
Force sensing and transmission in human induced
pluripotent stem-cell-derived pericytes
Iendaltseva, O.

Citation
Iendaltseva, O. (2022, November 15). Force sensing and transmission in
human induced pluripotent stem-cell-derived pericytes. Casimir PhD Series.
Retrieved from https://hdl.handle.net/1887/3485923
 
Version: Publisher's Version

License:
Licence agreement concerning inclusion of doctoral
thesis in the Institutional Repository of the University of
Leiden

Downloaded from: https://hdl.handle.net/1887/3485923
 
Note: To cite this publication please use the final published version (if
applicable).

https://hdl.handle.net/1887/license:5
https://hdl.handle.net/1887/license:5
https://hdl.handle.net/1887/license:5
https://hdl.handle.net/1887/3485923


i
i

“main_v13” — 2022/10/19 — 16:58 — page 15 — #23 i
i

i
i

i
i

Chapter 2

Towards capillary basement
membrane in vitro modeling 1

abstract

Basement membranes (BMs) represent thin layers of compact, spa-
tially organized extracellular matrix (ECM) proteins that surround most
tissues, and align epithelium and vascular endothelium in the body. In
vitro reconstruction of any organ or tissue that comprises BMs, requires
either inclusion of single ECM proteins, formation of the BM ECM scaf-
fold, or development of a system resembling BM functions. Here, we
focused on modeling of the capillary BM part that acts as a mediator
of mechanical interaction between pericytes (PC) and endothelial cells
(ECs). By using 2D ECM modeling techniques, such as protein micro-
contact printing (µCP) onto surfaces of different stiffness we could mimic
the capillary BM rigidity range and unique spatial organization of two
main ECM components – laminin (LM)-411/511 and fibronectin (FN).
Our system is useful for studying interactions in the PC-EC interstitial
layer of the capillary BM and can be expanded to the complete capillary
BM model by adding the collagen-rich second layer.

1. This chapter is based on: O. Iendaltseva, V.V. Orlova, C.L. Mummery, E. H.
J. Danen and T. Schmidt, Fibronectin Patches as Anchoring Points for Force Sens-
ing and Transmission in Human Induced Pluripotent Stem Cell-Derived Pericytes,
published in Stem Cell Reports, 2020
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2.1 Introduction

Biochemical and spatial organization of extracellular matrix (ECM)
proteins, as well as, matrix stiffness have implications for cell behavior
[1–3]. It is important to combine all these factors in order to accurately
reproduce the cell microenvironment in vitro. The capillary basement
membrane(BM) has a unique organization of its three main components
– collagen IV, laminin-411/511 and fibronectin that are used for attach-
ment of cells in the capillary wall [4–7]. Endothelial cells attach mainly
to laminin, for pericytes this is less well understood. Here ,we revised
existing approaches in ECM modeling to develop an in vitro model of
the BM that can be used to study the biochemical and mechanical in-
teraction of vessel cells such as endothelial cells and pericytes with the
BM.

There are many properties of a cell’s physical environment that can
be mimicked to study their influence on the cell’s behavior. These include
the biochemical composition, stiffness and geometry of the surrounding
ECM. In addition, tissue-level mechanical signals such as tissue rigidity
that depends on cell density and intercellular forces, or aspects such as
shear stress or hydrostatic pressure in blood vessels, or dynamic mech-
anical loads such the beating heart [3].

Approaches to mimic ECM protein composition and stiffness of dif-
ferent tissues include 2D and 3D substrates and can be roughly divided
into four major categories: decellularized matrices, nanofibrous scaffolds,
biomimicking gels and arrays of micro- and nano-posts (Table. 2.1) [20].
Here we will briefly describe the main principles.

Tissue decellularization allows obtaining a natural, cell-assembled
matrix, which includes all tissue-specific ECM components in a physiolo-
gically correct arrangement that cannot be reached by using just pure
proteins or synthetic materials [8]. However, composition of such matrices,
as well as their stiffness, is not fully known and varies from donor to
donor, restricting their usefulness as a preclinical model.

Nanofiber fabrication [9] is focused on the use of only essential ECM
components such as collagen, laminin, fibronectin and other fibrous pro-
teins. These proteins can be used directly to create nanofibrous scaf-
folds or blended with synthetic (usually biodegradable) polymers to com-
pensate for their rapid degradation and low mechanical strength. Elec-
trospinning [10], phase separation [11], self-assembly [12] and other tech-
niques were developed to obtain 2D or 3D nanofibrous scaffolds with a set
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Towards capillary basement membrane in vitro modeling

Category Dimen-
tions

Strengths Limitations Referen-
ces

Decellularized
matrices

3D Natural,
cell-assembled
matrix. Includes
all tissue-specific
ECM
components in a
correct
arrangement

Composition and
mechanical
properties are
not fully known
and vary from
donor to donor

[8]

Nanofibrous
scaffolds

2D, 3D ECM scaffolds
with defined
protein
composition,
fiber diameter,
alignment, length
and crosslinking
density. Allows
obtaining
scaffolds of
different stiffness

Impossibility to
fine tune the
spatial
organization of
ECM proteins.
Nanofiber
scaffold stiffness
dependence on
its protein
composition and
density

[9–12]

Biomimicking
gels

2D, 3D Decouple the
effect of ECM
stiffness from it’s
biochemical
composition; cell
TFM

Gel porosity,
which depends
on concentration
of crosslinker,
showing increase
in the pore size
with decrease in
the gel stiffness

[13–16]

Arrays of micro-
and nano-posts

2D, 3D TFM on
substrates of
different rigidity,
independently
from substrates-
coupled ECM
feedback

3D geometry of
the array surface
or restricted, by
the post
diameter, cell
FAs size

[17–19]

Table 2.1: ECM mimicking approaches

17
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2.1 Introduction

Figure 2.1: Biological rigidity range

fiber diameter, length and crosslinking density that ultimately define the
scaffold’s resulting stiffness. The main limitations of this approach are
the impossibility to fine-tune the spatial organization of ECM proteins
and the dependence of the scaffold stiffness on its protein composition
and density.

ECM proteins can also be coated on synthetic polymer gels of a
certain stiffness to decouple the effect of the biochemical composition and
protein density from the matrix stiffness. Polyacrylamide (PAA) [13],
hydroxy-polyacrylamide (hPAA)[14] and polydimethylsiloxane (PDMS)
[15] gels suit well and are widely used as biomimicking gels for 2D setups.
Adding a defined volume of crosslinker while keeping the amount of base
polymer unchanged allows to control the rigidity of such gels. PAA and
hPAA hydrogels can be prepared in the stiffness range starting from 0.1
kPA, while PDMS gels are mostly used for the higher stiffness like 100
kPA – 1 MPa. Combined use of such polymers embraces the biologically
relevant rigidity range of ∼50 Pa – ∼4 GPa (Fig.2.1). Blending marker
beads into these gels also allows performing cell traction force microscopy
(TFM) [16]. The drawback of such an approach is gel porosity, which
depends on the concentration of crosslinker, showing an increase in the
pore size with a decrease in the gel stiffness. This influences mechanical
feedback from the substrate-coupled ECM in addition to the change in
total bulk stiffness of the gel [21].

As an alternative, arrays of Silicone (Si)/PDMS nano- [17, 18] or
PDMS micro- [19] posts can be used to measure cell traction forces
on substrates of different rigidity, independently from substrate-coupled
ECM feedback. Changing the geometry of the posts, but not the amount
of crosslinker in the polymer, controls the stiffness of such arrays. Longer
posts yield lower rigidity. ECM proteins can be coated on top of the

18
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Towards capillary basement membrane in vitro modeling

posts or in between them, depending on the experiment goal, and the
rest of the surface is passivated to prevent unspecific cell binding. Nev-
ertheless, this system also has some disadvantages like 3D geometry of
the array surface or the restricted cell-ECM attachment area due to the
small diameter of the individual posts.

Taken together, all existing systems have their advantages and dis-
advantages and the experimental approach should be carefully chosen,
depending on the cellular process of interest and effects that can be neg-
lected.

As aforementioned, ECM matrix has not only certain mechanical
properties and biochemical composition, but in many cases, also a defined
spatial organization of proteins. For instance, in the vessel BM, laminin
and collagen – it’s main components – are not mixed , but located in
layers [22]. On the other hand, fibronectin in the BM is located in small
patches. To mimic such organiztion, placing proteins in a pattern on top
of 2D substrates can serve as a scaffold or a guide for cell shaping and
alignment [23].

While micro-scale substrate patterning can shape cells, nano-scale
patterning can spatially control subcellular structures. For instance,
nano-patterning ECM allows to control the distance between individual
ECM-binding receptors such as integrins. This, in turn, affects cell sub-
strate adhesion formation, cell spreading area, and cell proliferation [24].

By combining controlled substrate stiffness and spatial organization
of proteins, the various aspects of the BM can be mimicked. Here, we
are mainly interested in the impact of the ECM at the cellular scale (i.e.
not the nano-scale), and we focus on micro-scale patterning techniques.

Microcontact printing (µCP) was first introduced by George M. Whi-
tesides and Amit Kumar in 1993 [25]. Initially it was developed to obtain
patterns of self-assembled monolayers (SAM) on top of a gold film, which
with a subsequent selective etching would yield well-defined micrometer
sized features of gold. At the base of the technique was an elastomer
stamp containing a desired pattern surface texture, covered with SAM
and pressed onto a Si wafer with a film of gold on it. This resulted in
a transferred pattern of SAM on top of the gold film in places were the
surface of gold came in contact with the prominent parts of the stamp.
The Si wafer was then etched to produce the desired features. The main
advantage of this method was a fast production of gold patterns without
clean room or photolithographic equipment.

19
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Further, this principle was adopted for cell biology studies to create
patterns of ECM proteins on top of different substrates [23, 26, 27]. In
the most utilized approach, an elastomer stamp (mainly made of PDMS)
would be covered by a protein of interest and then used to “print” a
protein micropattern on top of the activated substrate like PDMS gels,
Si wafers, glass, polystyrene dishes or PDMS micropillar arrays of a
controlled stiffness [28].

To solve some major problems of µCP, when printing of small, far
scattered forms is required, a “stamp-off” method was first applied in the
group of Christopher Chen [29]. This method represents an extension of
the conventional µCP technique. The difference with convenstional µCP
is that the PDMS stamp carrying a patterned surface texture, rather
than adding a protein layer to a surface, now is used to remove pro-
teins from the flat surface covered with a protein monolayer at places of
contact. This leaves the protein only at areas untouched by the PDMS
stamp.

Here, we have combined conventional and stamp-off µCP with PDMS-
and hPAA-based substrates of controlled stiffness, to mimic the capillary
BM ECM composition, spatial organization, and mechanical properties.
The models can be used to study the biochemical and mechanical inter-
action of vascular cells such as endothelial cells and pericytes with the
BM.

2.2 Methods

2.2.1 Generation of PDMS flat substrates

PDMS flat substrates were preparead as following. 20g of PDMS
elastomer was mixed in the 1:10 crosslinker:prepolymer ratio, degassed
for 1h at 150 pressure and spread onto silanized Si blank wafer. This
wafer with PDMS on it was degassed again for 15’ and curred at 65°C for
16 hours. After polymerization, PDMS was detached from the Si wafer
and cut into 10 × 10 mm pieces.

2.2.2 Patterning of PDMS flat substrates

PDMS micropillar arrays for stamping were prepared as was de-
scribed before [30] [31]. Briefly, SI mold was made by two-step Deep Re-
active Ion Etching (DRIE) process. This yielded a 10×10 mm hexagonal
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Towards capillary basement membrane in vitro modeling

array of 2 µm diameter holes with 2 µm spacing and varying depth,
flanked by two 50 µm deep 10 × 2 mm tranches. After mold passivation
with trichloro silane (Sigma), PDMS 1:10 was poured over it and cured
for 20 hours at 110°C. The peeled off PDMS had a negative of the mold
shape with micropillar array and 50 µm spacers on the sides. 50 µm
spacers were further cut off to ensure a good contact between the flat
surface and pillar array.

A FN-dot pattern on top of PDMS substrates was obtained by using
a “microcontact printing” method. First, flat PDMS (Sylgard 184,Dow
Corning) 1:30 (crosslinker:prepolymer ratio, cured 16 hours at 65°C)
stamps were incubated 60’ with a 40 µl drop of 50 µg/ml FN plus 10
µg/ml Alexa405-FN in milliQ, washed ones in milliQ and dried under
laminar flow. Then, aforementioned PDMS (Sylgard 184,Dow Corning)
1:10 (crosslinker:prepolymer ratio, cured 20 hours at 110°C) micropillar
arrays with spacers cut off were 10’ UV-ozone activated and inverted on
top of the PDMS stamp for 10’. Further, micropillar arrays with FN
on them were pressed onto the UV-ozone activated PDMS substrates
surface for 10’. Before removing PDMS micropillar arrays, everything
was immersed with 100% Ethanol. After PDMS micropillar arrays were
gently detached from the PDMS substrates, 100% Ethanol was replaced,
first, with 70% Ethanol and then with 1% BSA 60’at room temperature
to block the rest of the surface.

A grid of crossing FN and LM lines pattern on top of the PDMS
substrates was obtained by combining “stamp-off” and “microcontact
printing” methods [32]. First, two PDMS 1:10 molds with 5 µm high
lines of different width were produced by using replica-molding from a
silicon wafer. After UV-ozone activation 10’, they were pushed onto
PDMS 1:30 stamps with a protein layer dried on them. Followed by 10’
incubation and removal, this molds left a negative of the pattern in the
protein layer on top of the PDMS stamps. Further, PDMS stamps were
inverted on top of the UV-ozone activated PDMS 1:10 surface, creating
a pattern of crossing LM and FN lines on it (Fig. 2.3a). As a last step,
everything was immersed with 100% Ethanol, then 100% Ethanol was
replaced, first, with 70% Ethanol and then with 1% BSA for 60’ at room
temperature to block the rest of the suface.

A pattern on top of PDMS flat 1:10 (crosslinker:prepolymer ratio,
cured 16 hours at 65°C) substrates, where LM would surround FN spots
or the inverse organization, was produced by combining “stamp-off” and
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“microcontact printing” methods [32]. Two flat PDMS (Sylgard 184,Dow
Corning) 1:30 (crosslinker:prepolymer ratio, cured 16 hours at 65°C)
stamps were separately incubated for 60’ with LM-111 (Sigma, l2020)
and mixture of Alexa405-labeled and unlabeled FN (Sigma, f1141), washed
with milliQ and dried under laminar flow. With a help of UV-ozone ac-
tivated PDMS 1:10 micropillar arrays, were obtained holes in one of the
layers. Further, two stamps were inverted one by one on top of the UV-
ozone activated PDMS 1:10 surface and incubated for 10’ each, to get
previously modified protein sheet on top of the uninterrupted layer of –
second (Fig. 2.2a, b).

PDMS surfaces with FN lines under a layer of LM with holes were
printed by using PDMS stamps with LM and FN layers modified as
aforementioned. A PDMS micropillar array was used to make holes in
the dry LM monolayer and PDMS mold with lines – to create a line
pattern in FN. Further, this stamps were loaded for 10’ each on top of
the UV-ozone activated PDMS surface, with FN stamp going first (Fig.
2.3b). Finally, all patterned PDMS surfaces were washed with 100%
Ethanol, followed by 70% Ethanol and blocked by using 1% BSA 60’.

2.2.3 Generation of hPAA hydrogel

hPAAm hydrogels were made following a previously described method
[14]. Gels stiffer then 40 kPa were obtained following the same proced-
ure as suggested in [33] and [34] by increasing polyacrylamide mono-mer
concentration with a fixed monomer/crosslinker ratio of 29:1.

2.2.4 Generation of PDMS gel

PDMS gels were generated similar to the procedure described be-
fore. First, 13 mm glass coverslips were cleaned in milliQ and ethanol,
dried and treated 10’ in the UV-ozone chamber. Then, PDMS (Sylgard
184, Dow Corning) prepolymer was mixed with the crossliker in differ-
ent ratios from 10:1 to 100:1, degasssed and spread on top of the glass
coverslips, followed by curring at 65°C for 16 hours.

2.2.5 hPAA hydrogel and PDMS gel patterning

A pattern on top of hPAA hydrogels and PDMS gels, where LM
would surround FN spots was produced by combining “stamp-off” and

22
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Towards capillary basement membrane in vitro modeling

“microcontact printing” methods [32]. First, stamps were prepared in
the same way for both types of gels. A 40 µl drop of 50 µg/ml LM-
111 in milliQ water was incubated for 60’ on top of the 10 × 10 mm
PDMS (Sylgard 184,Dow Corning) 1:30 (crosslinker:prepolymer ratio,
cured 16 hours at 65°C) stamp, followed by washing and drying under
laminar flow. Then OV-ozone activated PDMS micropillar array was
pushed onto the dry LM-111 monolayer to obtain holes in the places of
micropillar-LM-111 contacts. After 10’ incubation the array was removed
and a second 40 µl drop of 50 µg/ml FN plus 10 µg/ml Alexa405-FN in
milliQ was gently spread onto the first layer for 60’. Finally, the stamp
was washed and dried under laminar flow.

Hydroxy-PAAm hydrogels were dried using nitrogen flow and incub-
ated with the stamp for 60’ (Fig. 2.6a), following blocking with 1% BSA
in PBS o/n and washing with PBS.

PDMS gels were 8’ OV-ozone activated and incubated with a stamp
for 10’, following blocking with 1% BSA in PBS or 0.2% Pluronic (F-127,
Sigma) in PBS for 60’ and washing with PBS.

2.2.6 hPAA hydrogel and PDMS gel imaging

Confocal imaging was performed on a home-built setup based on
an Axiovert200 microscope body (Zeiss), spinning disk unit (CSU-X1,
Yokogawa) and an emCCD camera (iXon 897, Andor). IQ-software
enabled setup-control and data acquisition. Lasers of 405 nm (Crys-
taLaser), 488 nm (Coherent), 514 nm, 561 nm (Cobolt) and 642 nm
(Spectra Physics) wavelength were coupled into the CSU via polariza-
tion maintaining single-mode fiber. For PDMS and hPAA 2D assays
parafilm spacers were made directly on top of the glass coverslips.This
approach ensured reproducible cell observation within the limited work-
ing distance of a high-NA objective on an inverted microscope.
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2.3 Results

2.3.1 PDMS surface micropatterning

First, to generate a pattern of micron sized spots of FN on a flat
surface, which would resemble FN deposits in the capillary BM, we used
PDMS micropillar arrays as a stamp for FN dots and several test sub-
strates following microcontact printing technique. Test substrates in-
cluded PDMS flat surface prepared in the ratio 1:10 crosslinker:base
and cured in a polystyrene dish, PDMS flat surface 1:10 cured on a
Si blank wafer and glass coverslips. PDMS micropillars had 2 µm dia-
meter, hexagonal order and 2 µm spacing. Stamping was tested using
pillar arrays of two different stiffness – 47.2 kPA and 137 kPa. After test
surfaces were cleaned and activeted with UV-ozone, micropillar arrays
having FN on top of the pillars were pressed into them. Alexa647 FN
labeling prior to experiment allowed to examine stamping results with
confocal microscope (Supplementary Fig. 2.7). Stamping a PDMS flat
surface prepared on a blank Si wafer with 137 kPa stiff micropillar ar-
ray yielded the most homogeneous and reproducible pattern of FN dots
(Supplementary Fig. 2.7e) and this combination was chosen for further
experiments. Next, we tested two surface passivation ways to prevent
unspecific binding of cells. Stamped PDMS surfaces were incubated for
1 hour with either 1%BSA in PBS or 0.2%Pluronic in PBS, washed and
seeded with cells. After 4 hours incubation cells were fixed, stained for
F-actin and the average cell spreading area was determined (Supple-
mentary Fig. 2.8). Both approaches showed effective passivation with
no difference in effect on cell spreading behavior.

To further introduce LM into the system, a PDMS suface patterned
with FN dots was coated or stamped with a thin layer of LM-111 or mat-
rigel. Cells readily attached to substrates, but were not able to sense FN
dots (data not shown). To solve this issue a reverse approach was taken.
Following “stamp-off” method principles, a PDMS micropillar array was
used to make holes in the LM layer, which was further transferred onto
a PDMS flat surface stamped with a FN monolayer (Fig. 2.2a). This
approach yielded a pattern were FN was exposed through hexagonally
ordered 2 µm wide holes in the LM layer (Fig. 2.2c). For the cell ad-
hesion assays an inverse pattern was additionally generated (Fig. 2.2d)
where LM was exposed through holes in a FN layer (Fig. 2.2b). Besides
this, a pattern of crossing LM and FN lines (Fig. 2.3a, 2.3c) together
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(a) (b) (c)

(d)

Figure 2.2: (a and b) “micro contact printing” schemes for patterns with: (c)
FN spots surrounded by LM-111, (d) LM-111 spots surrounded by FN

with FN lines exposed through holes in LM layer (Fig. 2.3b, 2.3d) were
developed using microcontact printing and “stamp-off” techniques.

To investigate whether gel stiffness influences precision of the gel sur-
face patterning and accuracy of patterned features, a pattern steepness
was assessed for PDMS and hPAA gels of different rigidity. Pattern
steepness of the LM layer with holes and FN/LM lines was determined
from an intensity profile (Fig. 2.4). The intensity profile (Fig. 2.4b) was
read from the cross section set manually by the line (Fig. 2.4a) and a
distance from the 20% peak hight and 80% was determined as pattern
steepness ∆x (Fig. 2.4b). Pattern containing microholes showed higher
steepness than FN/LM crossing lines (Fig. 2.5).

2.3.2 PDMS gels micropatterning

Subsequently, to introduce stiffness into our model we generated
PDMS gels of different rigidities by varying the base:crosslinker ratio
according to a technology described earlier [21]. Base:crosslinker ratios
were taken from 1:10 to 1:100 yielding PDMS gels in a ∼2300 kPa –
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(a) (b) (c)

(d)

Figure 2.3: (a – b) “micro contact printing” schemes for patterns with: (c) a
grid of crossing LM-111 and FN lines, (d). FN lines stamped under a layer

of LM-111 with holes.

(a) (b)

Figure 2.4: Determining pattern steepness. (a) Manually set with a line cross
section of intensity profile. (b) Pattern intensity profile and magnified image

of the peak steepness ∆x detection on 20% and 80% height

26
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Figure 2.5: LM with holes and FN/LM crossing line pattern steepness
on PDMS, determined from the intensity profile. NS, P>0.05; *P<0.05;

**P<0.005; ***P<0.0005 according to Mann - Whitney test

0.1 kPa stiffness range accordingly. However gel exposure to UV-ozone
enabling protein binding resulted in surface wrinkling for gels with ri-
gidities below 40 kPa. Such an effect can be explained by the formation
of a silica (SiO2)-like stiffer layer on the PDMS surface caused by the
formation of new Si-O-Si bonds under plasma oxidation [35, 36]. By de-
creasing the time of UV-ozone treatment from 10 min to 5 min we could
prevent wrinkle formation, but surface patterning became impossible due
to stickyness of the gel caused by insufficient crosslinking.

2.3.3 hPAA gels micropatterning

As an alternative, we used hPAA hydrogels that were reported to
provide the same flexibility in substrate micropatterning as PDMS gels,
but remain polyacrylamide hydrogel precision in controlling stiffness [14].
Authors utilized this method to obtain pattern structures > 10 µm in
size, while our FN spots required to go down to 2 µm scale.

First, we tested two stamping approaches that as aforementioned
showed good results for PDMS flat surface stamping: i)direct patterning
with micropillar arrays of 137 kPa stiffness and ii) two step stamping of
FN monolayer with hole patterned LM layer on top (Fig. 2.2a). The first
approach appeared to be not suitable due to the uneven surface of the
gel, which did not allow to obtain sharp, homogeneous patterns of the
dots on top of the gel surface (Supplementary Fig. 2.9a). Furthermore,
stiff thin pillars would create micropits in the gel surface under certain
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(a)

(b)

Figure 2.6: hPAA hydrogels patterning. (a) “micro contact printing” scheme
for hPAAm hydrogels with FN spots surrounded by LM-111. (b) Pattern
steepness on hPAA gels of several stiffness compared to the one on PDMS
flat surface. NS, P>0.05; *P<0.05; **P<0.005; ***P<0.0005 according to

Mann - Whitney test

pressure on the micropillar array stamp. In the second case we discovered
that the LM layer simply didn’t bind on top of FN to the surface of the
gel (Supplementary Fig. 2.9b).

To obtain a desirable pattern of FN dots surrounded by LM on top
of the hPAA hydrogels we developed an approach based on the tech-
nique mentioned in [29]. In this paper authors used “re-inking” of the
PDMS stamp after modification of the first protein layer via “stamp-off”
approach. Hence, in our new microcontact printing sequence a PDMS
stamp was first covered by LM-111, then the UV-ozone activated PDMS
micropillar array was pressed into the dried LM layer to create holes in
it, followed by PDMS stamp “re-inking” with FN, drying and inverting
onto the dried hPAA gel for 1 hour. The resulting pattern resembled the
earlier obtained on top of the flat PDMS surface (2.2c) and had good re-
producibility. Pattern sharpness quantification showed steepness values
within 1 µm for layer of LM with holes on top of hPAA gels of different
stiffness (Fig. 2.6b)
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2.4 Discussion

BMs are spatially organized into a thin sheet of ECM underlying
every epithelium and vascular endothelium [37–39], mainly built from
collagen type IV, LM and proteoglycans. Although BMs are extensively
studied, their in vitro mimicking is challenging and commonly limited to
2D coating to replicate the BM biochemical composition, ECM protein
functionalization of gels or micro/nano post arrays to resemble the BM
mechanical properties or designs that allow investigating the BM func-
tionality, like PDMS porous thin films or nanofibrous scaffolds [40–42].
Recent findings revealed that LM and type IV collagen are not organized
into one homogeneous network, but form two layers, allowing fibroblasts
to interact with collagen on one side and epthelial cells or EC to interact
with LM on the other [22]. Moreover, deposits of FN are found by EM
in the LM-rich layer in vivo [4, 7, 43]. Here, we focussed on designing
an in vitro model of the PC-EC interaction environment of the capilarry
BM (Fig. 1.1).

The BM itself is on average 200-400 nm thick [44, 45] and requires 3D
ECM modeling, while the PC-EC interstitial layer is much thinner and
allowed us to use 2D ECM modeling approaches, such as protein µCP
on top of substrates of controlled rigidity. This approach was chosen
to mimic LM and FN spatial organization in the BM and its overall
stiffness. Our first attempt to obtain FN dots on top of PDMS gels
of different stiffness, prepared according to the protocol used in [21],
revealed unwanted wrinkle formation on the gel surfaces with stiffness
lower 40 kPa after exposure to the UV-ozone. This effect has been shown
by other studies [35, 36] to be related to the stiffer silica (SiO2)-like layer
formation on the PDMS surface under UV-ozone treatment. While on
stiff PDMS gels this effect is not directly visible, on the soft ones it results
in surface wrinkling. Although such a phenomenon is extensively used
to obtain PDMS surfaces with grooves of a controlled geometry [46–48],
for our model it is not acceptable, making the stiffness of PDMS gels
unreliable.

We observe that µCP on top of hPAA hydrogels represents a bet-
ter system in comparison to µCP on PDMS gels, to obtain spatially
organized proteins on top of matrices of low stiffness in a range that
is biologically relevant for microvessels [49, 50]. The presence of N-
hydroxyethylacrylami-de (HEA) in these gels results in a constant avail-
ability of hydroxyl groups on the gel surface enabling hydrogen protein
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2.4 Discussion

bonding without the need of surface hydroxylation with oxygen plasma,
piranha, HF, UV-ozone etc., as is needed in case of glass, Si or PDMS
substrates [51]. We also find that the size of µCP pattern features can
be lowered from > 10 µm to 2 µm by combining hPAA gels with a
“stamp-off” protein printing approach that previously was mainly used
for micropatterning on a PDMS flat surface or PDMS micropillar arrays.
Importantly, pattern steepness on hPAA hydrogels is not lower than the
one on PDMS flat surface and does not depend on the gel stiffness. A
possible explanation for the last observation is that hPAA gel stamping is
preceeded by dehydration of the gel µCP and followed by gel rehydration
when stamping is finished. Hence, at the moment of protein printing all
gels have highly similar stiffnesses allowing for identical pattern qualities.
This makes our system easy to reproduce and use.

Taken together, our model represents the PC-EC interstitial layer
of the capillary BM, including the LM layer and the FN deposits. Our
combinations of stamping approaches will be of general applicability to
create heterogenous patterned surfaces resembling other biological struc-
tures. The combination of stamping techniques and hydrogels of vari-
able stiffness allows investigating responses of cells to altered substrate
stiffness. Our design does not include analysis of the inverse process:
cellular forces applied to the BM. This can be made possible for instance
by adding marker beads for traction force microscopy [16]. In addition,
our model can be further expanded to represent the complete capillary
BM by including proteogycans and adding a seperate layer rich in type
IV collagen.
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2.5 Appendix

(a) (b) (c)

(d) (e)

Figure 2.7: FN dots stamping test on top of (a, d) PDMS 1:10 prepared in
a polystyrene dish; (b, e) PDMS 1:10 prepared on a Si blank wafer and (c)
glass coverslip. Stapming was done with PDMS micropillar arrays of 42.7

kPa (a-c) and 137 kPa (d, e) stiffness

Figure 2.8: Pericyte (CD31-(Dif31) cell line) spreading area after 4 hours
incubation on PDMS flat surface stamped with FN dots and blocked with
1% BSA or 0.2% Pluronic. NS, P>0.05; *P<0.05; **P<0.005; ***P<0.0005

according to Mann - Whitney test

31



i
i

“main_v13” — 2022/10/19 — 16:58 — page 32 — #40 i
i

i
i

i
i

2.5 Appendix

(a) (b)

Figure 2.9: FN (red) and LM (green) pattern stamping results on top of
the hPAA gels, obtained with PDMS micropillar arrays (a) and “stamp-off”

double step protein µCP (b)
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