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Abstract

In vitro models of human microvasculature are increasingly used to understand blood vessel
diseases and to support drug development. Most engineered models, however, are slow
and labor-intensive to produce. Here, we used a single commercial digital micromirror
device (DMD)-based setup for maskless photolithography to both fabricate microfluidic
chips and pattern the inside of these chips with gelatin methacrylate (GelMA) hydrogels.
These hydrogel scaffolds had tunable stiffness, could be generated rapidly and were suitable
for forming perfusable microvasculature from human induced pluripotent stem cell-derived
endothelial cells (hiPSC-ECs). When cultured in narrow channels, the hiPSC-ECs adopted
a tubular morphology that was similar to capillaries in vivo, but they followed the square
channel geometry in wider channels. Compartmentalization of the chips allowed co-
culture of hiPSC-ECs with hiPSC-derived astrocytes, thereby increasing model complexity.
Furthermore, valve-like structures could be patterned inside the channels, mimicking
functional vascular valves, holding promise for thrombosis and lymphatic vasculature
research.
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Introduction

The microvasculature is integral to the vascular system. It plays a crucial role in maintaining
tissue homeostasis by facilitating nutrient and oxygen exchange and removing waste. It
is also a primary route for drug delivery and is thus an important target for therapeutic
interventions'™3. In vitro models of human microvasculature are increasingly popular and
regarded as valuable tools for studying vessel diseases, drug development, and tissue
vascularization. The recent use of human induced pluripotent stem cells (hiPSCs) as a
source of vascular cells in particular, allows the generation of disease- and patient-specific
vasculature, enhancing the relevance of these models for human health*2.

Conventional two-dimensional (2D) vascular models have been useful to study endothelial
cells (ECs) but lack complexity and physiological relevance. hiPSC-based three-dimensional
(3D) models provide opportunities to solve these issues while also offering increased
throughput and relevance compared to animal models>*%, Considerable effort has thus
been directed towards engineering advanced models that replicate essential features of
human microvasculature®’,

Notably, microfluidics has been a significant driver in advancing the development of
microphysiological systems (MPS), given that it enables the formation of perfusable
microvasculature in vitro**%2, Self-assembled microvascular networks can be formed in
microfluidic chips because of the intrinsic ability of ECs to self-organize. However, self-
organization does not allow precise control of the vessel geometry, resulting in variability
in vessel dimensions!*®. To overcome this limitation, 3D bioprinting has emerged as a
promising technique that enables fabrication of well-defined, uniform vascular constructs.
However, integrating 3D printing with microfluidics has not been straightforward. The use of
“open-top” chips with a relatively large compartment for printer access is usually required,
and, depending on the specific model being developed, may also require sealing the chip
after printing. Furthermore, the smallest features achievable are typically greater than 100
um due to limited printing resolution and the process is time-consuming, requiring “layer-
by-layer” fabrication'’-22,

Other fabrication techniques, such as two-photon polymerization (2PP), support enhanced
high-resolution manufacturing of 3D structures and are based on both semi-synthetic and
synthetic hydrogels, thereby facilitating straightforward patterning inside microfluidic chips.
Additionally, innovative methods such as direct laser patterning of hydrogels, including
photoablation and cavitation molding, facilitate the precise formation of microchannels
within native hydrogels such as collagen, eliminating the need for synthetic hydrogels. The
high precision of these methods offers a significant advantage by allowing more controlled
structure creation but comes at the cost of limited throughput, as high precision necessitates
slower processing speed®32, On the other hand, more traditional methods, such as
micromolding and template casting, which are also compatible with native hydrogels, have



produced valuable vascular constructs. However, these methods are challenging to scale,
are labor-intensive and difficult to perform directly on-chip®’.

Lithography-based manufacturing methods such as 2PP and bioprinting based on digital
light processing (DLP) require hydrogel precursors with appropriate photochemistry and a
photoinitiator to produce photo-crosslinked hydrogels. Beyond its application in bioprinting,
DLP is used in maskless photolithography. The technology is based on a digital micromirror
device (DMD), which spatially modulates light to project arbitrary digital photomasks,
thereby allowing rapid microfabrication®*. Additionally, when integrated with an inverted
microscope, DMD-based systems enable patterning of cells, polymer brushes, proteins and
hydrogels*~>'. However, systems like this are often custom-built in-house and not easily
accessible to most researchers. The PRIMO system (Alvéole, France), by contrast, is available
as a ready-to-use DMD-based system for maskless photolithography which has been used
in several different applications previously and can be implemented in facile bioengineering
workflows?*4352-55,

Here, we show how this maskless photolithography system can be used for direct hydrogel
patterning on-chip to fabricate various perfusable microvascular structures and microscopic
valves. Similar approaches to prototype and build microfluidic systems have been used
in the past, where mask-based photolithography was combined with liquid-phase
photopolymerization and fluid reservoirs®=’.

We utilized the PRIMO system for both the initial cleanroom-free chip fabrication (as
we described earlier*?), and subsequent on-chip hydrogel patterning. By using gelatin
methacrylate (GelMA) and lithium phenyl-2,4,6-trimethylbenzoylphosphinate (LAP) as
the photoinitiator, we were able to pattern microvascular scaffolds and structures rapidly,
directly on-chip. GelMA is a gelatin-based hydrogel commonly used for tissue engineering
and 3D bioprinting applications. The functionalization of methacrylate allows crosslinking by
a photoinitiator and an appropriate light source?8-61,

The patterned microvascular scaffolds could be seeded with hiPSC-derived ECs (hiPSC-ECs)
and the resulting vasculature ranged in size from arteriole-sized microvessels (100 um) to
tubular capillary-sized structures with diameters as small as 10 um. Moreover, hydrogel
stiffness, swelling and compliance could be easily controlled by changing the laser dose,
adding an additional level of tunability. By simply controlling the hydrogel pattern and
adding additional outlets to the gel chamber, we introduced compartmentalization and
were able to add hiPSC-derived astrocytes embedded in a fibrin gel. This allows multicellular
interactions to be studied and enables modeling of more complex structures such as the
blood-brain barrier. Finally, we patterned valve-like structures with leaflets inside the
hydrogel channels and demonstrated that advanced microvasculature with functional
valves could be generated. Valved microvessels can be used to model and study thrombosis,
associated processes (e.g. vortical flow and platelet aggregation) and lymphatics in vitro.



Taken together, the level of control shown here allows rapid engineering of a wide range
of different types of perfusable microvasculature and provides opportunities for vascular
disease modeling.

Results and Discussion
Hydrogel patterning inside microfluidic chips

Using the PRIMO system, microfluidic chips with a height of 50 um were fabricated for
subsequent hydrogel patterning on the inner surface (Fig 1A and B). Replicating the glass
SU-8 mold using an epoxy-resin enhanced durability and increased the number of molds that
could be produced (Figure 1B). The PRIMO system allows projection of any chosen pattern
as a digital photomask using a DMD, UV light source (375 nm), and microscope optics. When
required, several Fields-of-View (FoVs) can be stitched together to project large continuous
patterns or arrays onto the substrate. Microfabrication and hydrogel patterning can thus be
carried out using a single setup®**>%3,

We first determined the optimal GelMA prepolymer concentration to prepare a solution
suitable for the microfluidic chips. GelMA solutions exhibit a concentration-dependent sol-
gel transition between 25-35 °C*¢1%2, Solutions with concentrations higher than 6% undergo
arapid sol-gel transition upon cooling to room temperature (RT) and are therefore unsuitable
for injection into microfluidic channels. GelMA crosslinking at concentrations ranging
from 1%-5%, with varying UV doses up to 90 mJ/mm? with 0.1% LAP as the photoinitiator
was tested. At 1% GelMA, no visible crosslinking was observed. At 2.5% GelMA, defined
structures were observed but they proved fragile and unsuitable for perfusion (data
not shown). However, using 5% GelMA, a commonly used concentration, highly defined
structures were formed (Figure 1C).

To optimize the LAP concentration, a range of 0.01%-0.5% was tested at UV doses up to
30 mJ/mm?. Concentrations lower than 0.05% did not induce GelMA crosslinking, but at
0.1%, well-defined structures were visible even at a UV dose as low as 10 mJ/mm?. This
corresponds to approximately 4 seconds of exposure per FoV when using a 5X objective.
At higher concentrations of LAP, we observed rapid formation of highly defined structures.
However, we also detected unwanted crosslinking inside the fluidic channels, which
obstructed flow and limited perfusion. This is likely due to long-living radicals that diffuse
into the lumens and, at higher concentrations, crosslink the prepolymer®. Therefore, a LAP
concentration of 0.1% was selected as optimal. This concentration has also been widely
reported in the literature.

In summary, GelMA concentrations of 5% and LAP concentrations of 0.1% enabled on-chip
patterning of preselected hydrogel structures and scaffolds that are suitable for perfusion
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and cell seeding (Figure 1C). Hydrogel patterning of a single gel chamber takes 20-30
seconds depending on the required UV-dose (e.g. 20 mJ/mm?). Consequently, we were
able to generate 20 patterned chips (3 channels per chip) per hour, which is relatively high
for hydrogel patterning. In addition, we imaged the shape of the hydrogel using confocal
microscopy (Figure 1D). This was achieved by incubating the patterned hydrogels with low
molecular weight dextran (4 kDa) and counter-staining the hydrogel channels with high-
molecular weight dextran (70 kDa). The cross-sectional view of the 3D reconstruction
shows that the hydrogel walls are vertical (Figure 1D). These straight features are possible
because the system is based on maskless photolithography and uses collimated light. Similar
straight walls from this system have been reported previously>®. We also observed straight
microstructure profiles in the hydrogels when microfabricating SU-8 structures using the
system*,

A

Microfluidic chip containing B
GelMA and photoinitiator

Digital photomasks _b( Microfabrication )—b( Mold lnp\ita(ion )
= & |

Objective ( Hydrogel patteming )4—( Hydrogel pattern design )4—( Chip assembly )
— .
UV laser

Figure 1. Hydrogel patterning inside microfabricated chips. (A) Hydrogel patterning was performed
using the PRIMO system. A DMD spatially modulates UV light and projects arbitrary digital photomasks
onto the microfluidic chip using conventional microscope optics, thereby crosslinking GelMA. (B)
Workflow showing the approach used to microfabricate chips and to perform subsequent hydrogel
patterning. (C) Bright-field images showing clearly defined and cell-seedable hydrogel scaffolds. (D)(i)
Hydrogel incubated with 4 kDa-TRITC (orange) for 24 hours. Microchannels were filled with 70 kDa-
FITC (green) to enhance contrast. (ii) yz reconstruction shows square channel geometry with vertical
walls 50 um in height.




Characterization of patterned GelMA hydrogels

Next, we investigated the controllability of hydrogel parameters. We first tested whether
GelMA stiffness can be controlled using different UV doses. The stiffness of GelMA hydrogels
depends on the UV dose as well as precursor and photoinitiator concentrations>®6%64,
Stiffness is important in tissue engineering as there is a natural variability between organs
and tissues and it affects the behavior of cells. The elastic modulus of soft-tissue can vary
widely, for example, from less than 1 kPa for brain tissue to 1 MPa for intestinal or nerve
tissue .

To mimic the on-chip hydrogel patterning process, we used a “spacer” and removable
PDMS “ceiling” (see Materials and Methods). Nanoindentation was used to measure
the local mechanical properties of the in situ-generated hydrogels, in preference to bulk
characterization. The results showed a positive relationship between UV dose and storage
modulus (Figure 2A and B). Specifically, the average storage modulus increased from 2.52
kPa with a 10 mJ/mm? UV dose to 4.52 kPa with a 40 mJ/mm?2 UV dose. Higher UV doses
resulted in more crosslinking, leading to an increase in hydrogel stiffness. A plateau was
observed at 40 mJ/mm?, indicating that continued crosslinking under these conditions
would not increase stiffness further, possibly due to depletion of reactive methacrylate
groups and/or steric hindrance®.

The stiffnesses achieved under the conditions tested fell within the range of soft tissue.
However, it is important to note that the bottom of the chip is glass and that the top is
PDMS, with stiffness several orders of magnitude larger than the hydrogel, making them
less physiologically relevant. Nevertheless, since the stiffness and elastic properties of the
hydrogel can be tuned, the lateral channel deformation upon increased flow can also be
controlled. We observed this effect with increased flow, followed by a return to the relaxed
state when flow was stopped (data not shown). Although beyond the scope of this study,
modulating the UV laser dose enables control over GelMA stiffness and, consequently,
channel compliance. Overall, this offers opportunities to incorporate vascular compliance
in engineered microvasculature.
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Figure 2. Basic hydrogel characterization. (A) Graph showing storage modulus at 1 Hz of patterned
GelMA hydrogels crosslinked using increasing laser doses. (B) Graph showing storage modulus
during 1 Hz — 10 Hz frequency sweep of GelMA hydrogels crosslinked using increasing laser doses.
(C) Representative bright-field image that was used to determine swelling ratio of 100 um circular
hydrogel structures. The green dotted line shows the designed structure dimensions, while the red
dotted line shows the boundary of the actual hydrogel structure after swelling. The graph below
displays the quantification of this swelling. (D) Representative bright-field image that was used to
determine channel narrowing due to hydrogel swelling. The green dotted line shows the designed
channel width, while the red dotted line shows the boundary of the hydrogel channel after swelling.
The graph below displays the quantification of this narrowing.

Basic swelling characterization of the hydrogel structures on-chip was then performed using
bright-field imaging. Circular structures, 100 um in diameter, were patterned using UV doses
of 10, 20 and 30 mJ/mm?, followed by incubation for 24 hours at 37 °C. The final diameters
of the swollen structures (Figure 2C, red dotted line) were compared to the photomask
dimensions (Figure 2C, green dotted line). Dose-responsive swelling of the hydrogels was
observed (Figure 2C, graph), with 10 mJ/mm? resulting in the greatest swelling (ratio of 1.2)
and 30 mJ/mm?resulting in the least swelling (ratio of 1.02).




Furthermore, we anticipated narrowing of patterned channels after swelling. To investigate
this, the final width of patterned hydrogel channels (Figure 2C, red dotted line) was compared
to the photomask dimensions (Figure 2D, green dotted line, 60 um wide). This revealed an
average reduction of 28 um in channel width when using 10 mJ/mm?, a reduction of 14 um
at 20 mJ/mm? and 8 um at 30 mJ/mm? (Figure 2D, graph).

GelMA swelling is a well-known phenomenon; it is dependent on crosslinking density and
the molecular weight between crosslinks, as it affects the water content**®2. Therefore,
swelling is an important consideration when performing on-chip hydrogel patterning, as it
influences the final dimensions of the scaffold.

Engineering perfusable microvasculature inside microfluidic chips

To engineer microvascular networks inside microfluidic chips, we patterned hydrogel
microchannels with a width of 25 um (Figure 1C). As these scaffolds are readily perfusable,
we used passive pumping to populate the scaffolds with hiPSC-ECs.

To assess the coverage of the microchannels by hiPSC-ECs, we used live-cell imaging and
confocal microscopy in combination with an alpha-tubulin-GFP hiPSC reporter line. The
hiPSC-ECs were thus marked by GFP. Within 2 days or less after seeding, the hiPSC-ECs had
covered the channels entirely although they did not follow the square channel geometry
as expected. Instead, they formed round and tubular capillary-like structures (Figure 3A).
These capillaries exhibited diameters ranging between 20-25 um. We hypothesize that this
may have been caused by the spatial confinement of the ECs within the microchannels®®-2,

Immunocytochemistry demonstrated clear expression of the pan-EC marker CD31 in
engineered microvascular networks (Figure 3B). This suggests that the GelMA hydrogel in
its patterned state not only supports cell adhesion and spreading but also maintains EC
identity. The networks formed rapidly because we used high cell-density seeding (32*10°
cells/mL) whereas in most studies, lower cell densities are used and ECs need to proliferate
and migrate extensively to cover the channel walls, or need to invade the hydrogel®*®°.
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Figure 3. Engineered microvasculature. (A) Representative confocal fluorescence image of a section
of an engineered microvascular network showing hiPSC-ECs forming a capillary-like structure
(green: alpha-tubulin-GFP reporter, blue: hoechst). (B) Confocal overview image of an engineered
microvascular network (red: CD31, blue: DAPI). (C) Representative confocal immunofluorescence
image of a capillary-like structure displaying the presence of CD31 (red) near cell-cell junctions. Image
displays xy and yz cross-sectional perspectives. (D) Bright-field image of engineered arteriole-sized
microvasculature 100 um in width. The inset demonstrates an immunofluorescence image showing
CD31 positivity of hiPSC-ECs and their coverage of microchannel lumens. Image displays xy and yz
cross-sectional perspectives. White dotted lines indicate cross-sectional planes.

Upon closer examination of the capillary-like structures, expression of CD31 was observed
specifically near cell-cell junctions (Figure 3C). Furthermore, cross-sectional views
demonstrated that capillaries could have diameters as narrow as 10 um.

To investigate whether larger caliber microvasculature could be generated, we fabricated
and seeded scaffolds in channels with 100 um width (Figure 3D). Within 2 days, the cells were
confluent and fully covered the microchannels. In contrast to the capillary-like channels,
the ECs followed geometry in these larger channels, as evident in the cross-sectional view
(Figure 3D, inset). This is probably because the cells are able to spread entirely across all four
planes inside the channels, thereby forming vessels with a square-like geometry.

In summary, the method described here allows facile and rapid engineering of
microvasculature having preselected designs with diameters as small as 10 um.



Multi-compartment chips for co-culture combinations

To enable co-culture of hiPSC-ECs with other cell types, we introduced compartments into the
chip by a simple modification: instead of only one gel inlet on each side of the gel chamber,
we added an additional outlet on each side (Figure 4A). By injecting the prepolymer solution
via one of the gel inlets and using a photomask that only crosslinks GelMA in the central
part of the gel chamber (Figure 4B), we created a 3-compartment chip comprising a central
vascular compartment and two side compartments. These side compartments could be
flushed with PBS after crosslinking the vascular compartment to remove unreacted GelMA,
and subsequently seeded with cells through the additional outlets.

A Additional gel outlets B Photomask for vascular compartment
¢ - Vascular compartment
- Side compartment
Gel inlets Side compartment

Figure 4. Compartmentalized chip for co-cultures. (A) Schematic of a compartmentalized chip generated
by patterning a central vascular compartment, thereby dividing the gel chamber into three different
compartments. The additional gel outlets enable: (1) flushing of unpolymerized GelMA solution, (2)
injection, and (3) ejection and removal of excess fibrin gel-cell suspension. (B) Digital photomask used
to pattern the central vascular compartment with 100 um wide microchannels. White is exposure,
black is no exposure. (C) Overview image of a central vascular compartment populated with hiPSC-
ECs and an adjacent compartment containing a fibrin hydrogel with hiPSC-astrocytes. The gel inlet
and additional outlet are clearly visible due to a bright green signal caused by the abundant presence
of hiPSC-astrocytes. (D) Confocal image showing a section of a central vascular compartment and
an adjacent compartment. hiPSC-astrocytes are interacting with and migrating towards hiPSC-ECs in
the central vascular compartment (day 3). Red: CD31, green: hiPSC-astrocytes with alpha-tubulin-GFP
reporter.
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As a proof of concept for a relevant co-culture, hiPSC-astrocytes were resuspended in a
fibrin hydrogel and carefully injected into one side compartment and hiPSC-ECs cultured in
the vascular compartment as earlier. After 3 days, hiPSC-ECs lined the microchannels, while
the hiPSC-astrocytes had spread out and were migrating towards the vascular compartment
(Figure 4C). The images demonstrated that the GelMA could withstand the injection of the
cell suspension and remain in place. Confocal imaging revealed interactions between the
astrocytes and the vascular compartment (Figure 4D). This method of compartmentalization
is thus feasible for co-culture of hiPSC-ECs with one or more additional cell types.

This relatively straightforward modification of the microfluidic chips means that the blood-
brain barrier for example could be modeled, a structure of significant interest in biomedical
research. Other examples include modeling the lymphatic vasculature in combination with
different tissue types to study lymphatic drainage and immune cells.

Patterning functional valves

Facile patterning of microvascular scaffolds enabled us to explore other aspects of vascular
engineering. Specifically, we patterned valve leaflets (Figure 5A(i)) inside 100 um wide
hydrogel channels. First, the microchannels were patterned as before and the valves were
then immediately patterned inside these channels using a UV dose of 20 mJ/mm?. The
photomask shown in Figure 5A(ii) was designed to resemble the shape of venous valves. They
were capable of opening when flow was applied (Figure 5A(i), top image) and closing when
flow was stopped (Figure 5A(i), bottom image). This functionality indicated that the valves
could physically move and regulate the opening and closing of the channels. Additionally,
the valves demonstrated elastic deformation upon flow reversal (Figure 5A(iii)).

Modeling functional microfluidic valves, biomimetic valves and valve-related hemodynamic
processes in vitro has been demonstrated previously using microfluidic chips. Such chips
have proven valuable for evaluating the effects of channel geometry and flow dynamics on
particle behavior (e.g. beads, platelets or red blood cells) and could thus offer insight into
the pathophysiology of diseases such as thrombosis®®>770-75,
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Figure 5. Functional valves. (A) (i) Representative bright-field image demonstrating patterned hydrogel
valves in their closed and open state inside hydrogel microchannels 100 um in width. (ii) Digital
photomask used to pattern valves inside the hydrogel microchannels. (iij) Representative bright-field
image of elastically deformed valves upon flow reversal. (B) Single image of a sequence of recorded
fluorescence images indicating beads flowing past valves (yellow dotted lines). The inset visualizes
vortical flow near a valve tip, analyzed using single particle tracking. The colored lines indicate tracks of
beads that underwent vortical flow during recording. Beads that were undergoing vortical flow in this
frame are indicated by cyan circles. (C) Bright-field image of hydrogel valves inside a live microvessel
(containing hiPSC-ECs) that was engineered before valve patterning. (D) Representative bright-field
image of hydrogel valves patterned inside microchannels that are 50 um in width.

Next, we examined the presence of vortical flow near the valve tips by manually adding
fluorescent beads to flow through the channels. Vortical flow that occurs near venous
valve tips in vivo, has also been studied in vitro using hydrogel valves’74. These studies
characterized flow dynamics around the valves, which are critical drivers of thrombosis-
related processes. Laminar fluid flow was also visualized by the motion blur of the beads
(Figure 5B(i)). Through single particle tracking near the valve tips, we were able to detect
vortical flow from the particle tracks shown in Figure 5B(ii). In this image, a single frame
depicts colored particle tracks indicating the trajectories (curved yellow arrow) of several
particles identified during the recorded frames near a valve tip (valve indicated by the
yellow dotted line). Three particles identified undergoing vortical flow are highlighted by
cyan-colored circles in this frame.

To assess whether valves could be patterned inside live endothelialized microchannels,
we first generated microvessels as described earlier. Subsequently, the GelMA prepolymer
solution was reintroduced, and the valves were patterned. Figure 5C shows the resulting
microvessel with the valves present. The formation of functional microvasculature containing
valves was thus demonstrated.



Engineered microvasculature using maskless photolithography and on-chip hydrogel patterning: a facile approach

Finally, we successfully patterned functional valves inside microchannels that were 50 um
wide. Despite being small, these valves retained the ability to open and close the channels
(Figure 5D). To our knowledge, functional hydrogel valves at this scale have not been
generated previously. Importantly, such small valves resemble microscopic venous valves
(MVVs) and lymphatic vessels, enabling conditions that affect these valves to be modelled.
MVVs have been identified in the human body, with evidence suggesting their abundance in
microvasculature measuring less than 100 um and as small as 20 um”®77,

Whilst there have been other reports of these types of valves being modelled in different
chip designs, we showed here that valves of multiple sizes and/or shapes could be generated
inside microvascular hydrogel scaffolds using a single type of system. These valves exhibited
proper opening and closing functionality, demonstrating flexibility and elastic deformation.
Moreover, their design is adaptable and can be optimized for other applications than those
described here. For instance, changes in their shape or hydrogel stiffness, could allow the
impact on vortical flow formation and hemodynamics to be determined”.




Limitations

The method we developed facilitates the microfabrication of chips and subsequent patterning
of microvascular scaffolds with relative ease, hydrogel patterning is straightforward
and many chips per hour can be produced, but also has limitations. Since the method is
based on photolithography, which means that there is complete crosslinking of everything
in the light path and that it is rapid, there is limited control over microstructure height.
However, hydrogel height control inside enclosed chambers has been achieved by others
using the PRIMO system and grayscale projections, oxygen control, and a benzophenone-
based photoinitiator®. Nevertheless, this does not match the exceptional control of 2PP
or 3D printing. As a result, geometries achievable are limited primarily to square shapes.
Additionally, the glass bottom and PDMS top of the chips have a significantly higher stiffness
compared to the more physiologically relevant hydrogel-based walls. These differences
may affect the behavior of cells cultured on the top or bottom of the chip. Finally, cell
encapsulation presents challenges due to the phototoxic nature of the patterning process.
The exposure wavelength (375 nm) combined with the photoinitiator LAP can induce
cytotoxicity by generating free radicals during the patterning process?.

Conclusion

We developed here a straightforward method for engineering functional and perfusable
microvasculature with predetermined designs inside custom microfabricated chips using
a single DMD-based setup for maskless photolithography (PRIMO). Cell-receptive GelMA
hydrogel scaffolds with controllable and in vivo-like mechanical properties could be
patterned, simply by adjusting the UV laser dose. We successfully engineered microvascular
networks containing capillary-like tubular structures as small as 10 um, as well as larger
arteriole-sized microvessels. Moreover, a simple modification of the chips allowed
compartmentalization, enabling co-culture of microvasculature with other cell types such
as hiPSC-astrocytes. Additionally, we demonstrated the patterning of functional valves
inside hydrogel microchannels, capable of opening and closing the channels, even with live
microvessels. This opens avenues for studying valve-related hemodynamics in vitro and
disease modeling such as thrombosis. Overall, the precise level of control demonstrated
in this study enables the rapid engineering of a diverse array of microvasculature on-chip.



Materials and Methods
Maskless photolithography to generate glass master mold

Glass substrates containing SU-8 microstructures were used as master molds and were
fabricated as previously described*?. Briefly, glass substrates spin coated with a 50 um
thick layer of SU-8-2075 (Kayaku Advanced Materials, Inc) were placed into an adjustable
microscope holder for backside UV exposure. A maskless DMD-based photolithography
system (PRIMO, Alvéole) connected to a Leica DMi8 inverted microscope with motorized
stage was used for exposure. Binary digital photomasks were designed in an open-source
vector graphics editor (Inkscape). The digital photomasks were then loaded into the Leonardo
software (Alvéole) and projected by the system onto the substrate via a 5X/0.15NA objective
using a 6 mJ/mm? laser dose. Finally, post-exposure bake and subsequent development of
SU-8 were performed as described earlier.

Mold replication

The glass master mold was replicated by first generating a master copy followed by
replication using an epoxy-resin to make durable copies. The microfabricated glass SU-8
master mold was mounted in a 60 mm diameter polystyrene Petri dish (Greiner Bio-One,
Germany) using a thin layer of Polydimethylsiloxane (PDMS, Sylgard 184, DOW Chemicals,
USA), after which a master copy was made using Smooth-Sil 940 (Smooth-On, USA) according
to manufacturer’s instructions. Smooth-Sil 940 components were mixed and degassed for
30 min at RT under high vacuum. 10 g was then poured into the Petri dish and cured at
RT for 24 hours. The Smooth-Sil 940 was subsequently demolded from the Petri dish by
carefully cutting a 35 mm circle around the microstructures using a scalpel. This procedure
was repeated five times afterwards (using the glass master mold). Next, the six master
replicates were mounted in a polypropylene box and Epoxacast 670 HT (Smooth-On) was
casted on top. Epoxacast components A and B were first mixed according to manufacturer’s
instructions and subsequently mixed with thinner (Epic Thinner, Smooth-On) to reduce resin
viscosity. The mixture was then degassed at RT for 30 min under high vacuum. The cast was
cured at RT for 12 hours followed by 3 hours at 80 °C and 24 hours at 70 °C. The resulting
epoxy molds were then used for soft lithography to fabricate PDMS chips.

Soft lithography and plasma bonding

PDMS was mixed in a 10:1 (base:curing agent) mass ratio and degassed for 30 min at RT. Five
grams of PDMS were then poured into the epoxy molds and placed at 70 °C for 24 hours.
After curing, PDMS was allowed to cool to RT after which the PDMS was gently peeled off.
The inlets of the fluidic channels were punched using a 3 mm biopsy puncher. For the gel
chamber outlets and inlets, a 1.2 mm biopsy puncher was used. Finally, PDMS chips were
bonded to 35 mm glass coverslips (Menzel-Glaser, #1) using air plasma (50 W, 50 KHz) for 1
min (Cute, Femto Science Inc., Korea).



Hydrogel scaffold and valve patterning

62.5 mg/mL gelatin methacrylate (GelMA, 300 Bloom, degree of substitution 60%, 900622,
Sigma-Aldrich) was dissolved at 37 °C in phosphate-buffered saline (PBS) (w/v), aliquoted
and stored at 4 °C. Before using, the solution was pre-warmed to 40 °C and mixed 4:1 with
freshly prepared 5 mg/mL lithium phenyl-2,4,6 trimethylbenzoylphosphinate (LAP, Sigma-
Aldrich) in PBS (w/v) to obtain a hydrogel working solution containing 5% GelMA and 0.1%
LAP. Finally, the working solution was prewarmed to 40 °C and 8 uL was then injected into
the gel chambers of the microfluidic chips. The filled microfluidic chips were immediately
placed into an adjustable microscope holder for exposure using the DMD-based system
(PRIMO, Alvéole). A digital photomask containing the required GelMA pattern was designed
in Inkscape, loaded into Leonardo (Alvéole) and projected by the system onto the gel
chamber via a 5X/0.15NA objective using a 20 mJ/mm? laser dose. Microfluidic chips were
then transferred to a hotplate set at 40 °C and flushed for 15 minutes using prewarmed
PBS to remove un-crosslinked GelMA and excess photoinitiator. When valves were required,
digital photomasks containing valves were loaded and valves were then patterned (using a
20 mJ/mm? laser dose) inside the patterned hydrogel microchannels prior to flushing.

To improve cell adhesion, chips were incubated with a fibronectin in distilled water solution
(50 pg/mL, bovine, Thermo Fisher Scientific) for 2 h at RT or overnight at 4 °C. Chips were
flushed and pre-filled with EC culture medium (EGM-2) before usage.

Determination of hydrogel swelling ratio

A digital photomask containing circular patterns of 100 um in diameter was designed in
Inkscape and projected onto the chip gel chamber using the PRIMO system at laser doses of
10, 20 and 30 mJ/mm? using the Leonardo software (Alvéole) as described above. Microfluidic
chips were flushed with EGM-2 and placed inside an incubator at 37 °C for 24 hours. After
incubation, the structured hydrogels inside the chip were imaged using an EVOS M7000
fluorescence microscope (ThermoFisher Scientific) and compared to the dimensions of the
digital photomask. Similarly, straight hydrogel channels 60 um in width were patterned and
flushed as described above. After 24h incubation, the hydrogel channels were imaged and
compared with the dimensions of the digital photomask.

Hydrogel stiffness (nanoindentation)

A nanoindenter (Chiaro, OpticsllLife, The Netherlands) was used to characterize the
crosslinked GelMA hydrogels mechanically. To perform nanoindentation, the on-chip
hydrogel patterning process was mimicked. Briefly, a 50 um high spacer was placed onto
a glass coverslip after which 20 uL of pre-warmed hydrogel solution was pipetted in the
middle. A block of PDMS was then placed on top so that the solution was confined between
the glass, spacer and the PDMS. This 50 um high solution was then crosslinked using the
PRIMO system with the specified laser dose. Afterwards, the coverslip with hydrogel and



PDMS was transferred to a hotplate set at 40 °C and prewarmed PBS was pipetted between
the glass and the PDMS. After 10 minutes, the PDMS was carefully removed and the
patterned hydrogel was then accessible for nanoindentation. An indentation probe with
0.17 N/m cantilever stiffness and a spherical tip of 53.5 um radius was used (Optics11Life).
Dynamic mechanical analysis was performed using a 1 Hz—10 Hz frequency sweep and a 4
pm indentation depth.

Cell culture

The following hiPSC lines were used: LUMCO0020iCTRL (generated from skin fibroblasts,
https://hpscreg.eu/cell-line/LUMCi028-A) and The Allen Cell Collection line AICS-
0012 (generated from skin fibroblasts, https://hpscreg.eu/cell-line/UCSFi001-A-2) with
MEGFP insertion site at TUBA1B. hiPSCs for generation of hiPSC-ECs were maintained on
recombinant vitronectin-coated plates in TeSR-E8 medium (05940, StemCell Technologies,
Canada) and passaged once a week using Gentle Cell Dissociation Reagent (07174, StemCell
Technologies). hiPSCs for generation of hiPSC-astrocytes were cultured on Matrigel-coated
(354230, BD Biosciences) plates in mTeSR1 medium (05850, StemCell Technologies) and
mechanically passaged once a week using dispase solution 1 mg/mL (17105-041, Gibco).
hiPSC-ECs were derived and maintained as previously described’®’. hiPSC-astrocytes were
derived and maintained as previously described?’.

Seeding of scaffolds with hiPSC-ECs

hiPSC-ECs were dissociated using TrypLE™ (ThermoFisher Scientific) and resuspended at a
concentration of 32*10° cells/mL in EGM-2 supplemented with PenStrep (25 Units/mL). 5
ul of cell suspension was carefully pipetted onto the bottom of the inlet using a P10 pipette
tip causing the cells to be passively pumped inside the scaffold. After 5 seconds, 5 pl of cell
suspension was also pipetted on the bottom of the outlet. Subsequently, after 5 seconds,
the cell suspension was retrieved from the inlet and outlet using a P10 pipette. As such, flow
was halted and cells were then allowed to attach for 30 minutes at 37 °C in a humidified
polypropylene box. 40 pul of pre-warmed EGM-2 was added to the inlets and outlets and
chips were then incubated for 2 hours at 37 °C. Afterwards, chips were transferred to a
rocking platform (OrganoFlow L, MIMETAS B.V., Leiden, The Netherlands) and cultured
for at least 48 hours under bidirectional flow (7-degree inclination at 8 min intervals) in a
humidified polypropylene box. Medium was refreshed every day by aspiration followed by
addition of 40 L to the inlets and outlets.

hiPSC-astrocyte co-culture

To introduce compartmentalization, an additional gel outlet was punched on each side of
the gel chamber before chip assembly. After assembly, the chip was filled with 8 uL of GelMA
solution as described earlier. An adapted digital photomask was designed where only the
middle section of the gel chamber is exposed during patterning, thereby creating a central



vascular compartment with two empty side-compartments after flushing. Patterning the
hydrogel microchannels of the central vascular compartment was performed as described
earlier. After patterning, microfluidic chips were transferred to a hotplate set at 40 °C and
the vascular compartment was flushed for 15 minutes using prewarmed PBS. To flush the
side-compartments, 10 pL of prewarmed PBS was carefully injected into the gel inlets using
a P10 pipette. This resulted in the un-crosslinked GelMA, excess photoinitiator and PBS
exiting the chip via the additional gel outlet. This was repeated three times in order to fully
eliminate the prepolymer solution from the compartments.

hiPSC-astrocytes were then dissociated using TrypLE™ (ThermoFisher Scientific) and
resuspended in EGM-2 medium supplemented with thrombin (4U/mL, T4648, Sigma) at
50*10° cells/mL. Prior to injection into a chip, 5 pL of cell suspension was mixed with 5 pL
of fibrinogen solution (6 mg/mL, final concentration 3 mg/mL, 8630, Sigma) by pipetting up
and down three times. The resulting astrocyte suspension then contained 25*10° cells/mL
and was immediately injected into the gel inlet, thereby filling the side-compartment and
displacing the PBS. The excess of the cell suspension could exit the side compartment via
the additional gel outlet and was discarded. The chip was subsequently incubated at RT for
15 minutes until the fibrin-gel was polymerized. hiPSC-ECs were then seeded and chips were
cultured using EGM-2 medium as described earlier.

Single-particle tracking

Chips containing patterned hydrogel microchannels with valves inside were fabricated as
described above. PTFE tubing (1/16"” OD X 1/32" ID*, LVF-KTU-15, Elveflow) was connected
to the chip inlet (via a 14G blunt-end needle with Luer lock tip) and to a 15 mL syringe.

The syringe was filled with a PBS solution containing 2 um-sized fluorescent beads (25*10°
beads/mL, ThermoFisher Scientific). The solution was then manually flowed through the
chip in the proper direction by depressing the syringe plunger, such that the valves in the
microchannel open up. Concurrently, to capture bead movement, a region of interest
containing valves was recorded at 28 frames/s using an EVOS M7000 microscope (Thermo
Fisher Scientific) using a 10X/0.30NA objective. To perform single-particle tracking and to
visualize vortical bead tracks, TrackMate (Image) plugin) was used®'#?,

Immunocytochemistry

All steps below were performed by adding 30 pL of the specified solutions in the inlets and
20 L in the outlets. Samples were fixed by adding 4% paraformaldehyde (PFA) solution
followed by a 15 min incubation at RT. Samples were then washed three times with PBS
and permeabilized for 10 min at RT using 0.1% Triton X-100 in PBS (-). Subsequently,
the samples were blocked for 1 h at RT using 1% bovine serum albumin (BSA) in PBS (-).
Primary antibodies were diluted 1:200 in 1% BSA in PBS(-) and incubated overnight at 4
°C. The primary antibody used was against CD31 (PECAM1, mouse, M0823, Agilent Dako,



Santa Clara, CA, USA) to stain ECs. Samples were washed 3 times with PBS (-) afterwards.
Secondary antibody (A-21203, Thermo Fisher Scientific) was then diluted 1:300 in 1% BSA in
PBS (-) and incubated at RT for 2 h. Cell nuclei were stained using DAPI. Samples were stored
in PBS (-) in the dark at 4 °C until imaging.

Immunofluorescence and live cell imaging

Cells and gels were imaged using a Leica SP8 microscope connected to a Dragonfly 500
spinning disk confocal system (Andor Technology Ltd.) using a 20X, 40X or 63X objective.
Post-processing was performed using Imaris 9.5 software (Bitplane, Oxford Instruments).
Immunofluorescence and bright-field overview scans were acquired using an EVOS M7000
microscope (Thermo Fisher Scientific) with a 10X/0.30NA objective.
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