloidin revealed a similar formation of the villi-like structures detected
on solid substrates when cultured under dynamic conditions (Figure 9a). The concomitant
drastic increase in surface area under flow conditions thus resulted in TEER values that
underestimated the reality. Therefore, we performed a correction of the value measured
after three weeks of dynamic culture for the increased surface area (see Figure S13 for
details). The resulting TEER value of 121.5 + 8.1 Q)-cm? shows a clear increase after two
weeks of dynamic culture and is in the same range as the one measured in static reverse
conditions (Figure 8b).
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Figure 8. Influence of culture conditions on the barrier function of HT29-MTX cells. (a) Illustration of
culture conditions with cells seeded either onto the top or bottom of Transwell®-insert membranes,

-

[=]

o
1

TEER [Q-cm?]

a
o
1

N
($3]
1

termed as “normal” and “reverse”, and cultured under static or dynamic conditions. (b) Barrier
function of HT29-MTX cells cultured under “Static normal” (white), “Static reverse” (light gray) and
“Dynamic reverse” (dark gray) condition as quantified by TEER measurements at various time points.
Data presented as mean + SEM (n = 4-12). Dotted bar (Dynamic reverse—Week 3) represents raw
data prior to correction of the value for the surface area. * p < 0.05; ** p < 0.005 and *** p < 0.0005
compared to corresponding “Static normal”.

Static reverse - Week 3 Dynamic reverse - Week 3
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(b)
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Figure 9. Confocal immunofluorescence images of HT29-MTX cells on Transwell®-insert membranes
under static and dynamic conditions after three weeks. (a) Confocal image and corresponding
orthogonal view of F-actin stained with phalloidin (red). Dotted and straight white line indicate
the cutting plane and the position within the z-stack, respectively. Nuclei were counterstained with
Hoechst 33342 (blue). Orthogonal projections of samples stained with antibodies for (b) ZO-1 as
an integral part of tight junctions (green) and (c) the secreted mucin MUC5AC (green). (Scale bars:
100 pm).

To further investigate the epithelial barrier maturation, staining was conducted for
the tight junction protein-1 (ZO-1), revealing a similar formation of tight junctions after
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three weeks of static reverse and dynamic reverse culture (Figure 9b). Beyond that, the
amount of the main mucin MUC5AC produced by HT29-MTX cells was markedly in-
creased after three weeks of culture under physiological flow, with comparable structural
features as seen previously under dynamic conditions on solid substrates (Figure 9¢c). Ad-
ditional control experiments again confirmed the biocompatibility of the 3D-printed resin,
showing no influence of potential leaching on barrier function and mucus production
(Figures 511 and 512). Overall, we were able to transfer the improved HT29-MTX-based
mucus model, established in dynamic culture on solid substrates, to membranes as culture
substrate, thus allowing additional measurements of the barrier function.

4. Conclusions

Reusable and sterilizable flow chambers were designed to apply physiologically
relevant mechanical stress to intestinal HT29-MTX cells seeded on conventional microscopy
slides or on membrane inserts. These conditions triggered the reorganization of the initial
cellular monolayer, in the absence of cell-instructive gel matrices, towards a 3D structure
that more closely resembles the physiological intestinal shape, with an increased surface
area, via villi-like structure formation. Additionally, the required culture time for sufficient
maturation towards a goblet-like phenotype was drastically reduced and a thick mucus
layer could be detected, which was adherent to the cells. If singularized villi-like structures
are desired in the model, a dynamic culture time of three weeks is recommended, while if
only the produced mucus layer on the model is of interest, two weeks of dynamic culture are
sufficient. Detailed analysis of the mucus revealed heavily branched networks of various
mucins. We herein demonstrated the high impact of the application of physiological shear
stresses of approximately 0.01 dyn-cm 2 (1 x 10~ Pa) on the cellular differentiation, mucus
production, barrier formation and 3D reorganization of the cellular layer without further
need for expensive culture supplements or equipment. In the future, by transferring
this technique to the culture of intestinal monolayers derived from organoids or stem
cells, their physiological behavior in terms of villi-like structure formation and especially
mucus production could be enhanced. Therefore, the obtained results are an important
contribution to the future development of advanced human mucus or improved intestinal
models to mimic the intestinal barrier in vitro.
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10.3390/cells10082062/s1, Figure S1: Evaluation of flow properties in slide chambers, Figure S2:
Surface shear stresses and velocity streamline profiles in slide chambers with varying channel heights,
Figure S3: Setup for dynamic cell culture, Figure S4: Image processing and analysis to determine
the native thickness of mucus produced by HT29-MTX cells, Figure S5: Colocalization of 3D self-
organized and proliferative HT29-MTX cells, Figure S6: Confocal immunofluorescence images
of HT29-MTX cells after static and dynamic culture at various time points, Figure S7: Influence
of medium volume on cellular proliferation, Figure S8: Influence of medium volume on mucus
production and intracellular ALP activity, Figure S9: Influence of medium volume on mucus structure,
Figure S10: Biocompatibility of the 3D-printed resin, Figure S11: Influence of the 3D-printed resin
on cellular barrier function, Figure S12: Influence of the 3D-printed resin on mucin expression and
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Origin, Table S1: Calculated and simulated wall shear stress values, Table S2: Printing parameters for
Dental SG Resin with LONGER Orange 30 printer, Table S3: Primary and secondary antibodies for
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1. Chamber Design and Evaluation

The range of applicable wall shear stresses was determined via mathematical approximation and
validated by CFD simulation. Channel heights of the culture chamber and applied flow rates were
varied from 0.15 to 6 mm and 2.84 to 14.2 mL/min, respectively (Table S1).

Table S1. Calculated and simulated wall shear stress values.

Channel Height [mm] Homogenizer Average surface shear stress [dyn/cm?] (CFD / calculated)
2.84 mL/min 6.4 mL/min 14.2 mL/min
(20 RPM) # (45 RPM) ¢ (100 RPM) *
0.15 Threshold 4.6/59 10.4/13.2 23.1/29.7
0.35 Threshold 0.86/1.08 1.93/2.43 4.29 /5.39
1.5 Threshold 0.055/0.059 0.124 /0.132 0.277 /0.294
6 Triangular 0.0039 / 0.0037 0.0088 / 0.0083 0.0196 /0.0183

*mathematical approximation: T=6uQuwh?2 with y=0.93 cP

t valid for the OSPIN bioreactor system, using silicone tubings with an inner diameter of 1.6 mm.

CFD simulations were conducted to evaluate the fluid flow behavior within different channel

geometries. Homogenous flow is enabled by a construction-dependent threshold for channel heights
up to 1.5 mm, whereas a channel height of 6 mm necessitates the implementation of homogenizing
structures (Figure S1).

0.3
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Figure S1. Evaluation of flow properties in slide chambers. (a) Fluid flow behaviour (velocity streamline profile) in
a chamber with 1.5 mm channel height including a homogenizing threshold at a volume flow rate of 6.4 mL-min™.
(b) Velocity streamline profile and surface shear stress in culture chambers without homogenizing structures with
a channel height of 6 mm and a 6.4 mL'min-! volume flow rate. (c) Photograph of a 3D-printed homogenizing insert
(triangular) in a culture chamber.
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Surface shear stress and velocity streamline profiles of all chambers at 6.4 mL min' (45 RPM) are
shown in Figure S2.
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Figure S2. Surface shear stresses and velocity streamline profiles in slide chambers with varying channel heights

from 0.15 to 6 mm including homogenizing structures at a volume flow rate of 6.4 mLmin.

2. 3D-Printing

Homogenizing structures and chambers for dynamic insert culture were CAD-modelled with
Rhinoceros (Version 5.0, Robert McNeel & Associates, Seattle, WA/USA) and exported as an stl-file. We
used a LONGER Orange 30 printer (Shenzhen, China) and Formlabs Dental SG resin (Somerville,
MA/USA), which is classified as biocompatible according to EN-ISO 10993-1:2009/AC:2010 to print the
models. The stl-file was imported into the printer’s own slicing software LongerWare v1.32. The models
were manually aligned in x- and y-position and tilted, if necessary. Supporting structures were added
with default specifications and the model was sliced with a layer thickness of 50 um. The resin-specific
printing parameters can be found in Table S2. After exporting the lgs-file and printing, the parts were
removed from the building platform and washed twice in 99% isopropyl alcohol or ethanol, followed
by a post-curing step in a self-made chamber using a 30 W UV-A LED lamp (A = 385-400 nm) for 60
seconds each (top & bottom). The models were finally washed excessively with warm tap water and
extracted in deionized water at 37 °C for at least 24 h.
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Table S2. Printing parameters for Dental SG Resin with LONGER Orange 30 printer.

Parameter Value

Burn-In Time [ms] : 60000
Burn-In Range [mm] : 0.3
Curing Time [ms] : 7500
Stable Time [ms] : 1000
Lift Distance 1 [mm] : 2
Lift Speed 1 [mm/min] : 48
Lift Distance 2 [mm] : 2

Lift Speed 2 [mm/min] : 300

3. Setup for Dynamic Cell Culture

The dynamic culture of cells on solid surfaces was performed using OSPIN's bioreactor system. A
photo of the setup without the closing lid is shown in Figure S3a. Peristaltic pumps provide perfusion
of the circuit and enable an automatic media exchange. The pH-value is monitored on-line and
controlled via passive diffusion of CO: through a silicone tubing in the gassing unit. With the system
closed, a temperature of 37 °C is maintained. A simpler system was used for cultivation of cells on cell
culture inserts, with a peristaltic pump directly operated in a cell culture incubator under standard
conditions (37 °C, 5% CO2), shown in Figure S3b. A bubble trap and four culture chambers were
mounted in line as a circuit.

(a) Waste Bubble Trap ~ Gassing Unit Culture Chamber

Medium pH Sensor Pumps
(b) Culture Chambers Bubble Trap Pump

“ e
Figure S3. Setup for dynamic cell culture. A labeled photograph of (a) the bioreactor system and (b) a peristaltic

pump, operated in a cell culture incubator, including the circuits for the dynamic culture of cells on solid substrates
and cell culture inserts, respectively.
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4. Thickness-determination of the Adherent Mucus Layer

To determine mucus thickness, unfixed samples were incubated with fluorescence-labelled
particles as well as Hoechst and subsequently analyzed using confocal microscopy [1, 2]. Multiple frame
averaging (4x) is essential during data acquisition. The raw data (Z-stacks, 8-bit grayscale) is converted
into binary images via manual thresholding in Iimage]. Frame averaging allows the exclusion of unbound
particles via their reduced intensity. Particle analysis is then performed using Bone[ plugin, applying a
size filter of 500-2500 and 5-150 um? for nuclei and beads, respectively (Figure S4a). The obtained
coordinates (X, Y and Z position) were verified (exemplified in Figure 54b) and allotted to groups in a
10x10 heatmap with Origin to prevent areas with high bead-density from falsifying the results (Figure
S4c). Finally, corresponding clustered data points were subtracted from each other (beads minus nuclei).
The slight overestimation of thickness due to the distance from nucleus center to cell surface was
deliberately ignored since nuclei had an average radius of approximately 6 + 2 um and were thus within
the margin of error.

(a) —>  Manual Tresholding = Binary Image

Original Image BoneJ Analysis

k)
)
E]
Z
17}
<
<
Q
m
(b) Label v|ID v | Vol. (microns®) | » | x Cent (microns) v |y Cent (microns) v |z Cent (microns) ~
62 Bonel Particle Analyzer - Beads 60 54.81110 333.51669 443.23687 140.90909
63 Bonel Particle Analyzer - Beads 61 74.74241 421.47434 195.66313 21:33333
64 BoneJ Particle Analyzer - Beads 62 64.77675 488.85065 55.13584 54.23077
65 Bonel Particle Analyzer - Beads 63 129.55351 291.22936 131.96510 170.57692 I
66 Bone) Particle Analyzer - Beads 64 74.74241 71.27728 178.89200 61.33333
67 BonelJ Particle Analyzer - Beads 65 59.79393 415.61776 390.49435 122.91667
Bone] Particle Analyzer - Beads 66 54.81110 168.89104 107.90513 65.45455
(c) Heatmap - Nuclei
2293 um 51,80
2133 um JRg.
: 170 um =ats
35,64
27,56
19,48
11,40
Z 143,5
117,8
92,10
66,40
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Figure S4. Image processing and analysis to determine the native thickness of mucus produced by HT29-MTX cells.
(a) The raw data is converted into a binary image via manual thresholding and analyzed via Bone|'s particle
analyzer. The results were verified, as illustrated exemplary in (b). All data points were plotted in Origin as a 10x10
matrix and finally subtracted (beads — nuclei; (c)). (scale bar 100 pm)
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5. Colocalization of Proliferative and 3D Self-organized Cells.

As the confocal microscope used for acquisition of fluorescence images shown in the main
manuscript is not equipped with a camera for brightfield imaging, we examined HT29-MTX cells after
3 weeks of dynamic culture on a normal inverted epifluorescence microscope, after staining with
Hoechst and EdU for nuclei and proliferative cells, respectively. The dark areas, which are pronounced
after dynamic culture, show a clear colocalization with proliferating cells, illustrated by the merged
images in Figure S5.

Hoechst

- e e \
Figure S5. Colocalization of 3D self-organized (dark areas, brightfield) and proliferative HT29-MTX cells (green,
EdU), obtained via brightfield and epifluorescence microscopy, respectively. Nuclei were counterstained with
Hoechst 33342 (blue). (scale bar 100 pm)

6. Immunofluorescent Staining

For immunofluorescent staining of selected mucins and ZO-1, the following antibodies and
dilutions were used.

Table S3. Primary and secondary antibodies for immunofluorescent staining.

Target Species Dilution 2nd Antibody (1:500)
MUC1 Rabbit (polyclonal) 1:200 Goat-a-rabbit (H+L) Alexa-488®
MUC2 Mouse (monoclonal) 1:100 Goat-a-mouse (IgG1) Alexa-488®

(counterstained with Phalloidin-Atto647%)

MUCS5AC Mouse (monoclonal) 1:250 Goat-a-mouse (IgG1) Alexa-488°
MUC5B Rabbit (polyclonal) 1:100 Goat-a-rabbit (H+L) Alexa-488®
Z0O-1 Rabbit (polyclonal) 1:250 Goat-a-rabbit (H+L) Alexa-647®

Co-Staining

MUC5AC Mouse (monoclonal) 1:250 Goat-a-mouse (IgG1) Alexa-647°
MUC5B Rabbit (polyclonal) 1:100 Goat-a-rabbit (H+L) Alexa-488®

# diluted 1:200 in PBS, incubation for 1 h at room temperature
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Confocal images of immunofluorescent stainings of HT29-MTX cells after dynamic and static
culture for up to three weeks on solid substrates are shown in Figure Sé6.

Static Dynamic
Week 1 Week 2 Week 3 Week 1 Week 2 Week 3

200 pm 200 um 200 um
4
200um . * 2 200 pm
< 7 o,

200 m —200pm

MUCSAC _

3 > i
200um - 200 um

Figure S6. Confocal immunofluorescence images of HT29-MTX cells after static and dynamlc culture at various

time points stained with antibodies for the membrane-bound mucin MUC1 and secreted mucins MUC2, MUC5AC
and MUCS5B (green). Nuclei were counterstained with Hoechst 33342 (blue).

7. Control Experiments — Medium Volume Adaption in Static Culture

Since the bioreactor circuit contains a higher volume of cell culture medium compared to static
culture on solid substrates, control experiments were performed to ensure that the observed effects were
caused by the shear stress in dynamic culture only and were not related to the higher medium volume.
Cells were either cultured under standard conditions (Static Culture), dynamic conditions (Dynamic
Culture) or static conditions with similar ratio of medium volume to cell seeding area as in the dynamic
culture (Medium control). Changes in proliferation (Figure S7), mucus production (Figure S8a), ALP
activity (Figure S8b) and mucus structure (Figure S9) induced by higher medium volume were not
comparable to the ones seen in dynamic culture. The cell proliferation was even weaker than in
conventional static culture after three weeks and mucin amounts tended to be much lower due to the
higher dilution of mucins under static conditions with high medium volume [3].
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Week 1 Week 2 Week 3

Static Culture

200 pm » 200 pm y 200 pm

Medium Control

200 pm 3 - 200 ym

Dynamic Culture

Figure S7. Influence of medium volume on cellular proliferation. HT29-MTX cells were cultured for up to three
weeks under conventional conditions (Static Culture), dynamic conditions (Dynamic Culture), and static conditions

with media volumes comparable to dynamic culture (Medium Control). n=2

(a) Static Culture Medium Control Dynamic Culture  (b)
’ IR ;.‘Si“ % e

2004

A!cian Blue

150

100

Intracellular ALP Activity
3

[% to Dynamic - Week 3]]

PAS

Medium Control
Week 3 Week 3

Figure S8. Influence of medium volume on mucus production and intracellular ALP activity. (a) Alcian blue and
PAS staining of HT29-MTX after three weeks of culture under conventional conditions (Static Culture), dynamic
conditions (Dynamic Culture), and static conditions with media volumes comparable to dynamic culture (Medium
Control) n=2. (b) Intracellular ALP activity after three weeks of culture under dynamic conditions and static

conditions with media volumes comparable to dynamic culture (Medium Control). Data presented as mean + SEM

Dynamic Culture

with respect to week 3 under dynamic conditions. n=4-8
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MUC1 MuC2 MUCSAC
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200 um

Medium Control
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200 um 200 um

Figure S9. Influence of medium volume on mucus structure determined by immunofluorescent staining with
antibodies for MUC1, MUC2 and MUC5AC. HT29-MTX cells were cultured for three weeks under conventional
conditions (Static Culture), dynamic conditions (Dynamic Culture), and static conditions with media volumes

comparable to dynamic culture (Medium Control). n=2

8. Control Experiments — Material Leaching Assay to Assess Biocompatibility

To evaluate the biocompatibility of the printed resin, we statically cultured HT29-MTX cells on
inserts for three weeks either conventionally in 12-well plates (Static Culture) or in 3D-printed wells
(Leaching Control), with similar ratio of medium volume to contact area to the material as in the
chamber for dynamic culture. Subsequently a live/dead staining using fluorescein diacetate and
propidium iodide was conducted and samples were analyzed via confocal microscopy, shown in Figure
S10.

Nuclei Live Dead Merge

Static Culture

200 um 200 pum

Leaching Control

200 um : 200 pm 200 um

200 pim

Figure 510. Biocompatibility of the 3D-printed resin. HT29-MTX cells were cultured for three weeks in conventional
(Static Culture) and 3D-printed (Leaching Control) wells and subsequently incubated with fluorescein diacetate
(green) and propidium iodide (red) to identify living and dead cells, respectively. Nuclei were counterstained with
Hoechst 33342 (blue). n=2
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The same culture setup was used to exclude an influence of the crosslinked resin on barrier
function, mucus production and tight junction formation, as shown in Figures S11 and S12.

[ ]Static Culture
[]Leaching Control

180

160 4

120 4

-

100 4

80

TEER [Q-cm?]

60

H

404

204

A
Week 1 Week 2 Week 3

Figure S11. Influence of the 3D-printed resin on cellular barrier function. HT29-MTX cells were cultured for three

weeks in conventional (Static Culture) and 3D-printed (Leaching Control) wells. TEER values were measured every

7 days. Data presented as mean + SEM. n=4-12

MUCSAC Z0-1

Static Culture

Leaching Control

100 um 100 pm

Figure S12. Influence of the 3D-printed resin on mucin expression and tight junction formation. HT29-MTX cells
were cultured for three weeks in conventional (Static Culture) and 3D-printed (Leaching Control) wells and stained
for the secreted mucin MUC5AC and for ZO-1 as an integral part of tight junctions. n=2
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9. Cellular Area Determination

To determine the respective surface area of cells cultured statically and dynamically on membrane
inserts, we analyzed confocal images of cell layers stained using phalloidin after three weeks under both
culture conditions with Image] and Origin. To evaluate the method, a hemisphere with a radius of 125
um on a 500 x 500 um flat surface was CAD-modelled, sliced with a layer thickness of 5 um and
imported in Image]. The topography was computed with TopoJ-plugin, resulting in a 2-dimensional
image, which was subsequently smoothed by applying a gaussian filter. The image was exported as a
text file, imported into Origin and 3D-plotted. The surface area of the plot can be calculated via the
xyzarea command and resulted in a reasonable area of 0.295 mm?, with a deviation of only 1.3% to the
theoretical value: base area (0.25 mm?) minus circular area (0.049 mm?) plus area of hemisphere (0.098

mm?). Cellular surface areas were determined identically (Figure 513).
Computed topographic (2D)
Original image (3D View) after smoothing (gaussian filter)

ot
o
=
<
= N
'T; Imported and plotted in Origin (3D Surface) £ 125
= 100
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50 Measured Arca:
, 0,295 mm? (- 1.3 %)
0
Z -
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- 40
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e (.dslll'(.z dl‘(,d.o
%) 32
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o 24
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Figure S13. Illustration of the surface area determination using Image] and Origin. For the evaluation, a 3D model
of a hemisphere was CAD-modelled, sliced and imported into Image]. The topography was computed with the
Topo]-plugin and a gaussian filter was applied to smoothen the surface. The file was exported as a text file, imported
into Origin, plotted as a 3D-surface and the surface area was determined. The same procedure was performed for

confocal images of cells stained with phalloidin.
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3.3 Flow-induced glycocalyx formation and cell
alignment of HUVECs compared to iPSC-
derived ECs for tissue engineering applica-
tions

The comparative study on the impact of shear stress on endothelial cells of different
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Weinhart. Dr. Daniel Stobener kindly provided the thermoresponsive PGEs and
surface coating was conducted by Dr. Laura Elomaa. All other experimental tasks
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Abstract

The relevance of cellular in vitro models highly depends on their ability to mimic the physiological
environment of the respective tissue or cell niche. Static culture conditions are often unsuitable,
especially for endothelial models, since they completely neglect the physiological surface shear stress
and corresponding reactions of endothelial cells (ECs) such as alignment in the direction of flow.
Furthermore, formation and maturation of the glycocalyx, the essential polysaccharide layer covering
all endothelial surfaces and regulating diverse processes, is highly dependent on applied fluid flow.
This fragile but utterly important macromolecular layer is hard to analyze, its importance is often
underestimated and accordingly neglected in many endothelial models. Therefore, we exposed
human umbilical vein ECs (HUVECs) and human induced pluripotent stem cell-derived ECs (iPSC-
ECs) as two relevant EC models in a side-by-side comparison to static and physiological dynamic
(6.6 dyn cm™) culture conditions. Both cell types demonstrated an elongation and alignment along
the flow direction, some distinct changes in glycocalyx composition on the surface regarding the

main glycosaminoglycan components heparan sulfate, chondroitin sulfate or hyaluronic acid as well
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Shear-induced changes in EC-glycocalyx

as an increased and thereby improved glycocalyx thickness and functionality when cultured under
homogeneous fluid flow. Thus, we were able to demonstrate the maturity of the employed iPSC-EC
model regarding its ability to sense fluid flow along with the general importance of physiological
shear stress for glycocalyx formation. Additionally, we investigated EC monolayer integrity with and
without application of surface shear stress, revealing a comparable existence of tight junctions for all
conditions and a reorganization of the cytoskeleton upon dynamic culture leading to an increased
formation of focal adhesions. We then fabricated cell sheets of EC monolayers after static and
dynamic culture via non-enzymatic detachment using thermoresponsive polymer coatings as culture
substrates. In a first proof-of-concept we were able to transfer an aligned iPSC-EC sheet to a 3D-
printed scaffold thereby making a step in the direction of vascular modelling. We envision these
results to be a valuable contribution to improvements of in vitro endothelial models and vascular

engineering in the future.
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Shear-induced changes in EC-glycocalyx

1 Introduction

Mimicking the physiological cellular niche by translation and adaption of chemical and physical cues
has become a valuable tool in in vitro primary and stem cell culture as well as tissue engineering
(Metallo et al., 2008; Barthes et al., 2014; Chatterjee et al., 2021). In the engineering and
biofabrication of blood vessels, functional endothelial cells (ECs) are of utmost importance as they
form the inner lining of all blood vessel walls (Devillard and Marquette, 2021). In addition to tight
junctions, the luminally expressed, dense macromolecular layer consisting of glycoproteins,
proteoglycans (PGs), glycosaminoglycans (GAGs) as well as soluble plasma factors, known as the
glycocalyx, contributes significantly to the endothelial barrier function. This net negatively charged
polysaccharide-rich layer is linked to the EC surface on the one hand via glycoproteins such as
selectins, integrins and immunoglobulins and on the other hand by some types of PGs which are
anchored in the EC membrane. The main structural feature of membrane-bound as well as secreted
PGs is the presentation of GAG side-chains along the PG core protein. Within the glycocalyx the
most abundant PG-bound GAG is heparan sulfate (HS) with 50-90% frequency, followed by
chondroitin sulfate/dermatan sulfate (CS/DS) and the non-PG-bound GAG hyaluronic acid (HA)
(Oohira et al., 1983; Thrcke et al., 1993; Reitsma et al., 2007; Cosgun et al., 2020). Glycocalyx
thickness varies between species as well as different types of blood vessels and is strongly dependent
on the applied fluid-flow induced surface shear stress, ranging from ~0.5 um in capillaries up to 4-5
um in carotid arteries (Gouverneur et al., 2006a; Gouverneur et al., 2006b; Reitsma et al., 2007,
Tarbell et al., 2014). From a functional point of view, the glycocalyx plays a major role in regulating
the vascular permeability, controlling the endothelial interactions with blood cells as well as
signaling. Additionally, it acts as a protective barrier for the endothelium against blood flow-induced
shear stress, while simultaneously sensing mechanical forces at the cell surface communicating it into
the interior (Reitsma et al., 2007, Weinbaum et al., 2007; Curry and Adamson, 2012; Fels and
Kusche-Vihrog, 2020). Important mechanotransducers on the cell surface are sialic acids as end
groups of glycoprotein polysaccharide side chains (Psefteli et al., 2021), HS (Florian et al., 2003;
Ebong et al., 2014) and HA (Mochizuki et al., 2003). As a result, ECs elongate and align along the

flow direction in vivo as well as in vitro (Thoumine et al., 1995; Steward et al., 2015).

The importance of the glycocalyx for endothelial function has long been underestimated and
quantitative studies are challenging due to its highly dynamic and fragile nature (Schétt et al., 2016;

Mockl, 2020). Especially in vitro cultivation conditions can have a major impact on its status, with
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Shear-induced changes in EC-glycocalyx

conventional static cell culture leading to unphysiological glycocalyx thicknesses and compositions

(Potter and Damiano, 2008; Chappell et al., 2009).

A commonly used cellular model for in vitro studies of the endothelial barrier are human umbilical
vein endothelial cells (HUVECs). As robust and accessible primary cells they hold several
advantages over immortalized cell lines such as contact inhibition upon reaching confluency and
especially physiological characteristics of the human vascular endothelium including in vivo-like
responses to a variety of stimuli. However, the donor-to-donor variability as well as a strongly
limited culture time urge the need for alternatives (Jaffe et al., 1973; Cao et al., 2017; Medina-Leyte
et al., 2020). Particularly ECs derived from human induced pluripotent stem cells (iPSC-ECs) are a
promising candidate to fill this gap. Several successful protocols for differentiation have been
established so far (Orlova et al., 2014a; Patsch et al., 2015; Olmer et al., 2018), generating iPSC-ECs
featuring various properties of a vascular endothelium, for example, regarding marker expression,
phenotype or response to mechanical or chemical stimuli, representing a potential cell source for
biologization of blood contacting surfaces (Pflaum et al., 2021). Furthermore, use of iPSC-ECs yields
the potential to generate patient-specific or disease-related vascular lineages and of unlimited cell
supply originating from the same donor (Jang et al., 2019; Kennedy et al., 2021). However, the
evaluation of iPSC-ECs’ eligibility as an alternative to primary cells in models of the vascular
endothelium appears incomplete. Studies suggest that iPSC-derived cells could be less mature than
primary cells, exemplary in being shear-naive (Sivarapatna et al., 2015; Tiemeier et al., 2019;
Kennedy et al., 2021). Moreover, detailed analyses on the glycocalyx condition in iPSC-ECs are

needed.

As side-by-side comparisons between HUVECs and iPSC-ECs under different culture conditions are
still rare, in the present study we cultured these EC types under static as well as dynamic conditions
with particular focus on the glycocalyx. Under dynamic conditions a homogenous defined shear
stress (6.6 dyn cm™) was applied to the cell surface, thereby mimicking physiological fluid flow in
veins and capillaries (Ballermann et al., 1998; Paszkowiak and Dardik, 2003). The effects on cellular
elongation and alignment as well as glycocalyx composition and thickness were subsequently
analyzed. In a first proof-of-concept we utilized the aligned EC monolayers as a tool for cell sheet
engineering toward 3-dimensional (3D) modelling of vascular structures. The endothelial barrier and

cell-matrix interactions were evaluated by fluorescent staining of tight junctions and focal adhesions.
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2 Materials and Methods

2.1 Materials

5-Chlormethylfluoresceindiacetat (CMFDA), anti-chondroitin sulfate antibody (mouse, clone CS-
56), anti-vinculin antibody (mouse, Alexa Fluor® 488-conjugated, clone 7F9), anti-ZO-1 antibody
(rabbit, polyclonal), DNA-intercalating dye (Hoechst 33342), goat anti-mouse IgG (H+L) (cross-
adsorbed, Alexa Fluor® 488-conjugated), goat anti-mouse IgG (H+L) (cross-adsorbed, Alexa Fluor®
647-conjugated), goat anti-mouse IgM (Heavy Chain) (Alexa Fluor® 647-conjugated), goat anti-
rabbit IgG (H+L) (Alexa Fluor® 488-conjugated), labelled streptavidin (DyLight™ 488-conjugated),
tumor necrosis factor-alpha (TNF-o0, human, recombinant protein) and wheat-germ-agglutinin
(WGA, Alexa Fluor® 555-conjugated) were purchased from ThermoFisher (Waltham, MA/USA).
Cell dissociation buffer (Accutase®), Dulbecco's phosphate-buffered saline (PBS, with and without
Ca2+ and Mg2+), hyaluronic acid binding protein (bovine nasal, biotinylated), octoxynol 9 (Triton™
X-100) and phalloidin (Atto647N-conjugated) were received from Sigma-Aldrich (St. Louis,
Missouri/USA). Luer adapters for dynamic culture, namely elbow connector (male to female,
polypropylene (PP)), luer-lock to barb (male and female, PP), luer-lock to thread (female to 1/4 28
UNF, PP) and panel mount (female to barb with thread (1/4 28 UNF), PP) were ordered from
QOSINA (Ronkonkoma, NY/USA). Bovine serum albumin (BSA, fraction V), methanol (>99%),
paraformaldehyde (PFA, ROTI®Histofix 4%) and polyoxyethylene(20)sorbitan monolaurate (Tween
20®) were obtained from Carl Roth (Karlsruhe, Germany). Antibioticantimycotic solution
(gentamicin and amphotericin B), endothelial cell growth medium (VascuLife® VEGF) and human
umbilical vein endothelial cells (HUVECs) were purchased from Lifeline® Cell Technology
(Frederick, MD/USA) and 6-well plates (tissue culture treated), cell culture flasks (T25, T75 and
T175) and rectangular cell culture dishes (quadriPERM®) from Sarstedt (Niimbrecht, Germany).
Anti-CD31 antibody (mouse, Alexa Fluor™ 488-conjugated, clone JC/70A) and delimiting pen
(Dako Pen) were from Agilent Technologies (Santa Clara, CA/USA), hematopoietic cell medium (X-
VIVO™ 15, serum-free) and peripheral blood mononuclear cells (PBMCs, human) were from Lonza
(Basel, Switzerland). Human fibronectin (FN, lyophilized) was received from Advanced BioMatrix
(Carlsbad, CA/USA), polycarbonate (Makroclear®) from Arla Plast (Borensberg, Sweden), sterile
water for injection from B. Braun (Melsungen, Germany), ethanol (>99%) from Berkel
(Ludwigshafen, Germany), mounting medium (ProTaqs® Mount Flour) from Biocyc (Luckenwalde,
Germany), rectangular cover glasses (60 x 22 mm) from Glaswarenfabrik Karl Hecht (Sondheim vor

der Rhon, Germany), 8-well chamber slides (p-Slide, ibiTreat bottom) from ibidi (Grifelfing,
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Germany) and peristaltic pump tubing (Innovaprene® P60) from Innovapure (Shanghai, China).
Polystyrene slides (PS, 1.5 mm thickness, transparent) were ordered from Vink Koénig Deutschland
(Gilching, Germany) and milled to microscope slide format (76.5 mm, 25.8 mm, 1.5 mm) to fit the
slide culture chamber, fetal bovine serum (FBS, Standard) from PAN-Biotech (Aidenbach,
Germany), endothelial cell growth medium (EGM-2) from PromoCell (Heidelberg, Germany),
collagen solution (type I, rat tail) from R & D Systems (Minneapolis, MN/USA), platinum-cured
silicon tubing (Tygon® 3350) from Saint-Gobain (Courbevoie, France) and anti-VE-Cadherin
antibody (mouse, clone BV9) from Santa Cruz Biotechnology (Dallas, Texas). Syringe filters
(Minisart®, PTFE, 0.2 um) were obtained from Sartorius (Géttingen, Germany), duplicating silicone
(REPLISIL 22 N) from SILCONIC® (Lonsee, Germany) and anti-heparan sulfate antibody (mouse,
clone 8.S.087) from US Biological (Salem, MA/USA).

2.2 Ethics statement

Human tissue was obtained after approval by the local Ethics Committee (Hannover Medical School,
Ethical approval No.: 844-2010) and following the donor’s written informed consent, or in the case

of newborns, following informed consent of the parents.

2.3 Cell culture

HUVECs (passage 2-6) were cultured in VascuLife VEGF medium supplemented with 30 ug mL"!
gentamicin, 15 ng mL™! amphotericin B and 2% FBS. iPSCs (MHHi001-A) were maintained under
standard culture conditions (Haase et al., 2017) and differentiated toward iPSC-ECs according to
Olmer et al. (Olmer et al., 2018). iPSC-ECs (passage 2-4) were maintained in EGM-2 medium
supplemented with 30 pg mL™! gentamicin, 15 ng mL™' amphotericin B and 2% FBS. All cell culture
substrates for iPSC-ECs were coated with 2.5 pg cm™ human fibronectin in PBS™ for 30 minutes
under standard conditions (5% CO., 37 °C) and washed once with sterile water prior to cell seeding.
ECs were sub-cultured using Accutase® cell dissociation reagent once reaching a confluency of 70-

80%.

Unless otherwise mentioned, cell culture experiments were performed on thermoresponsive
poly(glycidyl methyl ether-co-ethyl glycidyl ether)-coated (PGE-coated) polystyrene slides prepared
as described before (Stobener et al., 2018; Stobener and Weinhart, 2020). After coating, slides were
transferred to rectangular cell culture plates, disinfected with 70% ethanol for 10 minutes at room
temperature (RT) and washed twice with cold (4 °C) PBS". Sterilized cast silicone cell separators

with a seeding area of 3 cm? were placed onto slides and cells were seeded with a density of 42,500
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cells cm™ in 300 uL cm™ VascuLife VEGF medium containing 2% FBS. After 24 h the cell culture
medium was replaced with medium containing 10% FBS and the cells were kept for two more days
under standard conditions to reach confluency. Cells were now either maintained under static
conditions or transferred to dynamic culture for additional 96 h, which is referred to as "static 96 h"

and "dynamic 96 h" throughout the manuscript.

2.4 Dynamic culture: setup and flow characterization

Cells were cultured under fluid flow conditions in parallel plate flow chambers as described before
(Lindner et al., 2021). In brief, culture chambers fabricated from polycarbonate which can
accommodate a standard microscopy slide are used to apply a homogenous shear stress onto the cell
surface (Figure 1A). The chamber is included into a simple circuit comprising a bubble trap/medium
reservoir and a peristaltic pump is used to generate a constant fluid flow (Figure 1B). With a channel
height of 0.15 mm and a volume flow rate of 3.4 mL min™!, the applied shear stress is approximately
6.6 dyn cm™ (Lindner et al., 2021). The final pump speed was gradually increased in three steps with
an interval of 45 minutes to initially allow cells to adapt to the shear stress. CFD simulations were
performed as previously published (Lindner et al., 2021), confirming laminar flow and homogenous

surface shear stress (Figure 1C,D).

2.5 Directionality analysis

Phase-contrast images of ECs after static and dynamic culture were acquired using an inverted
microscope (Axio Vert.Al, Carl Zeiss, Jena, Germany) equipped with a monochrome camera
(Axiocam MRm, Carl Zeiss). Subsequently, the directionality of cells was analyzed either
qualitatively by adding an angle-dependent color to cell borders or quantitatively by determining the
main orientation angle of individual cells. Both analyses were carried out using Fiji, an ImageJ
distribution for scientific image analysis (Schindelin et al., 2012). The processing is described in

detail in section 2 of the Supplementary Material.

2.6 Immunofluorescent staining

For immunofluorescent staining, cells were rinsed with PBS" after static and dynamic culture and
fixed in cold methanol (-20 °C) or 4% PFA for 10 minutes at 4 °C or RT, respectively. PFA-fixed
samples were permeabilized with 0.1% (v/v) Triton-X 100 in PBS" for 5 minutes at RT and both
types of samples were blocked with 5% BSA (w/v) in PBS" containing 0.05% (v/v) Tween (PBST)
for 90 minutes at RT. The endothelial marker CD31, glycocalyx components heparan sulfate (HS),
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chondroitin sulfate (CS) and hyaluronic acid (HA), as well as proteins of tight junctions (zonula
occludens protein 1 (ZO-1) and vascular endothelial cadherin (VE-cadherin)) were detected via
indirect immunofluorescence, whereas the actin cytoskeleton and focal adhesions were stained
directly via phalloidin and labeled vinculin antibodies, respectively. Staining conditions are listed in
Table 1. After staining, the samples were mounted with mounting medium and glass coverslips.
Confocal microscopy was performed using Zeiss LSM800 equipped with an Airyscan detector (Carl
Zeiss).

Table 1. Conditions for immunofluorescence staining.

Primary antibody/protein Secondary antibody/protein

Mouse-0-CD31?, IgG1, 1:100 Goat-a-mouse IgG (H+L) Alexa Fluor® 488, 1:500
Mouse-a-chondroitin sulfate?, IgM, 1:100 Goat-a-mouse IgM Alexa Fluor® 647, 1:500
Mouse-a-heparan sulfate®, IgM, 1:100 Goat-a-mouse IgM Alexa Fluor® 647, 1:500

Hyaluronic acid binding protein®, biotinylated, (5 pg mL™") Streptavidin DyLight™ 488, 1:250
Mouse-a-vinculin?, Alexa Fluor® 488, 1:504 -
Mouse-o-VE-cadherin®¢, IgG2a, 1:100 Goat-a-mouse IgM Alexa Fluor® 647, 1:500

Rabbit-a-ZO 1°¢, polyclonal, 1:250 Goat-a-rabbit I[gG (H+L) Alexa Fluor® 488, 1:500

samples were fixed with * PFA or ® methanol, © indicates co-staining, ¢ counter staining using Phalloidin, Atto647N, 1:250
2.7 Glycocalyx thickness determination

To measure the glycocalyx thickness after fixation and staining, confocal Z-stacks of CS stained
samples were acquired under Airyscan super-resolution mode, processed with ZenBlue software and
analyzed with ImageJ as described previously (Tiemeier et al., 2019). In brief, Z-stacks were resliced
to yield orthogonal projections. Subsequently, intensity profiles (Z-direction) for nucleus and CS
staining were plotted and a gaussian fit was added. The thickness was calculated as the difference
between apical full width half maximum of nucleus to CS signal. A minimum of seven spots per cell
and four cells per cell type and culture condition were analyzed. Airyscan processing strength was
kept constant for all images to allow comparison between single conditions and imaging was done

considering optical limitations.
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2.8 Peripheral blood mononuclear cell adhesion assay

2.8.1 Labelling

The adhesion of peripheral blood mononuclear cells (PBMCs) to ECs after static and dynamic
conditions was quantified to assess glycocalyx functionality. For every experiment, one vial
containing 10 x 10° PBMCs was thawed in a water bath (37 °C), transferred to 9 mL prewarmed X-
Vivo medium and gently mixed via pipetting. Cells were centrifuged for 10 minutes at 300 x g and
the supernatant was aspirated. Cells were then resuspended in 5 mL prewarmed medium with
CMFDA (10 uM) and labelled for 5-10 minutes in a cell culture incubator. After two repeated
centrifugation (10°, 300 x g) and resuspensions steps, cells were resuspended in 1 mL medium,

counted and further diluted to a final concentration of 5 x 10> cells mL".

2.8.2 Incubation and data acquisition

PS-slides with ECs were carefully rinsed once with X-Vivo medium and 300 pL cm™ of the PBMC-
suspension were added. After incubation for 60 minutes in an incubator, slides were washed with
prewarmed PBS" and fixed with PFA for 10 minutes at RT. The samples were finally imaged via
confocal microscopy and data was analyzed using ImageJ. Details about the assay validation, image

processing and analysis can be found in section 4 of the Supplementary Material.

2.9 Cell sheet engineering

To harvest confluent HUVEC or iPSC-EC sheets, slides with adherent cells were transferred to RT-
PBS- after application of different culture conditions and incubated for 10-15 minutes. Cell sheet
detachment started spontaneously at the edge of the cell layer and was monitored via phase contrast
microscopy. To fully detach sheets from the substrate, gentle flushing with a small-volume pipette

was necessary.

2.10 Cell sheet rolling

In a preliminary experiment, dynamically cultured iPSC-ECs were wrapped around a 3D-printed
tubular scaffold as recently reported for statically cultured HUVECs (Elomaa et al., 2022). In brief, a
custom-made rolling device (OSPIN, Berlin, Germany) was used to transfer the EC sheets onto a 3D
printed tubular scaffold while detaching from the substrate. Subsequently, the tubular construct was
transferred to an 8-well slide and embedded into a collagen hydrogel. For this, 500 pL acidic rat tail
collagen solution (5 mg mL?) were mixed with 110 pL 0.1 M NaOH, 100 uL 10x PBS and 290 pL

cell culture grade water. The solution was added to the well containing the tube and solidified for 30
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minutes at 37 °C. Then, the cytoskeleton and nuclei were stained with phalloidin (1:250) and Hoechst
33342 (1:1000) in PBS for 3 h at RT, respectively. After 5 washing steps for 30 minutes each with
PBS’, the samples were imaged via confocal microscopy to estimate coverage of the scaffold and cell

directionality after the rolling process.

2.11 Statistics

Statistical analysis was performed with the software package Origin Pro. In case of normally
distributed data, comparison was done using two-way ANOVA followed by Bonferroni post hoc test,
whereas non-normally distributed data was compared via Mann-Whitney Test. Statistical significance

is indicated with p-values * < 0.05 and *** < (.0005.

3 Results

3.1 Cellular orientation of HUVECsSs and iPSC-ECs in flow direction

To comparatively analyze the effect of shear stress applied to the apical surface of HUVEC or iPSC-
EC monolayers on cellular orientation as well as glycocalyx composition and thickness a previously
established reusable slide cultivation chamber was deployed for the culture of cells under flow on
conventional microscopy slides (Figure 1A) (Lindner et al., 2021). This chamber can be
implemented into a simple circuit further comprising a peristaltic pump and a medium reservoir
simultaneously working as a bubble trap (Figure 1B). Operation of the circuit inside a customary cell
culture incubator allows control of temperature and pH value. The setup enables the application of
homogenous surface shear stress and laminar flow of the medium to adherent cells (Figure 1C, D).
To facilitate the generation of confluent monolayers comprising a flow-induced cellular orientation
for potential tissue engineering applications the ECs were cultured on thermoresponsive surfaces.
These surfaces reversibly respond to temperature and are cell adhesive at a temperature of 37 °C but
become cell repellent after a temperature switch to 20 °C which initiates the enzyme-free detachment
of single cells or confluent cell sheets (Figure 1E). To prepare such substrates, untreated polystyrene
(PS) slides were modified with a 5 nm thin, thermoresponsive poly(glycidyl ether) (PGE) brush
coating (Stobener et al., 2018; Stobener and Weinhart, 2020).
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©

(E)

Surface Shear Stress [dyn/cm?] 37 °C

Bubble Trap

(B)

° ® ® |
L

Culture Chamber

Figure 1. Setup for dynamic cell culture and cell sheet fabrication. (A) Photography of the slide culture chamber (channel
height 150 um) and (B) illustration of the circuit for dynamic cell culture including medium reservoir/bubble trap,
peristaltic pump and culture chamber. Characterization of the comprised flow channel via Computational Fluid Dynamics
(CFD) simulation showing (C) surface shear stress and (D) flow streamlines. (E) Schematic illustration of cell sheet
fabrication using a thermoresponsive PGE-coating on polystyrene (PS). The polymer coating is cell adhesive at a
temperature of 37 °C while changing to a cell repellent state at 20 °C, therefore initiating the enzyme-free detachment of
confluent cell sheets after the temperature switch.

It is well known, that ECs undergo elongation as well as alignment in the direction of fluid flow after
application of shear stress to the cell surface (Thoumine et al., 1995; Steward et al., 2015). To obtain
information about intensities of shear stress and time periods needed to induce flow-alignment of
HUVECsS in comparison to iPSC-ECs in our in vitro setup, a preliminary analysis was performed on
conventional tissue culture PS culture (TCPS) substrates applying physiological shear stresses
between 0 and 10 dyn cm™ to monolayers. Results indicate a dependency of HUVEC alignment on
both time and shear force (Supplementary Figure S1). While there was no directionality of both cell
types after static culture, HUVECs showed an alignment after 48 h for shear stresses of 6.6-10 dyn
cm, after 72 h for 3.3-5 dyn cm™ and after 96 h for 1.7-2.5 dyn cm™. iPSC-ECs on the other hand
were already fully aligned after 24 h of culture with a shear force as little as 1.7 dyn cm™. For the
highest shear stress of 10 dyn cm™ we observed a reduction of confluency of the HUVEC monolayer
at 96 h compared to earlier time points (Supplementary Figure S1). To allow a comparison between
the effects of continuous fluid flow on both cell types we decided to stick to a shear stress of 6.6 dyn
cm™ and a time span of 96 h for further experiments to enable fast alignment of cells without causing
defects in the monolayer during the 96 h culture time. This flow condition applied to cells cultured on

thermoresponsive PGE-modified PS substrates will from now on be referred to as ‘dynamic culture’.

In vitro ECs generally show a cobblestone-like phenotype when cultured as a monolayer without
fluid flow (Baudin et al., 2007; Adams et al., 2013). This was also found for HUVECs as well as

iPSC-ECs cultured under static conditions on PGE-coated surfaces as it can be seen in Figure 2A
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from phase contrast and color-coded images. The latter were obtained via image processing as
described in the Supplementary material (Supplementary Figure S2). Regarding the coloration of
the image a higher uniformity of the color indicates a higher amount of orientation of the cells. This
was observed for dynamic culture for both types of ECs which are aligned in the direction of the fluid
flow (Figure 2A). Quantitative analysis of cellular directionality (Supplementary Figure S3)
validated these results as shown in distribution plots in Figure 2B. For both HUVECs and iPSC-ECs
there was a significant difference in main orientation between a more or less homogeneous
distribution of cellular directionality after static and a narrower distribution after dynamic culture
(Figure 2B). A CD31-staining revealed preservation of the EC status of both cell types under static

as well as dynamic conditions on thermoresponsive polymer coatings (Figure 2A).

(A) HUVECs iPSC-ECs

Color Map Phase Contrast CD31 Color Map Phase Contrast CD31

[ [ ] HUVECsS static

[ [ ] iPSC-ECs static
[] HUVECs dynamic O

iPSC-ECs dynamic

w
(=}
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)

Frequency [%]
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S
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—_ %)
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45 90 135 180 0 45 90 135 180
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S

S

(=}

Figure 2. Directionality and differentiation analysis of HUVECs and iPSC-ECs on PGE-coated PS after culture with or
without flow. (A) Qualitative cellular alignment after static and dynamic culture of HUVECs and iPSC-ECs (96 h),
shown by phase contrast and corresponding color-coded images indicating cellular orientation by uniformity of
coloration. Differentiation status was confirmed by confocal imaging of CD31 (green) as endothelial marker (independent
sample). (Arrow indicates flow direction. Scale bars: 100 um). (B) Quantitative orientation analyses determined from
brightfield images after static and dynamic culture of HUVECs and iPSC-ECs (96 h) shown as histograms. Significant
differences were found between each dynamic and the respective static condition for both cell types, respectively (n=3,
Mann-Whitney Test, *** p < 0.0005).
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3.2 Effects of shear stress on HUVEC and iPSC-EC glycocalyx composition and thickness

As previously shown, the glycocalyx composition as well as thickness in ECs changes depending on
the applied shear stress (Gouverneur et al., 2006a; Potter and Damiano, 2008). To further investigate
possible changes in HUVEC and iPSC-EC glycocalyx composition, staining of the three main
glycosaminoglycans (GAGs), namely chondroitin sulfate (CS), hyaluronic acid (HA) and heparan
sulfate (HS), were performed after static and dynamic culture (Figures 3-5). Under static conditions
the amount of CS on the cell surface turned out to be distinctly higher in iPSC-ECs compared to
HUVECSs, while this difference dissipated after dynamic culture particularly due to an increase in CS
on the surface of HUVECs. Considering structural features, the CS formed a dense mesh-like pattern
uniformly covering the cell surfaces, that also aligned with the fluid flow after dynamic culture

(Figure 3, 60x magnification).

static dynamic

10x 60x 10x [ 2 60x

HUVECs

iPSC-ECs

Figure 3. Representative confocal immunofluorescence images of a chondroitin sulfate staining (grey) of HUVECs and
iPSC-ECs after 96 h of static and dynamic culture. Nuclei were counterstained with Hoechst 33342 (cyan). (Arrow
indicates flow direction. Scale bars: 10x 100 um, 60x 20 pm).

Regarding the amount of HA, there were no marked differences between HUVECs and iPSC-ECs
after static culture (Figure 4). Structurally the HA seemed to be more condensed in some spots,
especially in the case of iPSC-ECs, and not as homogeneously distributed as CS described before.
For iPSC-ECs the amount of HA comprised in the clusters increased after dynamic culture, while this

trend was not observed to this extend in the case of HUVECs cultured under flow (Figure 4, 10x
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magnification). Evaluation of the images acquired at a magnification of 60x revealed a relatively

uniform HA distribution with no mesh or fiber formation (Figure 4, 60x magnification).

static dynamic

10x 60x 10x > 60x

HUVECs

iPSC-ECs

Figure 4. Representative confocal immunofluorescence images of a hyaluronic acid staining (grey) of HUVECs and
iPSC-ECs after 96 h of static and dynamic culture. Nuclei were counterstained with Hoechst 33342 (cyan). (Arrow
indicates flow direction. Scale bars: 10x 100 um, 60x 20 pm).

Being the most abundant GAG component of the glycocalyx and also known as mechanosensor
(Oohira et al., 1983; Ihrcke et al., 1993; Ebong et al., 2014), HS revealed the most expressive
changes due to culture conditions. While in both culture conditions there was no drastic difference in
the amount of HS on HUVECs compared to iPSC-ECs, there was a clear increase in the HS amount
after dynamic culture for both cell types compared to static culture (Figure 5). Regarding the
phenotype, HS formed a dense outstretched mesh across the cellular monolayer with generation of
some thicker fibers in the case of HUVECs after static culture. Application of shear stress induced
the formation of thicker HS fibers which were still arranged as a dense network but additionally

aligned with the flow direction (Figure 5).
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static dynamic

10x 60x 10x > 60x

HUVECs

iPSC-ECs

Figure 5. Representative confocal immunofluorescence images of a heparan sulfate staining (grey) of HUVECs and
iPSC-ECs after 96 h of static and dynamic culture. Nuclei were counterstained with Hoechst 33342 (cyan). (Arrow
indicates flow direction. Scale bars: 10x 100 um, 60x 20 pm).

For analysis of the influence of surface shear stress on glycocalyx thickness confocal images of the
homogeneously distributed CS staining with Hoechst counterstaining were employed (Figure 6A) as
previously performed elsewhere (Tiemeier et al., 2019). To estimate the glycocalyx thickness the
distance between the half-maximal signal of the nuclear staining representing the apical cell surface
and the half-maximal signal of the luminal end of the CS staining was determined for both cell types
and culture conditions. Comparing layer thicknesses on the surface of HUVECs and iPSC-ECs, there
was a significantly thicker glycocalyx observed for the iPSC-ECs (Figure 6B). Additionally, the
measurement revealed a significant difference between static and dynamic culture conditions with a
higher glycocalyx thickness for dynamic culture, ranging between 2.0+0.3 um for HUVECs and
around 2.54+0.5 pm for iPSC-ECs (Figure 6B). As this analysis was conducted after fixation of cells,
which potentially causes a collapse of the glycocalyx and thereby underestimates the thickness, we
additionally performed a live-cell staining using wheat germ agglutinin (WGA) to verify the obtained
results (Supplementary Figures S4, S5). Lacking the fixation, it was necessary to switch the culture
substrate from the thermoresponsive polymer coating toward a non-responsive TCPS surface, thereby
preventing unintended, spontaneous detachment of cells during image acquisition. First a lectin
staining of cells cultured under static conditions on both substrates was conducted for HUVECs and

iPSC-ECs, respectively (Supplementary Figure S4A), demonstrating no influence of the culture
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substrate on glycocalyx expression (Supplementary Figure S4B). Imaging of native WGA staining
together with cytosolically located CMF-DA showed a glycocalyx thickness of around 1.5-2.5 um
after static culture of HUVECs and iPCS-ECs and thereby verified the results obtained from CS

staining after fixation (Supplementary Figure S5).

(A

~

HUVECs iPSC-ECs

dynamic static

=

Thickness [pum]

static dynamic static dynamic
HUVECs iPSC-ECs

Figure 6. Determination of glycocalyx thickness on HUVECs and iPSC-ECs after 96 h of static and dynamic culture. (A)
Representative confocal images of chondroitin sulfate (green) and nuclear staining (magenta) shown as orthogonal
projection (Scale bars: 2.5 um) to determine (B) the glycocalyx layer thickness. Data are presented as box plots including
mean, median and 90% confidence interval. Significant differences were found between the two cell types as well as
between the culture conditions, respectively (n=4, two-way ANOVA: main factors, * p <0.05).

3.3 Effects of shear stress on glycocalyx functionality

To evaluate the functionality of the glycocalyx formed on HUVECs and iPCS-ECs under static as
well as dynamic culture conditions a peripheral blood mononuclear cell (PBMC) adhesion assay was
performed. In general, PBMCs are blood cells exhibiting a single round nucleus, for example
lymphocytes, monocytes, natural killer cells and dendritic cells. As integral parts of the immune
system these cell types are able to interact with the luminal endothelium for example in the case of
inflammation, undergoing the well-known steps of capture, rolling, adhesion and transmigration
through the endothelial layer. This complex mechanism is controlled by a myriad of factors and
processes, one being the decline in glycocalyx thickness by macromolecular shedding granting access
to shorter membrane bound glycoproteins like selectins and adhesion molecules (ICAM, VCAM) on
the EC surface (Kalucka et al., 2017). Therefore, the PBMC adhesion assay can be used as a simple
method to evaluate glycocalyx functionality in vitro giving a lower count of adhering PBMCs with

higher glycocalyx integrity and thickness.
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For establishment of the assay, we performed PBMC adhesion using HUVEC monolayers with
different concentrations of CMFDA-labelled PBMCs as well as potent positive controls
(Supplementary Figure S6). The adhered PBMC counts increased with increasing cell numbers
used in the assay (Supplementary Figure S6C). Additionally, mechanical and especially cytokine-
induced glycocalyx shedding led to a drastic increase in PBMC adhesion, thereby proofing the
functionality of the assay (Supplementary Figure S6B,C). When analyzing the influence of culture
conditions on PBMC adhesion to HUVECs or iPSC-ECs we found a significant decrease in PBMC
adhesion after dynamic culture for both cell types compared to static culture (Figure 7A,B), arguing
for a better glycocalyx functionality/integrity after application of shear stress. This goes in line with
the finding of higher amounts of HS on the EC surfaces and increased glycocalyx thicknesses after
dynamic culture. Comparison of leucocyte adhesion to HUVECs and iPSC-ECs revealed no

significant difference regarding the cell type (Supplementary Figure S7).
(A) . .

T
J_ 1

°
I

Relative PBMC Count (to static)

dynamic
HUVECs

static

static dynamic
iPSC-ECs

(B)

HUVECs iPSC-ECs

static

dynamic

Figure 7. Assessment of glycocalyx functionality of HUVECs and iPSC-ECs after 96 h of static and dynamic culture via
PBMC adhesion assay. (A) Relative PBMC count determined from confocal images (for details on image processing
refer to Supplemental Figure S6A). Data are presented as mean + SEM with respect to “static” (n=4, Mann-Whitney
Test, * p <0.05). (B) Representative unprocessed confocal images of adherent PBMCs labelled with CMFDA on the
surface of confluent HUVEC and iPSC-EC monolayers. (Scale Bars: 200 um).
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3.4 Detachment of aligned HUVEC and iPSC-EC sheets from thermoresponsive polymer
coatings

In addition to the analysis of cellular alignment under flow conditions and the study of glycocalyx
alterations due to shear stress, one objective of this study was the generation of polarized, confluent
HUVEC and iPSC-EC cell sheets, preferably with cells in an aligned state after dynamic culture for
tissue engineering applications. A first attempt to detach confluent cellular monolayers from
thermoresponsive PGE-coated surfaces after 48 h, which is the time point sufficient for cellular
alignment at the applied shear stress, resulted in singularization or partial sheet detachment of
HUVECs and iPSC-ECs after both static or dynamic culture (Supplementary Figure S8). Extending
the culture time to 72 h improved the integrity of detached sheets, yet it was still not possible to
harvest fully intact cell sheets from any of the conditions (data not shown). For both HUVECs and
iPSCs, cell sheet fabrication was possible after 96 h of culture without flow as shown by phase
contrast images and photographs in Figure 8. Intact aligned HUVEC cell sheets also detached after
96 h of shear application, whereas the iPSC-EC layer indeed separated from the thermoresponsive
surface but lost its integrity resulting in a disrupted sheet (Figure 8). It was evident that aligned cell

sheets tended to detach first from the sides parallel to the applied fluid flow.

static dynamic

R T

HUVECs

iPSC-ECs

Figure 8. Enzyme-free harvest of HUVEC and iPSC-EC cell sheets from PGE-coated PS substrates triggered by a short
temperature switch after static and dynamic culture for 96 h. Detachment of cell sheets is shown for each condition by a
representative phase contrast image as well as a photograph (Arrow indicates flow direction. Scale bars: 100 pm, n=3).
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Searching for a reason for the differential behavior of aligned iPSC-ECs regarding the cell sheet
detachment, we decided to conduct staining verifying the expression of essential components that
ensure the integrity of endothelial layers. After 96 h of both static and dynamic culture ZO-1 as a
protein associated with tight junctions is present in HUVECs as well as iPSC-ECs (Figure 9A).
Same is true for VE-cadherin which is an indicator for EC junction integrity. Both proteins co-
localize at the cell-cell interface and for cells cultured under dynamic conditions the alignment of
cells along the flow is evident in the microscopic images (Figure 9A). As there were no differences
in occurrence of cell-cell contacts we additionally stained the cells for F-actin and vinculin
investigating the formation of stress fibers and focal adhesions. Indeed, the staining revealed an
increased formation of stress fibers in the direction of flow in aligned cells after application of shear
stress with a pronounced formation of focal adhesions (Figure 9B, Supplementary Figure S9).
Since this was determined for both HUVECs and iPSC-ECs this finding does not explain the
difficulties in intact, self-detached cell sheet fabrication observed for iPSC-ECs.
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(A) Z0-1 VE-Cadherin Merge (B) Focal Adhesions

HUVECs

static

iPSC-ECs

dynamic
HUVECs

iPSC-ECs

Figure 9. Formation of tight junctions and appearance of focal adhesion after static and dynamic culture of HUVECs and
iPSC-ECs for 96 h. (A) Representative confocal images of ZO-1 (green) and VE-Cadherin staining (red). Nuclei were
counterstained with Hoechst 33342 (blue). (B) Confocal images of phalloidin (red) and vinculin staining (green)
representing the focal adhesions. Nuclei were counterstained with Hoechst 33342 (blue). (Arrow indicates flow direction.
Scale bars: 20 um).

With vascular tissue engineering applications in mind, which largely benefit from a polarized,
aligned EC sheet, we tackled the issue of the incomplete self-detachment of the iPSC-EC sheets by
immediately transferring it onto a 3D printed tubular scaffold during the detachment process. This
was accomplished by a recently developed procedure in our group using a custom-made rolling
device (Elomaa et al., 2022) as illustrated in Figure 10A. The biofabricated vessel mimic made from

a dynamically cultured iPSC-EC sheet in this preliminary proof-of-concept study was embedded into
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a collagen hydrogel (Figure 10B). The coverage of the tubular scaffold is shown by a 3D-
reconstruction indicating the curvature of the 3D-printed structure (Figure 10C) as well as by a Z-
projection of confocal stacks (Figure 10D). The latter not only proves the continuous coverage of the

rod but also shows the intact alignment of the cells after detachment and rolling of the sheet.

(A) ©

(B) (D)
Scaffold with aligned Collagen
cell sheet

Figure 10. Generation of vessel-like constructs by transferring a detaching aligned endothelial sheet from a PGE-coated
thermoresponsive substrate onto a tubular 3D-printed scaffold. (A) Illustration of wrapping process and (B) rolled sheet
on scaffold embedded in a collagen gel. (C) 3-dimensional reconstruction and (D) Z-projection of confocal stacks of the
phalloidin-stained (red) iPSC-EC sheet at different magnifications. Nuclei were counterstained with Hoechst 33342
(blue). Cell sheet was detached and rolled after 96 h of dynamic culture. (Arrows indicate flow direction. Scale bars: 5x
200 pm, 30x 30 pm).
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4 Discussion

In this study we investigated the influence of physiological shear stress on cellular alignment and
glycocalyx formation of HUVECs compared to iPSC-ECs. In order to apply homogenous laminar
flow to the cellular monolayers our recently reported slide chamber system (Lindner et al., 2021) was
used, which can reproducibly be operated in a simple flow circuit without the need for a complex

bioreactor system (Figure 1A-D).

In a preliminary experiment shear stresses in the range of 1.7-10 dyn cm™, mimicking shear in
capillaries and veins as well as low arterial shear stress (Ballermann et al., 1998; Paszkowiak and
Dardik, 2003), were applied to monolayers cultured on TCPS, inducing the alignment of both
HUVECs and iPSC-ECs toward the flow direction (Supplementary Figure S1). In general, this
behavior is well known for ECs (Thoumine et al., 1995; Steward et al., 2015) and has been shown
previously by several groups for HUVECs cultured under different surface shear stresses (Koo et al.,
2013; Li and Wang, 2018; Wang et al., 2020). Additionally, in our hands HUVECs showed a shear
and time dependent reaction to flow, as seen by a faster elongation and alignment with higher surface
shear. However, the application of 10 dyn cm™ led to a disruption in the cellular monolayer after
96 h. As this level of shear corresponds to arterial conditions, our results imply a limited suitability of
vein-originating HUVECs as a model for arterial ECs, at least for dynamic long-term studies. A
previous result hinting in this direction was obtained by Gouverneur et al. who reported a reduction
of HUVEC number already after 24 h of culture with a surface shear stress of 10 dyn cm™
(Gouverneur et al., 2006b).

A review of literature data on the flow-induced alignment of iPSC-ECs reveals contrary results as
several groups found a reaction of iPSC-EC orientation to flow (Sivarapatna et al., 2015; Wang et al.,
2016; Ingram et al., 2018; Arora et al., 2019; Ciampi et al., 2019; Rosa et al., 2019), while others did
not see any effect comparable to primary ECs (Tiemeier et al., 2019). Comparing HUVEC behavior
under flow to iPSC-ECs in our setup, we not only observed a flow-induced alignment of the latter but
also a markedly faster response as regardless of applied shear strength, cells were fully aligned after
24 h (Supplementary Figure S1). This could be explained by iPSC-ECs being in a less mature
cellular state without previous contact to fluid flow. The shear naivety makes the cells potentially
more susceptible toward dynamic culture conditions (Sivarapatna et al., 2015; Arora et al., 2019).

Additionally, the employed iPSC-ECs were slightly larger in size compared to HUVECs. The larger
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surface area exposed to the mechanical influence of flow might add to the shortened time needed for

cellular alignment.

For the following comparative glycocalyx study we decided on using a physiologically relevant

2 applied to monolayers, as this condition allows for a fast

surface shear stress of 6.6 dyn cm-
alignment of not only iPSC-ECs but also HUVECs without negative influence on cellular monolayer
integrity. As a study by Koo et al. demonstrated, the time scale for glycocalyx formation on
HUVEC:s is in the range of 2-3 days (Koo et al., 2013). Therefore, we decided on a culture time of
96 h to ensure full maturation of the polysaccharide surface layer. HUVECs and iPSC-ECs cultured
on PGE-coated PS surfaces, with prospect of planned cell sheet engineering experiments, showed
similar flow-alignment after 96 h as seen before on TCPS, and endothelial differentiation status was
preserved for all conditions (Figure 2). Subsequent staining of the glycocalyx components CS, HA
and HS revealed some differences between cell types but even more with respect to the culture
condition (Figure 3-5). Compared to HUVECs, we found more CS on the surface of the iPSC-EC
monolayer under static conditions (Figure 3) as well as a slightly increased amount of HA after static
and dynamic culture of iPSC-ECs (Figure 4) while there was no difference in the HS amount
between both cell types (Figure 5). Additionally, the glycocalyx thickness was significantly higher in
1IPSC-ECs compared to HUVECs, although the difference was small as all measured values ranged
between ~1.5-2.5 um (Figure 6). These findings are contrary to findings by Tiemeier et al., who
presented a significantly reduced amount of HA and HS as well as a ~50 % reduced glycocalyx
thickness on iPSC-ECs compared to primary ECs after 96 h application of laminar shear stress (5 dyn
cm?) (Tiemeier et al., 2019). An explanation could be the fact that the iPSC-ECs used in their
experiments were generated according to a different protocol (Orlova et al., 2014b) than the cells in
our study (Olmer et al., 2018). As described by Jang et al. iPSC-ECs from different origins and
differentiation protocols are often hard to compare as their characteristics are heterogeneous (Jang et
al., 2019). Given that endothelial function relies strongly on glycocalyx functionality, analysis of this
important cellular characteristic should find its way into the standard evaluation of iPSC-ECs used as
endothelial models. Our findings on glycocalyx properties of the used iPSC-ECs suggest their

superior maturity regarding glycocalyx formation.

Furthermore, the comparison of glycocalyx status after static and dynamic culture is important, as it
has been shown before that, for example, glycocalyx thickness is highly dependent on applied fluid
flow in in vitro studies (Ueda et al., 2004; Gouverneur et al., 2006b; Siren et al., 2021). In our present
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study we also found a significantly higher glycocalyx layer thickness after dynamic culture with ~2
um for HUVECs and ~2.5 um for iPSC-ECs (Figure 6). These established thicknesses fit with
values in the range of 1.7-3 um obtained for diverse types of ECs in previous in vitro studies (Barker
et al., 2004; Stevens et al., 2007; Zeng et al., 2013; Tiemeier et al., 2019) and with thicknesses
established in vivo between 0.5-4.5 um (Reitsma et al., 2007). However, some studies reported
unphysiological glycocalyx thicknesses in the range of ~30 nm (Potter and Damiano, 2008; Chappell
et al., 2009). Moreover, thickness determinations after fixation were questioned because of
alterations to the glycocalyx via dehydration (Curry and Adamson, 2012). Therefore, we additionally
performed a native thickness determination using WGA, verifying our aforementioned results
(Supplementary Figures S4, S5). When analyzing the glycocalyx composition and potential
changes induced by fluid flow we found a slightly increased amount of uniformly distributed CS on
HUVECs after dynamic culture (Figure 3), which is somewhat surprising as CS is not a typical
mechanosensor (Pahakis et al., 2007; Siren et al., 2021). Nevertheless, also Zeng et al. found an
upregulation of CS after dynamic culture of bovine aortic ECs with a uniform CS distribution (Zeng
and Tarbell, 2014). HS and HA on the other hand have previously been described as important
mechanosensors of the glycocalyx (Florian et al., 2003; Mochizuki et al., 2003; Ebong et al., 2014).
For HA we only saw a reaction to flow in iPSC-ECs, while there was no difference in the amount of
HA on the HUVEC surface (Figure 4). However, the increase of HA in HUVECs has been shown by
Gouvernour et al. as well as Wang et al. (Gouverneur et al., 2006b; Wang et al., 2020). For HS we
found the expected strong increase in amount on the surface of the endothelial layer after application
of flow (Figure 5), which was also described by Giantsos-Adams et al. for HUVECs (Giantsos-
Adams et al., 2013) and by several groups for bovine aorta endothelial cells (Florian et al., 2003;
Pahakis et al., 2007; Ebong et al., 2014). HS generally shows the strongest reaction of the three
important GAGs contained in the glycocalyx toward flow as it is, amongst other binding partners,
attached to syndecans. These are transmembrane proteins comprising several functions, for example
the transduction of mechanical influences on the cell surface into the interior by interaction with the
cytoskeleton via their cytoplasmic tail region (Giantsos-Adams et al., 2013; Tarbell et al., 2014). The
dense outstretched mesh structure with formation of thicker HS fibers shown in Figure 5 is in line
with the appearance of HS layers on rat fat pad endothelial cells (Zeng and Tarbell, 2014) and human

umbilical vein smooth muscle cells (Kang et al., 2017).

To assess the functional integrity of the glycocalyx we employed a leucocyte adhesion assay as for a

mature glycocalyx in the physiological state the polysaccharide moiety sufficiently covers cellular
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adhesion molecules, thereby preventing the adhesion and subsequent extravasation of blood cells.
After glycocalyx shedding or in the case of a thin immature glycocalyx, leukocytes are able to
interact with the endothelial cell layer and subsequently adhere (Kalucka et al., 2017). Performing a
simple static leucocyte adhesion assay, we could show a significant reduction in PBMC binding to
the endothelial surface after dynamic culture for both cell types, arguing for a more mature
glycocalyx layer compared to their status after static culture. This is in line with the thickness
improvement identified after application of fluid flow and demonstrates functionality. Similar results
were obtained by Delgadillo et al. for HUVECs and neutrophils, showing higher immune cell

adhesion for lower surface shear stresses (Delgadillo et al., 2020).

Subsequent to the extensive analysis of cellular directionality and glycocalyx properties we aimed to
utilize the aligned cellular monolayers comprising a functional glycocalyx for cell sheet engineering
with the prospect of fabricating 3D vessel structures. As one of the mayor obstacles of 3D tissue
engineering is the inefficient vascularization of fabricated constructs, vascular tissue engineering has
been in the focus for decades (Devillard and Marquette, 2021). Several advances have been made
toward perfusable 3D vessel formation, ranging from the inner lining of tubular constructs using ECs
(Weinberg and Bell, 1986; Villalona et al., 2010) to promising advances employing cell sheet
engineering to form 3D vascular grafts (L'Heureux et al., 1998; Kubo et al., 2007; Rayatpisheh et al.,
2014; Othman et al., 2015). In a first proof-of-concept, we aimed to translate the advantages of EC
culture under physiological flow toward tissue engineering applications of blood vessel mimics.
Therefore, we cultured HUVECs and iPSC-ECs under static and dynamic conditions on
thermoresponsive cell culture substrates (Stobener et al., 2018; Stobener and Weinhart, 2020) and at
first successfully detached intact monolayers after a static culture time of 96 h simply by temperature
reduction. To our knowledge, this is the first generation of a human iPSC-EC cell sheet, as this
technique has only yet been employed using mouse iPSC-ECs (Hibino et al., 2012). For dynamically
cultured cells, we observed aligned HUVEC sheet detachment but no complete self-detachment of
iPSC-EC sheets (Figure 8). Looking for an explanation of sheet disruption, we verified the integrity
of cell-cell-contacts within the confluent monolayers for all conditions and found ZO-1 and VE-
cadherin homogenously distributed to cell-cell-contact sites (Figure 9A), as shown before for
example for iPSC-ECs and VE-cadherin (Olmer et al., 2018) or HUVECs and ZO-1 (Bartosova et al.,
2021). The observed nuclear staining of ZO-1 for all conditions can be explained by the still dynamic
remodeling of cell-cell-contacts after 96 h of culture, leading to a nuclear localization of ZO-1

(Gottardi et al., 1996). Furthermore, staining of actin and vinculin revealed a pronounced generation
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of stress fibers and focal adhesions after application of fluid flow in HUVECs and iPSC-ECs (Figure
9B, Supplementary Figures S9), which is a typical EC reaction to surface shear stress (Franke et al.,
1984; Thi et al., 2004; Katoh et al., 2008). As both cell types showed a similar reorganization of the
cytoskeleton upon dynamic culture, we conclude, consistent with data shown on cellular alignment
and glycocalyx formation, that the iPSC-ECs are comparably mature as the primary HUVECs in
terms of mechanosensing. However, the findings on cell-cell-interactions as well as state of
cytoskeleton and focal adhesion cannot explain the deficit in self-detachment of iPSC-ECs as
confluent layer. One difference to HUVEC culture is the pre-coating using fibronectin in the case of
iPSC-ECs. Potentially, increased presence of this extracellular matrix glycoprotein can mediate
stronger interaction of focal adhesions with the underlying substrate, thereby impeding self-

detachment of the monolayer.

To increase the chance of intact detachment of an aligned iPSC-EC sheet, we delivered mechanical
support by simultaneous transfer of the sheet during detachment to a tubular 3D-printed scaffold
(Figure 10). By this preliminary experiment we could show that rolling of a flow-aligned iPSC-EC
sheet onto a tube with preservation of cellular orientation is possible. Some groups have previously
reported the wrapping of aligned HUVEC sheets (Rayatpisheh et al., 2014; Othman et al., 2015) after
thermally triggered sheet detachment from micropatterned surfaces, which induced the cellular
alignment. However, there have not been any studies so far on 3D vessel engineering of flow-aligned
HUVEC or iPSC-EC sheets comprising functional mature glycocalyx. After these promising initial
results, future studies will focus on the implementation of an aligned tubular sheet construct into a

dynamic flow circuit as described by Elomaa et al. (Elomaa et al., 2022).

In conclusion, we were able to demonstrate the capability of HUVECs and iPSC-ECs to respond to
physiological fluid flow and show its beneficial effect on glycocalyx formation and integrity
compared to static culture. With the help of thermoresponsive substrates, we were able to generate
either self-detached cell sheets or a 3D construct comprising a rolled sheet with preservation of the
flow induced cellular alignment. We envision our results to be valuable contributions for the

improvement of endothelial in vitro models in the future.
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1 Correlation of shear stress and orientation of the cells
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Supplementary Figure S1. Time and shear stress dependent orientation of HUVECs and iPSC-ECs
displayed as color maps. Black frames highlight the first timepoint comprising an apparent
orientation and elongation of the respective cells with the fluid flow. (Arrow indicates flow direction.
Image size: 670x670 um, n=1).
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To define optimal parameters for alignment and elongation of endothelial cells (ECs) under flow
conditions, HUVECs were seeded on ibidi p-slides (channel heights 0.2 and 0.4 mm) and cultured
under different volume flow rates. Various shear stresses in a physiological range from 0 (static
culture) to 10 dyn cm™ were applied in a preliminary screening for up to 96 h. After 48 h, cellular
alignment and elongation was already observed for >6.6 dyn cm™, whereas cells cultured with 3.3 to
5 dyn cm™ required 72 h for alignment. Alignment and elongation were observed at >1.7 dyn/cm?
after 96 h. High shear stress conditions (10 dyn cm™) resulted in a reduction of cellular confluency
after 96 h, as indicated by black areas. Based on these results, we finally decided to apply 6.6 dyn cm’
2 throughout the remaining experiments, which at the same time yields a fast alignment without being
apparently harmful to cells for >96 h. Adaption of the experiment to iPSC-ECs demonstrated their
high capacity for alignment and elongation, as the cells were (already) aligned after 24 h under all
flow conditions.
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2 Directionality analysis

To qualitatively analyze and visually highlight the influence of varying culture conditions on the
orientation of ECs as already shown in section 1 of this supplementary material, phase contrast
images of ECs after static and dynamic culture were pre-processed using ImageJ and subsequently an
orientation/angle-specific color coding was added using the OrientationJ plugin [1]. For pre-
processing, the background was subtracted from the raw phase contrast images (rolling ball, radius
100 px), a Gaussian filter (c = 1 um, scaled), and a bandpass filter (down to 20 um, no lower limit)
were applied to compensate for inhomogeneous illumination and smoothen the image [2]. The image
is binarized via (auto)-thresholding according to Huang et al. [3], and finally processed/colored using
the OrientationJ plugin (local window: ¢ = 3 pixel). Color map is showing hue: orientation,
saturation: coherency and lightness of the original image.

(A) (B) _ (C) . D) (B
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48 h

HUVEC dynamic
6.6 dyn/cm? - 48 h

Supplementary Figure S2. Image processing steps for qualitative directionality analysis. (A)
Original phase contrast images from HUVECs cultured under static and dynamic conditions for 48 h.
(B) Preprocessing of the images by background subtraction as well as addition of gaussian blur and
bandpass filters to remove uneven illumination and smoothen the image. (C) Thresholding to create a
binary image. (D) Generation of color-map using the OrientationJ-plugin in ImageJ, adding an
angle-dependent color to cell borders illustrated in (E). (Arrow indicates flow direction. Scale bars:
100 pm).

ImageJ was further used to quantify the effect of culture conditions on cellular alignment/orientation.
Initially, the background of phase contrast images was subtracted (rolling ball, radius = 100 pixels)
and the contrast of images was increased via gamma correction (y = 0.8) and contrast stretching
(ImageJ’s enhance contrast function, cutoff parameter = 0.7% saturated pixels). Using the find
maxima function (prominence = 25, excluded on edges, light background), the cell centers were
determined and the image was segmented into single cell areas accordingly. The Extended Particle
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Analyzer of the BioVoxxel toolbox was used to determine/measure the main orientation of single
cells' [4].

(A) ‘ (B) , () I ) (E)
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Supplementary Figure S3. Image processing steps for quantitative directionality analysis. (A)
Original phase contrast images from HUVECs cultured under static and dynamic conditions for 72 h.
(B) Preprocessing of the images by background subtraction and gamma/brightness adjustment to
enhance contrast. (C) Application of the ‘Find maxima’ function in /mageJ and (D) segmentation of
the images to create a mask of single cells. (E) Histogram of main orientation of single cells obtained
using the extended particle analyzer in ImageJ. (Arrow indicates flow direction. Scale bars: 100 pm).

! These parameters were determined empirically and were valid/applicable for all acquired images.
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3 Evaluation of native glycocalyx thickness

To estimate glycocalyx thickness(es) under native, non-fixed conditions, ECs after static culture were
stained with wheat germ agglutinin (WGA, labelled with Alexa™ 555, ThermoFisher) as well as
CMFDA and subsequently imaged via confocal microscopy. Due to the behavior of
thermoresponsive polymers and despite using an incubation chamber as well as rapid sample
preparation, unfixed cells on PGE-coated substrate started to detach during image acquisition (data
not shown). The experiment was therefore performed on tissue culture-treated polystyrene slides
(TCPS). To exclude any influence of the cell culture substrate on glycocalyx expression, HUVECs
and iPSC-ECs were seeded on TCPS and PGE-coated PS, stained with WGA and imaged via
confocal microscopy (after fixation with PFA). As demonstrated in Supplementary Figure S4, no
difference in glycocalyx expression as indicated by mean fluorescence intensity of WGA-staining
was observed between both substrates for each cell type, respectively.

(A) HUVECs iPSC-ECs
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Supplementary Figure S4. Influence of culture substrate on WGA-staining of HUVECs and iPSC-
ECs under static conditions (96 h) (A) Representative confocal image of lectin-staining (orange) on
cells cultured on tissue culture and PGE-coated polystyrene. (B) Quantification of fluorescence
intensities. Data shown as mean fluorescence units relative to the corresponding TCPS sample. No
significant differences were found between the TCPS and PGE-coated PS culture substrates (Mann-
Whitney Test, n=3) (Scale bars: 100 um).
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Subsequently, the glycocalyx thickness of non-fixed endothelial cells was estimated via confocal
microscopy using Airyscan super-resolution mode. Orthogonal projections of Z-stacks demonstrate
the native glycocalyx thickness being in the range of a few micrometers (2-4 um), as shown in

Supplementary Figure S5.
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Supplementary Figure S5. Estimation of glycocalyx thickness under native conditions. Orthogonal
projection and confocal images of HUVECs and iPSC-ECs after static culture for 96 h stained with
WGA (glycocalyx, orange) and CMFDA (cytosol, green) under unfixed conditions. Scale bars:

horizontal 50 pm, vertical 2.5 pm).
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4 Evaluation of the PBMC adhesion assay

A peripheral blood mononuclear cell (PBMC) adhesion assay was established to investigate
glycocalyx functionality. Supplementary Figure S6A illustrates the processing of the raw data and
analysis. HUVECs were incubated with fluorescently labeled PBMCs, washed, fixed and
subsequently imaged using fluorescence confocal microscopy. The images were processed with
ImageJ (conversion from 16 to 8 bit, application of a gaussian filter, c = 1 um and manual
thresholding ranging from 30 to 255) and analyzed using ImageJ’s Particle Analyzer, counting the
number of PBMCs per image (size: 30-125 pixel?).
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Supplementary Figure S6. Establishment of PBMC-assay to assess glycocalyx functionality. (A)
Processing of the raw confocal image showing CMFDA-labelled PBMCs in green, by thresholding to
create a binary image. The processed image was analyzed via ImageJ particle analyzer to obtain
PBMC counts. (Scale bar: 200 um) (B) Representative confocal images demonstrating the impact of
a TNF-a-incubation (positive control) on PBMC adhesion to HUVECs after 96 h of static culture
(Scale bars: 200 um) (C) Influence of cell number as well as shedding of the glycocalyx (mechanical,
TNF-a incubation) on adhesion of PBMCs to HUVEC monolayers after 96 h of static culture. Data
are shown as mean + SEM (n=1).

Various PBMC concentrations were tested and ECs were differentially treated to validate the assay.
As a positive control, HUVECs were incubated for 6 hours with 10 or 50 ng mL™' of the
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proinflammatory cytokine TNF-a, which is known to increase leukocyte adhesion to ECs via
upregulation of adhesion molecules (CAMs), and concomitant shedding of their glycocalyx [5, 6]. In
addition, a concentration-dependent increase in adherent PBMCs was demonstrated. Finally, an
apparent increase in PBMC adhesion after mechanical disruption of the glycocalyx via excessive
pipetting demonstrated the assay’s suitability to examine glycocalyx functionality.

Subsequently, an analysis of PBMC adhesion to HUVECs and iPSC-ECs after static culture on PGE-
coated PS as culture substrate was conducted. Results demonstrated no significant difference in
leucocyte count on the monolayer surface for both cell types (Supplementary Figure S7).

n.s.

0.5

Relative PBMC Count (to HUVECs)

0
HUVECs iPSC-ECs

Supplementary Figure S7. Comparison of relative PBMC adhesion to HUVECs and iPSC-ECs after
96 h of static culture. Relative data are presented as mean = SEM with respect to “HUVECS static”
(n=4, Mann-Whitney Test).
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5 Cell sheet detachment after 48 h

As previously shown in Supplementary Figure S1, the application of 6.6 dyn cm™ for 48 h is
sufficient for a pronounced alignment of both, HUVECs and iPSC-ECs on TCPS. Since one
objective of this study was to generate confluent cell sheets of different endothelial cells, both under
static (non-aligned) and dynamic (aligned) culture conditions, we attempted to detach cell sheets
from PGE-coated PS first after 48 h. Supplementary Figure S8A demonstrates an elongation and
alignment of HUVECs and iPSC-ECs on PGE-coated PS comparable to TCPS. By transferring the
slides into room temperature PBS", we triggered singularization and partial detachment of ECs under
all culture conditions (Supplementary Figure S8B).

(A) Before Detachment (B) After Detachment

HUVECs iPSC-ECs HUVECs iPSC-ECs

static
static

dynamic
dynamic

—) —)

Supplementary Figure S8. Detachment of HUVECs and iPSC-ECs after 48h of static or dynamic
culture. Phase contrast images were taken (A) before and (B) after (incomplete) detachment. (Arrow
indicates flow direction. Scale bars: 100 pm, n=2).
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6 Formation of stress fibers due to fluid flow

The application of shear stress to ECs results in the formation of stress fibers, which are known to
increased cellular adhesion to the underlying substrate [7]. Supplementary Figure S9 displays
confocal images of endothelial focal adhesions after static and dynamic culture conditions, stained
with phalloidin (red) and vinculin (green), demonstrating the excessive formation of stress fibers
after exposure to shear stress.

HUVECs iPSC-ECs

static

dynamic

Supplementary Figure S9. Confocal images showing focal adhesions after static and dynamic
culture of HUVECs and iPSC-ECs for 96 h. Cells were stained for phalloidin (red) and vinculin
(green). Nuclei were counterstained with Hoechst 33342 (blue). (Arrow indicates flow direction.
Scale bars: 10 um).
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Abstract

Bioengineering of artificial tissue constructs requires special attention to their fast vascularization to provide the cells
with sufficient nutrients and oxygen. We tackled the challenge of in vitro vascularization by employing a combined
approach of cell sheet engineering, 3D printing, and cellular self-organization under dynamic maturation culture. A
confluent cell sheet of human umbilical endothelial cells (HUVECs) was detached from a thermoresponsive cell
culture substrate and transferred onto a 3D printed, perfusable tubular scaffold with the help of a custom-made cell
sheet rolling device. Under indirect co-culture conditions with human dermal fibroblasts (HDFs), the cell sheet-
covered vessel mimic embedded in a collagen gel containing additional singularized HUVECs: started sprouting into
the surrounding gel, while the suspended cells around the tube self-organized and formed a dense, lumen-containing
3D vascular network throughout the gel. The HDFs cultured below the HUVEC-containing cell culture insert
provided angiogenic support to the HUVECs via molecular cross-talk without them competing for space with the
HUVEC:s or inducing rapid collagen matrix remodeling. The resulting vascular network remained viable under these
conditions throughout a 3-week cell culture period. This static indirect co-culture setup was further transferred to
dynamic flow conditions, where the medium perfusion was enabled via two independetly addressable perfusion
circuits equipped with two different cell culture chambers, one hosting the HDFs and the other one the HUVEC-
laden collagen gel. Using this system, we successfully connected the collagen-embedded HUVEC culture to a
dynamic medium flow, and within one-week of the dynamic cell culture, we detected angiogenic sprouting as well
as a dense microvascular network formation via HUVEC self-organization in the hydrogel. Our approach of
combining a 3D printed and cell sheet-covered vascular precursor that retained its sprouting capacity together with
the self-assembling HUVEC:s in a dynamic perfusion culture resulted in a vascular-like 3D network that we see as a
critical step towards the long-term vascularization of bioengineered in vitro tissue constructs.

Keywords: Cell sheet rolling, perfusion culture, thermoresponsive surface, vascularization, vat photopolymerization
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1. Introduction

Bioengineered in vitro tissue constructs are widely used both for regenerative medicine to aid tissue repair
in vivo and for development of tissue models to replace or add on to existing in vivo animal models.
However, growing a tissue mimic is still a great challenge as it requires sufficient vascularization to ensure
efficient oxygen and nutrient supply to the cells. Several approaches to vascularize 3D tissue constructs
have been introduced via various in vitro tissue engineering techniques,[1,2] including biofabrication of
patterned channels of vascular endothelial cells inside a hydrogel structure[3—5] or via channel templating
and reseeding with vascular endothelial cells throughout a tissue scaffold.[6] Even though these
endothelialized channels can mature to biomimic vascular vessels within a native tissue, they can only reach
a limited number of cells in the in vitro tissue construct, thereby requiring further microvascularization.
This can be accomplished by implanting the in vifro engineered tissue construct into a living host system
for a dedicated amount of time, after which ideally not only neovascularization within the transplanted
tissue is observed but also its anastomosis to the host circulation.[7] However, even in in vivo conditions,
the vascular in-growth from the host tissue triggered by the natural inflammatory and regenerative wound
healing response is only several tenths of micrometers a day, which alone is not sufficient for the in vivo
vascularization of thicker 3D tissue constructs.[8] Therefore, both the in vivo and in vitro vascularization
of a whole bioengineered 3D tissue construct remains challenging.

An attractive approach towards the in vitro vascularization of 3D tissue constructs is to take advantage of
cell sheet engineering, a technique originally introduced by Okano and coworkers.[9,10] In typical cell
sheet engineering techniques, cells are cultured until the full confluency on a thermoresponsive surface that
can undergo a transition from a hydrophobic, cell-adhesive state to a hydrophilic, cell-repellent state upon
temperature decrease from 37 °C to room temperature.[11] When this confluently grown cell monolayer
on a functional thermoresponsive substrate is transferred outside of a cell culture incubator, the whole cell
sheet is mildly detached and can be harvested as a single layer together with its intact extracellular
matrix.[12—15] Previously, a few groups have used cell sheets for building vascularized tissue constructs
[16—19] as well as for the fabrication of large to medium diameter tissue engineered vascular grafts.[20,21]
Asakawa et al.[16] induced vascularization of fibroblast sheets by sandwiching them together with a
HUVEC sheet, and Sekine et al.[17] stacked together cell sheets derived from a co-culture of rat cardiac
and endothelial cells. Besides endothelial cell sheets, also thin microstructured vascular smooth muscle
sheets and patches have been produced for vascular tissue engineering applications.[18,19] Although piling
up cell sheets with intended self-organization of endothelial cells into vascular structures is a feasible
method for the fabrication of very thin tissue layers, it is yet insufficient for an effective vascularization of
thicker tissue mimics.[17]

In contrast to patches made of thin cell sheet stacks, the use of self-standing cell sheet-covered vascular
precursors with defined access ports could enable the in vitro vascularization of thicker tissue constructs
under subsequent exposure to proangiogenic conditions. As an example of such vascular mimics of a
medium diameter, Ahn er al.[20] fabricated non-endothelialized vascular tubes by manually wrapping a
sheet of sheep vascular smooth muscle cells around an electrospun poly(e-caprolactone) (PCL)/collagen
tube (inner diameter: 4.75 mm). Similarly, Hibino et al. [21] applied a differentiated induced pluripotent
stem cell sheet around a poly(glycolic acid) tube (inner diameter: 0.8 mm) to obtain tissue engineered
vascular grafts. Furthermore, Kang et al. [22] wrapped a prevascularized co-culture sheet of human
mesenchymal stem cells and HUVECs around a porous tricalcium phosphate scaffold (outer diameter: 4
mm), although this was not used as a vascular precursor but rather a vascularized bone tissue construct.
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Within these studies, however, no long-term vascularization of 3D tissue constructs via the engineered,
perfusable vascular mimics was explored

In our current study, we aimed to mimic a native vascular bed and vascularize thicker 3D collagen
constructs by embedding a HUVEC sheet-covered perfusable vascular mimic into a collagen matrix
together with singularized HUVECs. The small-diameter (outer/inner diameter: 1.5/0.5 mm) tubular
scaffold was 3D printed with vat photopolymerization using a hybrid resin of gelatin methacryloyl (GeIMA)
and PCL-methacrylate (PCL-MA), and a confluent cell sheet of HUVECs was subsequently rolled around
the tube using a customized rolling device. The formation of a vascular-like network of the HUVECs
embedded in the collagen hydrogel was followed for three weeks in an indirect co-culture with human
dermal fibroblasts (HDFs). Furthermore, the endothelialized vascular precursor was connected to a
perfusion culture and the network formation under the dynamic culture was validated.

2. Material and Methods

2.1 Materials

Gelatin from porcine skin (gel strength 300, type A, 50-100 kDa, Aldrich), e-caprolactone (Aldrich),
tin(I) 2-ethylhexanoate (Sn(Oct)2, Aldrich, 92.5%), di(trimethylolpropane) (diTMP, Aldrich, 97%),
methacrylic anhydride (Aldrich, 94%), formamide (99.5%, Roth), ethyl(2,4,6-trimethylbenzoyl)
phenylphosphinate (also known as Lucirin TPO-L) photoinitiator (Fluorochem), and Orasol Yellow 2RLN
dye (Kremer Pigmente) were used as received. GFP-tagged HUVECs were purchased from Cellworks
(Caltag Medsystems Company) and non-tagged HUVECs from Cellsystems®. HDFs were isolated from
Jjuvenile human foreskin (age between 5-18 months) with the ethical approval of the Ethics Committee at
Charité Universitidtsmedizin Berlin, Germany (EA1/081/13) using a collagenase/dispase-based protocol
as published before.[23] High glucose Dulbecco’s Eagle Medium (DMEM, Gibco®), fetal bovine serum
(FBS, Biochrom), penicillin-streptomycin (Life Technologies), and supplemented Vasculife® vascular
endothelial growth factor (VEGF) medium (LifeLine Cell Technology) were used in cell culture studies
as received, if not otherwise noted. SpectraPor® dialysis tubing made from regenerated cellulose with a
molecular weight cut-off (MWCO) of 3.5 kDa was purchased from Carl Roth GmbH + Co. KG
(Karlsruhe). Colorimetric MTS solution (Abcam), Hoechst 33342 DNA-intercalating dye (Thermo
Fisher), a LIVE/DEAD® cell viability kit (Invitrogen®), and green 5-chloromethylfluorescein diacetate
dye (CMFDA, Thermo Fisher) were used in cell culture as described in the methods.

2.2 Synthesis of photocrosslinkable macromers, formulation of the resin, and 3D printing of a perfusable
tube by vat photopolymerization

For the 3D printing of flexible and durable small-diameter tubes, a photocrosslinkable 3D printing resin
of GeIMA and four-arm PCL-MA for vat photopolymerization was formulated as reported in our previous
study.[24] Briefly, the GeIMA and PCL-MA in ratio of 70/30wt-% were dissolved in formamide (50wt-%)
and was mixed with visible light sensitive 2 wt-% of ethyl(2,4,6-trimethylbenzoyl) phenylphosphinate
photoinitiator and 0.05wt-% of Orasol Yellow dye to enable the highest spatial control over
photocrosslinking. To 3D print a porous tube for cell sheet rolling, a CAD model of a hollow tube with an
outside diameter of 1.5 mm, an inside diameter of 0.5 mm, and a length of 1 cm was designed using
Rhinoceros 5 software. A digital light processing (DLP) 3D printer (Titan 2 from Kudo3D, Taiwan) was
equipped with a UV-filtered projector (Acer Full HD 1080) that projects 1920x1080 pixels of visible light
onto a bottom of a resin reservoir to crosslink a desired layer thickness. The crosslinking time was 25 s
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for a 100 um layer and the temperature inside the printing hood was maintained at 32 °C with an additional
set of a heater and a thermostat (IncuKit™ Mini, Incubator Warehouse). After 3D printing, the residual
photoinitiator, non-crosslinked macromer, orange dye, and solvent was removed from the samples by
extraction with ethanol for 3 days and water for 7 days.

2.3 Cell culture

Both GFP-labeled and unlabeled HUVECs (p 3-8) were cultured in Vasculife® VEGF endothelial medium
with the Vasculife® supplements (2% of FBS), and HDFs (p 3-8) were cultured in high glucose Dulbecco’s
modified eagle medium (DMEM) mixed with 10% of FBS and 1% penicillin/streptomycin. Before
seeding, all the cells were cultured under standard conditions (5% CO2, 37 °C, 95% humidity) until
maximum of 70-80% confluency.

2.4 Cell sheet formation and the rolling process

For cell sheet formation, thermoresponsive poly(glycidyl methyl ether-co-ethyl glycidyl ether) (PGE, M.
= 30 kDa, monomer ratio of 1:3) functionalized with a short benzophenone anchor block was synthesized
and self-assembled from a selective solvent as a monolayer on a polystyrene (PS) slide (7.5 cm x 2.5 cm
x 0.1 cm) as described previously.[13,23] For the coating with PGE, the transparent PS slide was immersed
in an aqueous/ethanolic polymer solution for 1 h (0.25 mg mL"' of PGE in 45% EtOH in H:0) and then
irradiated it with UV-light (UV-KUB 2, KLOE) for 160 s. The coated slides were disinfected with 70%
ethanol for 10 min and rinsed two times with cold PBS, after which a silicone frame (2 cm x 3 cm) was
placed on the slide and HUVEC suspension (5.1 x 10’ cells in 2 mL of medium) was pipetted inside the
frame. The cells were cultured in the media supplemented with 2% FBS for the first day and with 10%
FBS for further three days. After four days of cell culture, the cell-coved slide was transferred from warm
medium into room temperature PBS for 10 min to partly detach the confluent cell layer from its edge. The
sheet was then rolled around a 3D printed tube during the detachment process using a custom-made rolling
device developed and prototyped with Ospin Gmbh (Berlin, Germany). The GeIMA/PCL tube was
connected to the rolling device via a thin (diameter of 0.55 mm) stainless steel rod placed inside the tube
that also enabled an easy transfer of the cell-covered tube from the rolling device to the collagen matrix.
To prevent any contaminations, the rolling device was wiped before its use with 70% ethanol and all the
parts in contact with the GeIMA/PCL tube were disinfected for 15 min in 70% ethanol and rinsed twice
with sterile PBS. The whole process of the cell sheet rolling and the subsequent adjustment of the tube to
the dynamic perfusion chamber can be seen in Supplementary Video S1.

2.5 Network formation in a static culture of a 3D collagen construct

To form a cell-laden collagen solution (2.5 mg mL"), acidic rat tail collagen solution (500 pL, 5 mg mL"
in 20 mM acetic acid) was neutralized with 10x PBS (100 pL) and 0.1 M NaOH (110 pL) and was mixed
with a HUVEC suspension in Vasculife® medium supplemented with 0.5% FBS (290 uL, 2 x 10° cells
mL™"). The vascular network formation was studied both in static and dynamic conditions (Fig 1). GFP-
HUVECs were used in the static insert culture to enable easy detection of the cells in the collagen gel,
while in the dynamic culture, the network formation was validated with the untagged HUVECs. For the
static culture, the 3D hydrogels were prepared by first solidifying acellular collagen solution (160 pL) in
a 12-well plate Transwell® insert (Corning® Costar®, 0.4 um pore size) for 30 min at 37 °C, after which
the freshly rolled GFP-HUVEC-covered tube was carefully placed on the hydrogel surface together with
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additional collagen/cell suspension (200 puL) (Fig 1A). The second collagen layer was solidified for 40
min at 37 °C. After the gelation, Vasculife® medium (500 pL) containing 0.5% of FBS was added on top
of the gel and the insert was transferred to a 12-well suspension culture plate (Greiner Bio-One
CELLSTAR®), where HDFs (25,000 cells cm™) had been seeded in DMEM (1.5 mL) a day before. As
controls, cell-laden collagen hydrogels without the rolled tube were prepared following the same protocol.
The medium inside and outside of the insert was changed every 3 days.

A Static insert culture C Circuit for the dynamic culture
Slide chamber w/ HDFs
Cell sheet- \ Up to
covered tube 3 vseeks ° B :
embedded in
HUVEC-laden 3D vascular &
collagen network
Q =] o
HDFs HDFs Tube chamber]
| w/ HUVECs |
. - ) i i
B Dynamic chamber culture | = PeflsmIrlc
Peristaltic ‘
—_———— pump =
N — |

Medium flow
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F Ay Medium Medium
“v . 3D vascular reservoir reservoir II

HUVECs HUVECs

Figure 1. Schematic presentation of the respective setup to vascularize collagen hydrogels under A) static
conditions in membrane insert culture and B) dynamic conditions in a 3D printed chamber that allows dynamic
medium perfusion through the construct. C) Schematic drawing of the two circuits for the dynamic cell culture:
While the grey circuit delivers HDF-conditioned medium to the suspended HUVECsS in the gel to induce and assist
their self-assembly into a microvascular network, the red circuit allows independent perfusion of the cell sheet-
covered tubular scaffold.

2.6 Chamber design and dynamic culture for the network formation

For the dynamic vascularization culture, two different perfusion chambers were designed, one to host the
HUVEC sheet-covered tube together with suspended HUVECs in collagen (called here a tube chamber)
and the second to host the HDFs (i.e., a slide chamber). The chambers were included in a row into a
dynamic culture system comprising two bubble traps/medium reservoirs and two peristaltic pumps to
generate two constant fluid flows that were controlled using an open-source hardware platform Arduino
comprising a microcontroller (Arduino Uno Rev 3) (Fig 1C). A detailed description of the tube chamber
design can be found in Supplementary Information (Fig S1). The tube chamber featured a confined
collagen compartment (1 cm x 1 cm x 0.5 cm) with two sets of medium inlet and outlet connectors to
enable medium flow both through the vascular tube and on top of the collagen hydrogel (Fig 1B and 1C),
while the slide chamber featured a flat compartment for a HDF monolayer (7.7 cm x 2.6 cm x 0.1 cm)
with one set of medium inlet and outlet connectors to allow medium flow on top of the cells (Fig 1C). The
autoclavable and translucent tube chamber for hosting the collagen construct was CAD modelled with
Rhinoceros® software and 3D printed with an Orange 30 SLA printer (Longer3D)[25] using a
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biocompatible BioMed Amber Resin (Formlabs) with the burn-in time, range, and exposure time of 45.0
s, 0.25 mm, and 7.25 s, respectively. To enable real-time microscopy imaging of the HUVEC network
formation in the collagen, the top lid of the tube chamber was made of transparent polycarbonate
(Makroclear®, Arla Plast) and the center of the chamber bottom consists of a circular glass cover slip.
Furthermore, the top lid of the chamber contains screw threads to connect an inlet and outlet silicone hose
for the medium flow on top of the hydrogel. To construct the hydrogel, the bottom of the collagen
compartment was first filled with the neutralized acellular collagen solution (500 uL, 2.5 mg mL™") that
was allowed to solidify at 37 °C for 30 min, after which the tube with a rolled HUVEC sheet was placed
between two needles on top of the hydrogel together with HUVEC-laden collagen solution (200 pL, 2.5
mg mL", 2 x 10° cells mL"). As a control sample to the dynamically cultured gels, HUVEC-laden
Transwell® inserts with HUVEC medium both inside and outside of the insert were prepared, like
described above. After gelation of the collagen for 40 min at 37 °C, the tube in the dynamic samples was
connected to perfusion of 8 mL of DMEM medium (0.7 mL min™") via syringe needles and silicone tubing
(Tygon® 3350 and PharmaMed® BPT, Saint-Gobain Performance Plastic Corp.) using a peristaltic pump.
Furthermore, the second set of inlet and outlet on top of the hydrogel were connected to perfusion with 8
mL of Vasculife® medium containing 0.5% of FBS (0.7 mL min™) that was first pumped through the slide
chamber containing a TCPS slide (7.5 cm x 2.5 cm x 0.1 cm) on which HDFs (25,000 cells cm™) had been
seeded a day before. The slide chamber hosting the HDFs was fabricated by CNC-milling of the bulk
polycarbonate (Makroclear®, Arla Plast). To ensure the contamination-free culture, the assembled circuits
for the dynamic culture, excluding the peristaltic pumps, were autoclaved before their use.

2.7 Stiffness of the collagen hydrogel

The elastic modulus of the acellular collagen hydrogels after 24 h incubation in PBS at 37 °C were studied
with an oscillating rheometer (Kinexus pro+, Malvern Panalytical) using an 8 mm parallel plate geometry.
First, the viscoelastic regime of wet samples (d = 8 mm, £ = 4 mm) was determined with an amplitude
sweep from a strain of 0.1% - 2% at 0.5 Hz, after which the storage modulus was measured with a
frequency sweep from 0.1 - 3 Hz at 37 °C using a 0.5% strain. The final stiffness value was an average of
three samples reported at the frequency of 0.5 Hz and the 0.5% strain.

2.8 Preparation of samples for microscopy

The porous wall structure of the acellular 3D printed tubes was visualized by scanning electron microscopy
(SEM, Hitachi SU8030, 15 kV) after first cutting 1-mm thick cross-sections of a lyophilized tube and
making them electrically conductive by sputter coating them with a thin gold layer. To evaluate whether
the HUVEC sheet covered the whole surface of the 3D printed tube after the cell sheet rolling, the tube
was incubated in MTS solution (10% in PBS) for 10 min at 37°C to stain metabolizing, living cells with
blue color, and after photographing, it was embedded in Tissue-Tek® cryomedia and shock-frozen by
partly immersing the sample holder in liquid nitrogen. Thin layers (8 um) of the frozen sample were
sectioned with a cryotome at -16 °C (CM1510 S Leica Biosystems). The cryosections were then fixed
with 4% PFA, stained with Hoechst 33342 (10 ng mL™") for 5 min at RT, and further visualized with a
fluorescence microscope (Axio Observer Z1, Carl Zeiss). Self-organization and network formation of
GFP-HUVEC: in the collagen hydrogels were visualized during the course of the culture via fluorescence
microscopy without additional staining and at the end point of the cell culture via confocal laser scanning
microscopy (LSM800, Carl Zeiss) or 2-photon microscopy after fixation with 4% PFA and staining with
Hoechst 33342. For the live/dead staining, the cells were incubated with fluorescein diacetate (FDA, 10
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uM) and/or propidium iodide (PI, 50 uM) for 5 min before image acquisition via fluorescence microscopy.
The untagged HUVECs used in the dynamic culture were fluorescence-stained with green CMFDA
(1:1000 in PBS) for 15 min at 37 °C before image acquisition with the confocal microscope to visualize
the live cells.

2.9 Quantification of VEGF content in the HUVEC medium

The cell culture media from both static and dynamic culture were collected after a seven-day cell culture
and stored at -20 °C for further analysis. The VEGF human ELISA kit (Invitrogen) was used following
the manufacturer’s protocol. Before the assay, the medium samples were diluted to half to maintain the
VEGF concentration within the detection limit of the assay (15.6-1500 pg mL"). The light absorbance of
the samples was determined at 450 nm and the values were translated to concentration using the provided
VEGEF standard samples.

2.10 Statistical analysis

The statistical significance of the gathered data was determined using a Kruskal-Wallis test followed by
Dunn’s multiple comparisons test (p < 0.05), provided by Prism 9 software (GraphPad, USA).

3. Results

3.1 3D printing of porous tubes for cell sheet rolling

The small diameter tubes for cell sheet rolling were 3D printed using GelMA/PCL-MA hybrid resin that
we have previously optimized for the visible light-based DLP printer (Fig 2A).[24] The concentration of
50% of GeIMA/PCL-MA in formamide yielded a resin with suitable viscosity and crosslinking properties
for the DLP when the printing temperature was maintained at 32 °C. The hollow 3D printed tube with an
outer diameter of 1.5 mm and an inner diameter of 0.5 mm (Fig 2B) was flexible and durable and therefore
easy to handle. SEM imaging of a cross-section of the lyophilized tube revealed a highly microporous
structure of the 3D printed material (Fig 2C), which is needed to secure medium and nutrient permeability
of the tube wall.
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Figure 2. A) Schematic drawings of the chemical structures of GelMA and PCL-MA in the hybrid resin and
the DLP 3D printer, B) photograph of a 3D printed GelMA/PCL-MA tube and C) a SEM image of a cross-
section of the lyophilized tube showing the porosity of the tube wall.

3.2 Cell sheet detachment and rolling around the 3D printed tube

The 3D printed tubular scaffold was covered with a HUVEC cell sheet to form a vessel-mimic with a high
cell seeding density. For the cell sheet, HUVECs were cultured on the thermoresponsive PGE-coated PS
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slide for four days, until a dense, confluent monolayer was obtained. When the cell-covered slide was
transferred from the medium in the incubator to PBS at RT, the sheet started to detach from its edges after
10 mins. An early attempt to detach the HUVECs at day 3 instead of a full 4-day culture resulted in holes
in the cell sheet despite their full confluency (Fig S2), thereby emphasizing the importance of strong
intercellular connections. The integrity of cell-cell contacts in the HUVEC monolayer at day 4 was verified
by fluorescent staining of VE-Cadherin and ZO-1 tight junction proteins between the cells (Fig S3).
Fluorescent staining of the GFP-HUVEC sheet with PI revealed only very few dead cells after its full
detachment (Fig 3B). We used a custom-made rolling device shown in Fig 3C to efficiently transfer the
polarized cell sheet during the detachment process onto the 3D printed tube with the luminal side of the
sheet facing the scaffold. Turning the 3D printed GelMA/PCL-MA tube several times on top of the
detaching cell sheet relocated the cells as a homogeneous, intact layer onto the tube surface. Visualization
of the cells via a brief exposure of the tube to blue MTS solution proved its full coverage with viable cells
as indicated by the dark blue color of the cells (Fig 3D). Furthermore, fluorescence microscopy of cryo-
cuts of the cell-covered tube revealed a thin continuous cell layer on the tube surface (Fig 3E).

3D printed tub
.'".b- i

e
Figure 3. A) Representative photographs of the cell sheet before and after the cell sheet detachment and microscopy
images of the partial detachment of the sheet at its upper edge. B) Fluorescent microscopy images of a Pl-stained
GFP-HUVEC sheet showing only very few dead cells (red color). C) Photograph of the custom-made rolling device
used for transferring the cell sheet from a thermoresponsive slide onto the tube and D) a photograph of the MTS-

stained (blue) cell sheet around the tube. E) Representative fluorescence microscopy image of a cryo-cut of the cell-
covered tube showing a GFP-HUVEC monolayer (green) and cell nuclei (blue) on the tube surface.
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3.3 Vascular network formation in a statically cultured 3D collagen construct

Before combining the cell-sheet covered vascular vessel-mimic with self-organizing single HUVECs, we
studied the network formation capacity of collagen-embedded HUVECs in a membrane insert under
indirect co-culture conditions with HDFs. Previously, we have observed that the presence of HDFs outside
of the insert is essential to maintain the long-lived vascular-like network structure of HUVECs seeded in
2D between two collagen layers.[26] Here, we studied the vascular network formation of suspended GFP-
HUVECs encapsulated homogenously within a 3D collagen gel. For that, the network formation of the
cells was imaged with fluorescent confocal microscopy after fixing the samples at predetermined time
points (Fig 4A). As seen in the images, the cells started organizing into a network soon after the seeding,
with first morphological indications at day 3. Within the first week, an interconnected HUVEC network
had formed, and during the full 3-week culture time, this vascular-like structure first became denser at day
14 and finally developed into a more defined network with longer tubular structures and less thick
interconnections. Without the HDFs, no formation of HUVEC network was detected (data not shown).
The collagen concentration of 2.5 mg mL™" with the elastic modulus of 246 + 4 kPa required no further
stiffness adjustment of the hydrogels to enable efficient HUVEC migration and vascular-like network
formation. The resulting vasculature sprouted throughout the 3D collagen hydrogel and maintained its
stability until the end of the 3-week study. Two-photon microscopy of the Hoechst-stained cells at day 21
allowed closer imaging of the network (Fig 4B), revealing a hollow lumen structure in this network that
expanded up to 1 mm in the z-range (Fig 4C).
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Figure 4. A) Representative confocal microscope images revealed the vascular-like network formation of GFP-
HUVEC cells in the collagen matrix, illustrated by single z-layers (5 um) of the fixed hydrogels (5x and 10x) and
by z-stacks of the whole hydrogels (10x 3D). B) Two-photon microscope images of the network at day 21, revealing
a hollow lumen of the formed vascular structures.

3.4 Vascular sprouting from the rolled sheet and combined vascularization from the tube and the
surrounding cells

After proving the vascularization capacity of the collagen-embedded single HUVECs under indirect co-
culture conditions, we proceeded with embedding the cell sheet-covered tube into a collagen gel. First, we
studied the sprouting capacity of the rolled HUVEC sheets in the collagen hydrogels without added
singularized HUVECs under indirect co-culture with HDFs (Fig SA). With brightfield microscopy, we
detected vascular sprouts protruding from the tube into the collagen matrix (Fig SB), while the two-photon
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microscopy enabled a closer look on the sprouting, revealing a thin cell layer on the tube surface and a
bifurcating vascular sprout starting from this layer (Fig 5C). Encouraged by the detected sprouting
capacity of the GFP-HUVEC sheet, we embedded the rolled cell sheet in a GFP-HUVEC-laden collagen
gel. The network formation around the tube under indirect co-culture was imaged via fluorescence
microscopy (Fig SD). Even though the vicinity of the vessel-mimicking tube could not be zoomed in
because of its bright fluorescence, the images showed the vascular-like network formation within the gel
in a similar manner to the hydrogels without an embedded tube. An interconnected vascular-like network
was detected throughout the collagen gel after seven days, and the network matured and became stronger
within the full 3-week culture.

Rolled HUVEC
sheet in collagen

Fibroblasts

D Day 3 Day 7 Day 14

5 x

200 uym

100 ym

Figure 5. A) GFP-HUVEC-covered tubular scaffold embedded in a collagen matrix in a membrane insert; B)
Brightfield and C) two-photon fluorescence microscopy image of sprouting cells from the rolled sheet. D)
Representative fluorescence microcopy images of the collagen gels comprising tube and suspended single GFP-
HUVECs, revealing vascular-like network formation around the central vessel-mimicking tube.

3.5 Dynamic perfusion of the collagen constructs

After establishing suitable conditions for the 3D vascularization in a static insert culture, we proceeded to
demonstrate the physiologically more relevant vascularization in a dynamic perfusion culture. By
connecting two separate chambers in a row in one circuit, the HUVECs could be cultured at a longer
spatial distance from the HDFs. The tube chamber was designed to allow real-time visualization of the
hydrogel-embedded cells through its transparent top and bottom lids (Fig 6A). Similar to the static
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experiments in membrane inserts, the cell sheet-covered tube was placed on top of an acellular collagen
gel in the chamber together with cell-laden collagen solution around the tube (Fig 6B). The hydrogel-
containing tube chamber was connected to the first perfusion pump to provide constant medium flow
through the cell-covered central tube as well as to the second perfusion pump (both pumps 0.7 mL min™)
to provide constant medium flow on top of the collagen gel (Fig 6C). As the presence of HDFs was seen
to be necessary to maintain the vascular-like network, our new dynamic culture system enabled the
continuous conditioning of the HUVEC medium with HDFs by perfusing the medium through the slide
chamber before reaching the collagen gel (Fig 6D and 6E). Brightfield microscopy imaging revealed no
difference in the morphology and density of the HDFs cultured in DMEM medium, as done in the static
culture, versus in 0.5% FBS Vasculife® VEGF medium used in the dynamic circuit (Fig S4). Only slow
diffusion of red medium from inside the cell-covered central tube to the surrounding gel was detected,
indicating at the same time the desired porosity of the tube wall and the absence of leakages in the system.

HUVECs

Figure 6. A) CAD model of the tube chamber and B) photograph of the 3D printed chamber filled with HUVEC-
laden collagen gel and a HUVEC sheet-covered tube connected to a medium perfusion. C) The hydrogel-containing
tube chamber was further covered with a transparent plastic lid and connected to the second medium flow circuit
from above, additionally passing through the HDF-containing slide chamber to condition the medium with
proangiogenic factors. D) Photograph of the slide chamber hosting the HDFs and E) the whole dynamic culture
system comprising the HUVEC-hosting chamber connected to two independently addressable circuits, one
connected to the tube inside the chamber (red DMEM medium) and one connected to the top of the chamber
(transparent conditioned HUVEC medium via passing through the HDF slide chamber).
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In the dynamic culture, the HUVEC-laden collagen gel (2 x 10° cells mL™, initial height of 2 mm) was
maintained for one week under the constant flow (0.7 mL min") of HDF-conditioned medium. Some
visible shrinkage of the collagen gel was observed both in the dynamic and static culture, which was likely
due to the traction forces applied by the networking HUVECs as well as the cell-mediated hydrogel
remodeling. While in the absence of HDFs, the HUVECs did not form any network in this setup (data not
shown), the 7-day dynamic cell culture under indirect co-culture with fibroblasts resulted in an
interconnected vascular-like network similar to the static control in the HUVEC medium (Fig 7A). At the
same time, an increased collagen thickness of above 2 mm resulted in poor network formation both in
static and dynamic culture (Fig S5). In the dynamic culture, the HDFs formed a visibly thicker layer on
the cell culture slide compared to the static culture, while the live/dead staining of the HDFs at the end
point revealed only a few dead cells both in the dynamic and static culture (Fig 7B), indicating that the
molecular crosstalk with HUVECs during the vascular-like network formation as well as the dynamic flow
did not severely interfere with their viability. The ELISA growth factor assay of the cell culture medium
at day 7 revealed a clearly higher VEGF content in the dynamic cell culture circuit compared to the static
culture inside the insert, even though the increased VEGF content required the presence of both the HDFs
and HUVECG:S in the circuit. The absence of one of them led to lower VEGF concentrations resembling the
ones detected in VEGF-supplemented media in the beginning of the study at day O (Fig 7C).

A Dynamic Static B HDFs

Dynamic

Static

VEGF concentration
(ng/mL)
=
1

0.54 IEEI

u-o — m §1
3 Medium 0d

3 Dynamic 7d

Dynamic - w/o HDFs 7d

Dynamic - w/o HUVECs 7d
B Static 7d

Figure 7. A) Representative fluorescence confocal microscopy images of the HUVEC-laden collagen gels, revealing
the formation of an interconnected vascular-like network within a 7-day culture in the dynamic tube chamber
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similar to a static insert control. B) Fluorescence microscopy imaging of the live (green)/dead (red) stained HDF,
showing their full confluency and high viability after the 7-day culture under both dynamic and static conditions.
C) The amount of VEGF in the cell culture medium, showing highly increased amount in the dynamic culture at day
7, when both the HUVECs and HDFs were present in the circuit (error bar represent SD; n = 3; *indicates
statistical significance (p < 0.05)).

4, Discussion

Formation of an interconnected 3D vascular network has been a long-remaining challenge in tissue
engineering, and due to its critical role in developing in vitro tissue constructs, new approaches are still
urgently needed. In our vascularization strategy, we relied simultaneously on 3D printing, cell sheet
engineering, and self-organization of endothelial cells into a vascular-like network under proangiogenic
conditions. First of all, to provide a 3D collagen hydrogel with a central, perfusable blood vessel mimic
to aid its vascularization, we rolled a confluent HUVEC sheet around a small-diameter (1.5 mm) tubular
scaffold that was 3D printed of a GelMA/PCL-MA hybrid resin with a DLP printer. The GelMA-
containing resin was previously developed and optimized by us for the vat photopolymerization to enable
fast and reproducible fabrication of flexible, nutrient permeable, and biodegradable scaffolds that support
cell adhesion and proliferation.[24] The reactive blending of GeIMA resin with PCL-MA enhanced the
stability of the material to be durable enough for the cell sheet rolling and for the long-term medium
perfusion. By matching the inner diameter of the 3D printed tubular scaffold (0.5 mm) to tightly fit the
needle diameter (0.55 mm), we ensured a leakage-free connection of the tube to the perfusion chamber
via the syringe needles. The adjustable biodegradation of the hybrid GeIMA/PCL-MA material shown in
our previous work[24] allows the gradual diminishing of the mechanical support from the tube when the
vascular vessel is maturing. In the establishing phase of or current work, long-term stability (> 3 weeks)
of the material was applied.

For the fabrication of the cell sheets, we used PS slides covered with a thin layer (~5 nm) of a
thermoresponsive PGE polymer previously developed and synthesized by our group.[23] Due to the
carefully designed phase transition temperature in aqueous media and the fine-tuned surface coating
parameters, the polymer coating remained hydrophobic and highly cell adhesive as long as it was
maintained in the cell culture incubator at 37°C, while the partial cell sheet detachment could be detected
after 10 min after transferring the slide to PBS at RT. Instead of using commercially available poly(N-
isopropylacrylamide) (PNIPAM)-coated thermoresponsive cell culture dishes, such as Upcell® plates, the
application of the PGE coating enabled the geometry-independent fabrication of custom size
thermoresponsive slides for the cell sheet rolling. Notably, these PGE-coated slides did not require any
additional coating with cell adhesion promoters to allow or improve attachment and growth of HUVECs.
To enable an easy and efficient transfer of the cell sheet, we designed and prototyped a custom-made
device for rolling and translocating the sheet to the outer surface of a tubular GeIMA/PCL-MA-based
scaffold. The wall-less slide geometry of the thermoresponsive cell culture substrate was needed to allow
its placement underneath the manually-driven, rotating scaffold, ensuring pressure-free contact between
the cell sheet and the scaffold as well as manual adjustment of the rotation speed of the tube (Video S1).
Compared to the manual wrapping techniques reported elsewhere,[20,22] the rolling device enabled a fast
and reliable transfer of the sheet as soon as the edges of the sheet had detached, resulting in a homogeneous
HUVEC-containing layer around the tube, while the hybrid material used for the 3D printing of the tube
ensured efficient and sustained adhesion between the scaffold and the transferred cells.

151 14



For the sake of potential long-term maturation of our bioengineered vessel-mimics, it was important to
preserve the high viability and sprouting capacity of the HUVECS in the rolled cell sheet. The fluorescent
staining revealed only very few dead cells in detached HUVEC sheets (Fig 3), indicating that the
thermally-triggered, non-enzymatic detachment did not negatively impact the cell viability, as also
previously reported by us and the others.[23,27] Importantly, bifurcating sprouts were detected in
brightfield and fluorescent images (Fig 5) to protrude from the HUVEC-covered tube when embedded in
collagen in the indirect co-culture with HDFs. Similar microvascular sprouting has been previously
detected to start from an electrochemically deposited HUVEC layer in a collagen-based scaffold as well
as from a HUVEC layer growing on dextran-coated beads in fibrin gels.[28] However, we showed for the
first time that also HUVEC sheets that have been cultured on thermoresponsive substrates and non-
enzymatically detached by a thermal trigger can retain their sprouting capacity. This makes the cell sheet
engineering extremely useful for in vitro vascularization approaches, as with a cell sheet, a confluent
monolayer of endothelial cells can be deposited at once in a highly defined manner into a 3D hydrogel.
However, as we did not expect the sprouting from the cell-covered tube to vascularize the whole 3D
collagen gel, we combined it with self-organizing suspended HUVECs to form a dense vascular bed
around the tube in the hydrogel. To achieve the latter, we adapted the recently established indirect co-
culture conditions of HUVECs with proangiogenic growth factor-producing HDFs[26] for the culture of
a 3D vasculature. With the help of the HDFs, we obtained a dense, lumen containing vascular-like network
that maintained its interconnected structure during the whole 3-week cell culture period. As expected from
previous studies,[26,29] no HUVEC network was formed in the absence of HDFs. This was presumably
related to the rapid loss in activity of the unbound medium-supplemented VEGF and fibroblast growth
factor (FGF) in the presence of endothelial cells,[30] which is why the HDFs were needed to constantly
supplement the medium with proangiogenic growth factors, especially VEGF and FGF, that are known to
be essential for in vitro formation of a lumenized vascular network.[31] Differing from elsewhere
published 3D HUVEC networks that were obtained in a direct co-culture approach with human adipose
tissue derived stromal cells,[32,33] the HUVEC network formation in our study was purely supported by
the molecular cross-talk with the HDFs, thereby lacking any direct cell-cell contacts between the two cell
types that could interfere with each other’s growth. The resulting vascular-like network expanded
throughout the hydrogel (Fig 4).

To enable physiologically relevant dynamic medium flow within the vascularizing collagen hydrogels, we
CAD modelled and 3D printed an autoclavable perfusion chamber that can be connected to two
independent medium flows using peristaltic pumps, one providing medium through the tubular cell sheet-
covered scaffold to mimic blood stream and another HDF-conditioned medium to the top surrounding of
the collagen gel to ensure the constant presence of proangiogenic growth factors in the circuit. When
setting up the dynamic culture system, 3D printing enabled us both to fabricate the hollow scaffold for the
central vascular mimic as well as to rapid prototype the CAD modeled, adjustable cell culture chambers.
Furthermore, with the Arduino microcontroller, we were able to control several peristaltic pumps at the
same time. Contrary to the static insert culture, where the HUVECs and HDFs located in direct proximity,
although membrane-separated, in the dynamic circuit the cells were cultured in different chambers.
Despite the increased distance of these two cell types, an interconnected vascular-like network formed
similar to the static culture within a 7-day dynamic culture period as long as the thickness of the HUVEC-
laden collagen gel was below 2 mm (Fig SS). This indicated flexibility in the distance between the
HUVECs and HDFs in their indirect co-culture, thereby enabling more versatile cell culture setups
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compared to the static cell culture inserts This is important especially when the physical proximity of
HDFs and network-forming HUVEC:s is not desired or practical. To confirm the quality of the conditioned
medium in this setup, we used an ELISA growth factor assay to exemplarily study the VEGF content of
the medium after the 7-day cell culture, revealing a strong increase in its amount under the applied dynamic
flow compared to the static culture conditions. This was primarily assigned to the higher surface area of
the confluent HDF layer in the dynamic culture (19 cm® instead of the 3.8 cm?). However, within the one-
week cell culture, the higher VEGF content did not increase the density of the HUVEC network compared
to the static conditions, indicating that VEGF among the myriad of HDF-derived growth factors is not the
limiting one for the observed network formation. In our current proof-of-concept study, we did not focus
on the long-term maturation of the vasculature in the dynamic culture, and therefore also the anastomosis
of the cell-covered central tube into the surrounding vascular network remains to be studied in detail.
However, by combining these two elements in one system with the help of cell sheet engineering and 3D
printed scaffolds and perfusion chambers, we took an important step toward the longer-term goal of a
perfusable vascular network that can provide cells with nutrients for prolonged time within a
bioengineered 3D tissue construct.

5. Conclusions

We successfully vascularized 3D hydrogel constructs by combining a rolled HUVEC sheet as a central
vessel mimic with surrounding self-assembling HUVECsS in a collagen matrix. In the resulting hydrogels
indirectly co-cultured with HDFs, the HUVECs organized into an interconnected vascular-like network
throughout the 3D matrix, while the cell sheet-covered tube sprouted to the vascularized gel. The central
vascular vessel with its preserved sprouting capacity provided defined access ports to enable the
connection of the hydrogel construct to a dynamic medium flow. Two independently addressable and fully
dynamic medium flow circuits promoted the formation of an interconnected 3D vascular-like network in
collagen gel even when the proximity of HDFs in the static culture conditions was replaced by their remote
location under the dynamic conditions. As all the parts in our dynamic circuit system are easily available
with relatively low costs, we hope to help readers gain an access to dynamic cell culture circuits without
need for high-cost investments in bioreactors. Our achievements in this study pave the way to
bioengineering of vascularized tissue constructs, in which the cells can be provided with nutrients all over
a thicker 3D matrix for an extended time period.
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SUPPORTING INFORMATION

In vitro vascularization of hydrogel-based tissue
constructs via a combined approach of cell sheet
engineering and dynamic perfusion cell culture
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1. Detailed description of the chamber design used for the dynamic vascularization of collagen
constructs

To provide the readers with support for design and 3D printing of a dynamic perfusion chamber, several
important details of our tube chamber are described in Fig S1 and the text below.
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Figure S1. 3D-renders of the A) top and B) bottom perspective view of the tube chamber, showing the printed parts
in grey and cast silicone gaskets in blue. C-D) A closer look of the design of the bottom lid hosting a glass cover
slip to enable microscopy imaging of the vascularized gel and E) the needle holder with the spacer and F) red
adaptions for 3D-printing to avoid closed structures inside the chamber.

Chamber body:

The tube chamber consists of the body (Fig S1A and S1B), a top lid and a bottom lid (Fig S1C and S1D),
two needle holders (Fig S1E), as well as several sealings. Two needles can be mounted to hold and perfuse
a tubular (3D-printed) scaffold. The diameter of the needles has to have a tight fit with the inner diameter
of the tubular scaffold. The cut-outs in the chamber body to hold the scaffold were enlarged during
chamber development to create more space for the handling and attachment of the cell sheet-covered tube
to the needles.

Bottom lid:

The bottom lid has an oval shape and is fastened with six screws to the body, and its transparency allows
microscopy imaging of the cell-laden gel during the cell culture without opening the chamber. A
protruding edge around the lid increases its rigidity and avoids bending of the lid. On the opposite side, a
cut-out for a coverslip (22 x 22 mm, 0.4 mm thickness) was implemented, bearing a slight elevation that
matches the gasket in the chamber body. This ensures an even distribution of the contact pressure (as
illustrated with red arrows in Fig S1D) and prevents previously observed rapid breakage of the coverslip
due to slight deformations when closing the lid.

Needle holders and spacers:

The needle holders and the spacers (Fig S1E) are mounted to the chamber with screws, press-fitting a
rectangular gasket that acts as a septum, and can be perforated with a needle. Its initial design was
improved by a cross-shaped cut-out that prevents the needles from rotating when being integrated into the
circuit. This part might be adjusted to fit the material and size of the printed scaffold. While keeping the
needle length constant, the overlap of the scaffold and the needle being inserted is reduced with increasing
thickness of the spacers. A balance between the tightness and the perfused length of the tube has to be
maintained.

3D printing and post processing:

The tube chamber was printed directly on the building platform without support structures in order to
obtain as even a surface as possible. Thus, deleting the red-marked areas shown in Fig S1F before 3D
printing was necessary to avoid closed structures inside the chamber, creating a so-called drainage. This
may vary from printer to printer, but was necessary in our case because of the rather viscous resin. In
addition, the thickness of the bottom layer may need to be adjusted depending on the zero position of the
3D-printer and subsequentially the thickness of the first layer(s). The overall chamber design and material
choice has to be matched to guarantee a complete fastening of the bottom lid without breaking the cover
glass but still achieving the tightness to prevent any leakages of the tube chamber.
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2. Microscopy images of HUVEC sheets, HDFs, and vascular network formation

Day 4

PBS
2 min

Figure S2. Representative brightfield microscopy images of HUVEC monolayers (seeding density: 8.5 x 10° cells
cm?), when cells were detached after two, three, and four days of cell culture by temperature reduction to RT in
PBS for 2 and 10 minutes, respectively.

Z0-1 VE-Cadherin Z0-1; VE-Cadherin; nuclei

Figure S3. Representative fluorescent microscopy images of ZO-1 (green) and VE-Cadherin (red) staining of the
tight junctions between cells in the confluent HUVEC monolayers after four days of culture on PGE-coated PS
substrates before their temperature-triggered detachment. Nuclei were counterstained with Hoechst 33342 (blue).
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HDFs in DMEM HDFs in Vasculife medium

Figure S4. Representative brightfield microscopy images for morphological comparison of confluent HDFs
cultured on TCPS for 21 days in DMEM medium and 0.5% FBS Vasculife® VEGF medium.

Collagen 2 mm Collagen 3 mm

-

Static culture

Dynamic culture

Figure S5. Representative fluorescence microscopy images of HUVECs in the insert-based static culture and

chamber-based dynamic culture with varying collagen gel thicknesses.
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Summary and Conclusion

In this work, an easily accessible dynamic cell culture system that is capable to
apply physiologically relevant fluid-derived shear stresses to anchorage-dependent
mammalian cells was established. The impact of dynamic culture conditions on
differentiation, functionality and advanced maturation of cells to generate improved
in vitro tissue models was further investigated. The interdisciplinary approach
combined an extensive range of methods and research areas, including the careful
selection and validation of materials, the engineering of the control unit to generate
defined flow conditions, and a computer-assisted design and characterization of flow
chambers via CFD. The assembled setup was further validated for its suitability
to host mammalian cells of different origins under flow conditions, and the impact
of shear stress on its capacity to generate advanced in vitro barrier/tissue models
was investigated. To initially address the scientific questions, a setup for the
application of physiological shear stress on cells cultivated on standard cell culture
substrates was established. For this purpose, an easy-to-use, cost-effective and
versatile pump controller based on the open-source Arduino platform was built.2%
The microcontroller allows precise control of four independently running pumps
that can be operated directly in the incubator. Subsequently, materials that can
be used to build a closed-loop flow system were validated. Depending on their
requirements (e.g., biocompatibility, and mechanical properties) polycarbonate
for culture chambers, polypropylene and nylon 66 (polyamide) for the adapters,
and silicone and proprietary materials for the tubing were selected. The first cell

culture chambers were manufactured via CNC milling and designed to fit standard
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microscope slides with the possibility to apply a broad range of shear stresses
spanning four orders of magnitude, from <0.004 to >20 dyn cm™. Upon application
of low physiological shear forces in the resulting cell culture system, the established
epithelial intestinal HT29-MTX cell line capable of producing mucus showed a
scaffold-free self-organization into villi-like 3D structures with highly proliferative
tip cells and a heavily interconnected, mesh-like structured mucus. The native
mucus thickness increased about two-fold from static to dynamic culture (29 £ 14

82 and

pm vs. 50 4+ 24 pm), thus reaching physiological intestinal mucus thickness?
exceeding commonly produced in vitro mucus layers reported in literature.*>1%0 At
the same time, the designed modules in conjunction with the selected materials
were tested which revealed versatility for the intended operation. Furthermore, by
using CAD and 3D printing we were able to transfer the results of dynamic culture
conditions from adherent cells grown on solid substrates to commercially available,
membrane-comprising cell culture inserts. This allowed us to create an improved
intestinal epithelial mucus model with in wvivo-like cellular reorganization. To
proceed towards increased physiological relevant vascular barriers, primary HUVECs
and differentiated iPSC-derived endothelial cells (iPSC-ECs) were cultured under
shear conditions with the aid of the aforementioned chamber for the slide culture.
Both endothelial cell types were cultured under flow on thermoresponsive, well-
defined PGE-coated surfaces.?® Contradictory results regarding iPSC-EC response
to flow can be found in the literature,?0” 2% while the iPSC-ECs in our hand
possessed an even increased capacity to respond to flow via alignment compared to
HUVECs. Staining of individual glycocalyx components were in line with results
from other groups and demonstrated the flow-induced increase in the amount of

201,210 wwith the overall glycocalyx

mechanotransducing component heparan sulfate
thickness reaching in vivo-relevant values (~2 pm and ~2.5 nm for HUVECs and
iPSC-ECs, respectively).!® Moreover, for the first time, we were able to detach
flow-induced isotropic HUVEC cell sheets as well as intact anisotropic iPSC-EC cell

sheets. Furthermore, we were able to combine aligned iPSC-EC cell sheets with a 3D

printed tubular scaffold by a wrapping process, providing an extra mechanical trigger
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for the detachment. The transferred cells retained their alignment, which provided
us with a useful tool to build small biomimetic blood-vessel like constructs. Finally,
we investigated the vascularization of thick 3D hydrogel constructs. For this purpose,
we expanded our repertoire for dynamic culture by an additional chamber that allows
the formation of vascular networks by hydrogel-embedded endothelial cells in the
presence of flow. The chamber was designed to hold and perfuse the aforementioned
tubular scaffold with a wrapped (anisotropic) cell sheet and comprised an imaging
window at the bottom for convenient monitoring of the network formation. Primary
human dermal fibroblasts (HDFs) were incorporated into the second, independent
flow circuit, which enabled their intercellular crosstalk with the endothelial cells.
Thus, we permit the assembly of thick in vitro tissue constructs with active-perfused
vascularization and circumvent previous limitation of these constructs related to
the nutrient starvation and ineffective waste removal.®® In conclusion, we developed
a versatile platform that enables application of physiological relevant shear stress
to create advanced in vitro tissue models. During this work, the system and models
evolved in numerous ways, including the transition from simple cell lines to primary
cells and stem cell-derived cells as well as the progressing from monoculture to
co-culture comprising active cellular crosstalk. In addition, the dynamic cell culture
system was extended by transition from simple solid glass substrates to membrane-
comprising cell culture inserts and by the implementation of thermoresponsive
surfaces in the dynamic culture as well as the combination of harvested cell sheets
with vessel-mimetic tubular scaffolds embedded in a biological hydrogel. We were
able to demonstrate the value of the system as a tool to create advanced in vitro 3D
barrier models, and we are confident that its application is not limited to these. Even
though we were able to take important steps towards the development of improved
in vitro tissue models in the course of this work, the dynamic culture systems
can be further improved in numerous ways. For example, it would be technically
conceivable to implement on-line monitoring of barrier function via internal TEER
measurements. The feasibility of this has already been demonstrated by application

of the identical microcontroller which is used in our work to control the peristaltic
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pumps.?!! Even though it was possible to control four pumps in parallel and several
culture chambers per circuit with multiple samples per individual chamber, a further
increase in throughput remains a challenge to be addressed in future studies. As we
observed a surprising benefit of shear stress on an intestinal cell line that has been
previously well characterized, an interesting task would be to transfer the established
culture conditions to intestinal primary cells to improve the physiological relevance
of in wvitro intestinal barrier models. Moreover, in-depth analysis of endothelial
differentiation markers of HUVECs and iPSC-ECs or other endothelial cells under
different shear conditions are necessary to provide insight into their shear-induced
differentiation toward arterial or venous phenotype. Finally, prolonged culture
conditions with possibly adjusted mechanical and biodegradable properties of the
scaffold-based vessel mimetics could lead to the generation of perfusable, fully

vascularized hydrogels that are critically needed in tissue engineering.



Short Summary / Kurzzusammenfassung

Short Summary

In this thesis, a system for the application of flow-induced, physiologically relevant
shear stress on mammalian cells was established. The circulation of cell culture
medium in culture circuits was generated by peristaltic pumps, which can be
operated with a self-built control unit. Culture chambers for different applications
were computer-assisted designed, characterized by computational fluid dynamics
and subsequently manufactured either by CNC milling or 3D printing. Using this
system, shear-induced changes on the cellular functionality of in vitro barrier models
were investigated. The application of low, physiologically relevant shear forces to an
established intestinal epithelial cell line, HT29-M'TX, resulted in increased mucus
production, as well as structural reorganization of the confluent cell layer towards
3-dimensional villi-like structures. The results could be transferred from solid cell
culture substrates to commercially available cell culture inserts bearing membranes,
allowing us to develop an improved in vitro model of the intestinal barrier with
a physiologically relevant mucus layer. We then proceeded with the endothelial
barrier. Here, we investigated the effects of flow-induced stress comparatively for
HUVECs and iPSC-ECs. Both cell types showed the characteristic alignment
upon application of flow, as well as increased layer thicknesses and improved
functionality of the endothelial glycocalyx. In addition, for the first time, we were
able to detach isotropic (HUVECs) and anisotropic (iPSC-ECs) cell monolayers from
thermoresponsive surfaces and wrapped them around a 3D-printed scaffold while
maintaining alignment, which represents an important step toward the development
of blood vessels in vitro. Finally, we implemented a similar tubular construct
into dynamic culture. The indirect coculture of HUVECs with fibroblasts allowed
intercellular communication and resulted in the formation of stable vascular networks,
while a second independent circuit allowed perfusion of the tubular blood vessel

mimick. In summary, we established a versatile and reliable platform for the
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application of physiological shear forces to flat and lumenized tissues, enabling

the development of improved in vitro barrier models.

Kurzzusammenfassung

In dieser Arbeit wurde ein System zur Applikation fluss-induzierter, physiologisch rel-
evanter Scherkrafte auf Saugerzellen etabliert. Die Zirkulation von Zellkulturmedium
in Kulturkreislaufen wurde dabei tiber Peristaltikpumpen generiert, welche mit
einer selbstgebauten Steuerung betrieben werden koénnen. Kulturkammern fiir
unterschiedliche Einsatzgebiete wurden computergestiitzt entworfen, mithilfe nu-
merischer Stromungsmechanik charakterisiert und anschliefend entweder durch
CNC-Fréasen oder 3D-Druck hergestellt. Mithilfe dieses Systems wurde der Ein-
fluss scherinduzierten Anderungen auf die zellulire Funktionalitit von in vitro
Barrieremodellen untersucht. Die Applikation geringer, physiologisch relevanter
Scherkréifte auf eine etablierte intestinale epitheliale Zelllinie, HT29-MTX, fiihrte
zu einer erhohten Mucusproduktion, sowie der strukturellen Reorganisation der
konfluenten Zellschicht hin zu 3-dimenionalen, Darmzotten-artigen Gebilden. Die
Ergebnisse konnten von festen Zellkultursubstraten auf kommerziell erhéltliche
Zellkultureinsétze mit mikroporésen Membranen iibertragen werden, sodass wir ein
verbessertes in vitro Modell der intestinalen Barriere mit physiologisch relevanten
Mucusschichten entwickeln konnten. Im Anschluss widmeten wir uns dem Studium
der Barrierefunktion von Endothelzellen. Dabei untersuchten wir die Auswirkungen
von fluss-induziertem Stress vergleichend fiir HUVECs und iPSCs-ECs. Beide
Zellarten zeigten die charakteristische Ausrichtung mit dem Fluss, sowie erh6hte
Schichtdicken und verbesserte Funktionalitat der endothelialen Glykokalix. Zudem
konnten wir erstmalig intakte isotrope (HUVECs) und anisotrope (iPSC-ECs)
Zellmonolagen temperatur-gesteuert von thermoresponsiven Oberflichen ablosen
und um ein 3D-gedrucktes Geriist rollen, wobei die Zellausrichtung erhalten blieb,
was einen wichtigen Schritt zur Entwicklung von Blutgefafien in vitro darstellt.
Abschlieflend implementierten wir ein dhnliches Konstrukt in die dynamische Kultur.

Die Erweiterung des Systems durch eine indirekte Kokultur der HUVECs mit
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Fibroblasten ermoglichte die Ausbildung stabiler, vaskularer Netzwerke und ein
zweiter unabhéngiger Kreislauf erlaubte die Perfusion der kiinstlichen tubulidren
Blutgefafle. Zusammenfassend konnten wir eine vielseitige und verlassliche Plattform
zur Applikation von physiologischen Scherkriften auf adharenten Sdugerzellen in
2D oder in 3D etablieren, die den Aufbau von verbesserten in wvitro Barriere-

modellen ermoglicht.
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