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3D tissue models, which enable obtaining 
more accurate results, particularly in 
biology, medicine and pharmacy. This 
relies primarily on creating a more real-
istic cell environment since cell–cell and 
cell–matrix interactions in 3D models are 
more comparable to the in vivo condi-
tions.[1,2] Additionally, these artificial 3D 
tissues may potentially be used as tissue 
replacement for regenerative medicine.[3]

There is a critical challenge in cre-
ating artificial 3D tissue models larger 
than 0.6–1 mm, depending on the matrix 
and cell density. According to the in vitro 
measurements in 3D spheroids reported 
by Grimes et  al.[4], the upper limit of the 
oxygen diffusion distance of 232 ± 22 µm 
was observed experimentally. In larger 
tissue models, the supply of oxygen and 
nutrients cannot be ensured by osmosis, 
leading to a necrotic core generation.[5] 
In vivo, the vascular system guarantees 
the nutrient supply through a complex 
network of large arteries branching into 
smaller vessels and capillaries.[6] To over-

come this size limitation in artificial tissues or cell-based orga-
noids exceeding a certain thickness, it is necessary to generate 
microchannel networks to keep cells alive by supplying oxygen 
and nutrients. The microchannel networks must be perfused 

A facile and flexible approach for the integration of biomimetically branched 
microvasculature within bulk hydrogels is presented. For this, sacrificial scaf-
folds of thermoresponsive poly(2-cyclopropyl-2-oxazoline) (PcycloPrOx) are 
created using melt electrowriting (MEW) in an optimized and predictable way 
and subsequently placed into a customized bioreactor system, which is then 
filled with a hydrogel precursor solution. The aqueous environment above 
the lower critical solution temperature (LCST) of PcycloPrOx at 25 °C swells 
the polymer without dissolving it, resulting in fusion of filaments that are 
deposited onto each other (print-and-fuse approach). Accordingly, an adequate 
printing pathway design results in generating physiological-like branchings 
and channel volumes that approximate Murray’s law in the geometrical ratio 
between parent and daughter vessels. After gel formation, a temperature 
decrease below the LCST produces interconnected microchannels with distinct 
inlet and outlet regions. Initial placement of the sacrificial scaffolds in the 
bioreactors in a pre-defined manner directly yields perfusable structures via 
leakage-free fluid connections in a reproducible one-step procedure. Using 
this approach, rapid formation of a tight and biologically functional endothelial 
layer, as assessed not only through fluorescent dye diffusion, but also by tumor 
necrosis factor alpha (TNF-α) stimulation, is obtained within three days.
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1. Introduction

The growing awareness of the limitations of conventional 2D 
cell culture techniques gave rise to an expanding interest in 
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with media through a perfusion pump or other flow-inducing 
systems to ensure oxygen and nutrient supply, as well as meta-
bolic waste removal.

The state-of-the-art technologies for the generation and utili-
zation of reproducible microchannels are based on “organ-on-
a-chip” (OoC) systems, which allow the emulation of physiolog-
ical reactions of organ-like systems via connection to microflu-
idic systems.[7] Although OoC systems provide channel struc-
tures, they are only a part of an artificial molded container to 
which cells are attached. Furthermore, cell populations such 
as endothelial cells are divided by permeable membranes from 
other cell populations, which may inhibit both the mechanical 
stimuli and the direct interactions between different cell types. 
While the OoC system proved to be a valuable research tool 
in studying cellular metabolism and drug screening, their 
inherent limitation in mimicking the 3D cellular microen-
vironment has impacted their potential for creating large 3D 
tissues.

An artificial 3D matrix should mimic the complex cellular 
interactions and facilitate cell attachment, survival, and prolifer-
ation in a 3D environment. Hydrogels are of particular interest 
in this context since they can provide a permeable microen-
vironment, which can be further physically and chemically 
tuned based on particular needs. Despite the aqueous nature 
of hydrogel matrices, limitations based on diffusion distance 
demand the adaptation of microvascular systems into such 3D 
microenvironments.

During the past decade, advances in manufacturing technolo-
gies enabled the creation of complex 3D microvascular systems, 
and in particular, approaches based on additive manufacturing 
(AM) gained much attention in recent years. Among different 
AM technologies, 3D bioprinting allowed the generation of in 
situ microchannels within 3D-hydrogel constructs containing 
cells. In this way, the microchannels can either be created by 
introducing empty spaces during printing or by deposition of 
sacrificial inks, which can be removed afterward. Among other 
methods, techniques including extrusion-based printing,[8] 
in-gel printing,[9] and stereolithography[10] were reported. How-
ever, these methods were mainly limited by the low resolu-
tion, the need to adapt hydrogel properties to the process cri-
teria, and the shear-related cell viability issues.[11] In particular, 
the direct ink writing of templating fugitive inks extensively 
explored by the group of J. Lewis aimed to expand the scopes of 
printability and functionality of sacrificial templating by taking 
advantage of relatively easy-to-handle thermoresponsive sacrifi-
cial inks based on pluronics and gelatin.[12,13] This approach has 
further evolved to the direct sacrificial writing into functional 
tissues (SWIFT) by creating a sacrificial template within organ-
specific and high-density cellular aggregates.[14]

Alternatively, methods based on templating microchannels 
have been developed, using sacrificial structures separately 
3D-printed and subsequently embedded in hydrogel matrices. 
The rationale behind this new trend was mainly addressing 
the size, and more importantly, spatial limitations of the direct 
writing approach. The initial reports on this technique were 
based on embedding 3D-printed carbohydrate-based micro-
fibers within the bulk hydrogel matrices.[15,16] Although this 
approach could potentially improve the resolution and freedom 

of the design in creating microchannels, two main challenges 
still needed to be addressed. The sacrificial structures based 
on carbohydrates readily dissolve in an aqueous environment, 
making the embedment of sacrificial scaffolds impossible 
in almost any hydrogel matrix without loss of their geomet-
rical features. Post-processing methods such as coating with 
polymers, hydrogels, or other materials are often required to 
increase the timeframe of gelation, increasing the difficulty 
with the increasing complexity of the scaffold.[17,18] Further-
more, the high hygroscopicity of carbohydrate sugars limit scaf-
folds’ storability in standard room conditions.

More importantly, while the majority of the studies focused 
on developing case-specific methods of creating microchannels, 
none thus far tried to propose efficient methodologies for inte-
grating the microchannels into perfusion systems. Most of the 
reported efforts were focused on the post-fabrication creation 
of in- and outlet regions by manual insertion of microneedles. 
Considering the small dimensions of the formed channels, 
especially in microvascular systems, the precision of embed-
ment of the sacrificial scaffolds and establishing a closed perfu-
sion loop is of tremendous importance. In this way, two main 
aspects in producing a functional microvascular model could 
be identified, which include: a) methodologies for fabrication 
of microchannels; and b) their further integration into a perfu-
sion system to enable the biological functionality of the created 
microvasculature.

By considering these two aspects, this study addresses the 
challenges in fabricating perfusable and functional micro-
vascular structures by developing a novel approach based 
on embedding thermoresponsive sacrificial scaffolds made 
from poly(2-cyclopropyl-2-oxazoline) (PcycloPrOx) integrated 
within a custom-designed, adaptable bioreactor. The sacrifi-
cial PcycloPrOx structures with dimensions in the microvascu-
lature range were produced by melt electrowriting (MEW).[19] 
The precise positioning and fixation of the sacrificial scaffolds 
at the inlet and outlet of a newly developed bioreactor enabled 
blockage-free casting of the hydrogel matrix within the perfu-
sion chamber, ensuring that the channels remain perfusable. 
PcycloPrOx scaffolds with lower critical solution temperature 
(LCST) of 25  °C were removed simply by a short incubation 
below the room temperature, providing enough time for gela-
tion of the hydrogel matrix through a fully biocompatible 
process. Compared with state of the art in literature such as 
SWIFT approach, the methodology presented here addresses 
the limitations in realizing low-dimension microchannels with 
significant flexibility in design, and a generalized solution to 
integrate the microchannels within the perfusion systems. The 
proposed methodology resulted in the one-step fabrication of 
microchannels fully integrated within the bioreactor, ready for 
subsequent endothelialization and functional assessments. We 
demonstrated that a functional endothelial monolayer can be 
created inside these channels within 72 h using a static seeding 
set-up followed by fluid perfusion. The advantages of this 
system, including adaptable channel diameters and designs, 
good storability at room conditions, facile removal of sacrificial 
structures and rapid endothelialization, could make this system 
an important milestone in developing vascularized tissue 
constructs.
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2. Results

2.1. Melt Electrowriting of Sacrificial PcycloPrOx Scaffolds and 
Their Behavior in Hydrogels

Prior to the MEW, the synthesized PcycloPrOx was thoroughly 
characterized to confirm the desired chemistry and physical 
properties (Figures S1–S7, Table S1, Supporting Information). 
A significant advantage of the MEW is the tunability of the pro-
cess, by which one can produce fiber diameters ranging over 
several orders of magnitudes.[20–22] We showed this capacity 
of MEW by following a Response Surface Methodology (RSM) 
design of experiments (DoE) to produce scaffolds with predict-
able fiber diameters. By choosing a convenient jet-forming 
range of the simple-to-adjust parameters, namely the applied 
pressure (P), the applied voltage (V) and the tip-to-collector dis-
tance (H), it was possible to construct an optimized model to 
predict fiber diameter (D) (Equation (1)).
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The fitted model’s sanity check and the response surfaces 
generated for different binary combinations of process parame-
ters are shown in Figure 1A–D. As expected from the literature, 
while the change in H imposes almost no significant change in 
fiber diameter, increasing P results in a significant increase in 
fiber diameter. In contrast, increasing V at constant P and H 
results in faster mass transfer, hence decreased fiber dia meter. 
Experimental validation of the model showed that the predicted 
fiber diameters were within the 95% prediction interval. The 
details of the regression analysis and the validation results 
are provided in the Supporting Information. Within the range 
of process parameters used to build this statistical model, it 
was possible to fabricate bifurcated structures with average 
fiber diameters between 87 to 275 µm. However, it should be 
noted that the chosen range of process parameters was one of 
the possible combinations leading to the formation of the jet. 
Depending on the design requirements, a different range of 
parameters could be explored, leading to larger or smaller fiber 
diameters. Nevertheless, the application of RSM proved to be 
an efficient way to optimize and predict the diameter of Pcyclo-
PrOx sacrificial scaffolds.

A simple G-code for the fabrication of sacrificial scaffolds 
was adapted. The details of the method for the generation of 
the G-code are provided in Figure S8, Supporting Information. 
The implemented G-code for fiber deposition was designed to 
resemble natural bifurcating structures (Figure  1E). In order 
to produce multiple bifurcation steps, the level of complexity 
could be further increased by a few adjustments in the G-code 
(Figure 1E). However, increasing the complexity also increases 
the susceptibility for inaccuracies, as shown in Figure 1E-iii.

In the dry state, the printed constructs retain their shape 
exactly as printed, and filaments deposited on top of each other 
remain separate filaments. However, upon hydration of melt 
electrowritten PcycloPrOx scaffolds in an aqueous environ-
ment above the LCST, for example, by embedment in hydrogel 
precursors, spontaneous fusion and merging of neighboring 
filaments occurs (Figure  1F). The progressive softening and 

swelling of the fibers results in volumetric expansion, leading 
to the spontaneous fusion and formation of a single “parent 
channel” from two (or more) adjacent filaments. This process 
produces smooth surfaces by merging of insoluble PcycloPrOx 
filaments inside the hydrogel matrix so that small gaps between 
adjacent filaments are filled by swelling PcycloPrOx, unless the 
distance between neighboring filaments is too large. As stated 
above, the probability for this increases with the higher com-
plexity of the structures (see for example Figure 1H-ix). The bal-
ance between the surface energy and viscosity of the PcycloPrOx 
during the crosslinking of hydrogel matrix aids the formation 
of natural branching structures. Formation of such natural 
bifurcations was observed in different embedding hydrogel 
matrices, including gelatin-methacrylol (GelMA), agarose, 
alginate, and gelatin crosslinked with transglutaminase (not 
shown).

Reducing the temperature below 25 °C resulted in swelling 
and dissolution of PcycloPrOx fibers. Free swelling of 
PcycloPrOx (i.e., open inlet and outlet regions within the bulk 
hydrogel) resulted in rapid removal of the sacrificial scaffold 
without the aid of any external perfusion (Figure  1H-i–iii and 
Videos S1–S3, Supporting Information).

The water-induced plasticity of microfibers below the glass 
transition, simultaneously controlled by the increasing elas-
ticity of the surrounding hydrogel matrix, thus resulted in the 
formation of bifurcated lumens, which were in good agreement 
with the extents of Murray’s law (Figure 1G). The diameter ratio 
between parent and daughter microchannels created by removal 
of fused filaments was between the expansion ratios of 1.0 and 
1.5, as defined by the ratio between the sum of the squares of 
the diameter of daughter microchannels and the square of the 
diameter of the parent microchannel (Equation (2)). This equa-
tion is derived as a measure of volume conservation during 
flow by considering the ratio between the area of cross-sections 
of the parent and daughter segments of a given channel by 
assuming circular lumens.
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2

2
2
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2
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The expansion ratio is a geometrical index and can be 
described as “a measure for the expansion in cross-section area 
available to flow along the microvessel from parent to daughter 
branches.” This index is especially useful in analytical and 
computational solutions of the flow in microvasculatures and 
was preferred over a simple linear measure, as the latter does 
not necessarily reflect the geometrical correlations governing 
the branching and may not truly represent area and volume 
in any given segment of the microchannels with consideration 
of volume preservation. It must be noted that the expansion 
ratio as defined by Equation (2) does not, in any form, describe 
the swelling of PcycloPrOx fibers after placement in aqueous 
media, but only refers to the channels that are generated in the 
hydrogel after dissolution of the sacrificial template. Accord-
ingly, the values of diameters in Equation (2) refer to the diam-
eter of microchannels, not the microfibers. This is also reflected 
by the color-coding in Figure 1G, which shows that the correla-
tion between the channel diameters created by the print-and-
fuse method is not dependent on the as-printed fiber diameters.

Adv. Mater. 2022, 34, 2200653
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Figure 1. MEW of scaffolds from PcycloPrOx and their behavior in hydrogels. Sanity check for the derived statistical model by RSM to predict the fiber 
diameter: A) Actual versus predicted fiber diameters from the model; B) the normal plot of residuals (limits of the 95% confidence interval in blue 
lines); and C) plot of the residuals versus predicted diameter to verify the random distribution of residuals. D) The response surfaces (i–iii) of binary 
combinations of MEW process parameters, showing the dependency of fiber diameter on model parameters. E) Examples of one (i) and multiple 
(ii,iii) steps of bifurcation in scaffolds as printed (in dry state before the fusion step). F) Behavior of PcycloPrOx -Scaffolds in GelMA hydrogel matrix: 
upon immersion in the hydrogel precursor, the fibers swell, leading to the fusion of adjacent fibers (water-induced plasticity). The hydrogel precursors 
simultaneously evolve into a hydrogel network through crosslinking, resulting in the spontaneous formation of natural bifurcation structures. G) The 
correlation between parent and daughter vessel diameters with different initial dimensions of fugitive scaffolds. H) Time-lapse images of dissolution 
of PcycloPrOx after temperature reduction below the LCST (i–iii), and perfusion of interconnected channel system with one (iv–vi), and two (vii–ix) 
levels of branching.
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Swelling of PcycloPrOx resulted in creating microchannels 
with larger diameters than the templating fibers, with the 
swelling ratio ranging from 1.3 to 1.5 depending on the initial 
fiber diameter (Figure S9, Supporting Information). The perfu-
sion of formed structures with a dye (Coomassie blue) revealed 
that the channels and bifurcations remain interconnected 
(Figure 1H and Videos S4–S6, Supporting Information), even in 
more complex geometries.

2.2. Production of Bioreactors Adapted to Perfusable Construct

In order to enable the perfusion of the formed channel networks 
for cell culture and further microscopy studies, a specialized 
bioreactor system to host the templating PcycloPrOx scaffolds 
was developed (Figure  2A). Due to the high glass transition 
temperature (Tg) of PcycloPrOx, the scaffolds could easily be 
stored in room conditions without the sagging of any overhung 
structures. Saddle-shaped fixation supports for the scaffolds 
were created in the main chamber, where the scaffold’s inflow 
and outflow can be placed and precisely positioned (Figure 2B). 
A drop of concentrated PcycloPrOx solution in water was used 
as the adhesive to fix the position of the scaffold (Figure 2B). In 
addition to fixing the position of the scaffold, the adhesive tem-
porarily blocks the in- and outflow to the fluid reservoir and the 
hydrogel chamber. This prevents blockage of the in- and outlet 
after introducing hydrogel precursors, and since the adhesive is 
based on the same material as the scaffold, it can be dissolved 
and removed by the same stimulus (temperature reduction). 
The cell culture media could be passively perfused from the 
integrated fluid reservoirs into the main chamber via rocking 
on a programmable rocker device. The observation window at 
the bottom of the main chamber enables microscopy during 
and after endothelialization. The fixation protocol to integrate 
sacrificial scaffolds within the bioreactor efficiently preserves 
the patency of the in- and outlet of created microchannels 
after forming the hydrogel matrix. Spatial visualization of the 
course of the microchannel inside the bioreactor was performed 
using computed tomography (CT) imaging and is shown in 
Figure  2C,D. Confinement of the contrast agent within the 
microchannel clearly demonstrates the leakage-free formation 
of patent microchannels (Video S7, Supporting Information).

2.3. Endothelialization of Microchannels

Primary human umbilical vein endothelial cells (ECs) were 
used for the biological characterization of the generated 
system. After dissolution and removing the sacrificial scaffold 
embedded in the hydrogel matrix, the resulting channels were 
filled with a suspension of ECs by direct injection, and samples 
were left at static conditions for 30 min to support cell attach-
ment to the lumen. Perfusion was subsequently applied by 
placing the bioreactors on the rocker, and cell proliferation was 
monitored by microscopy (Figure S10A,B, Supporting Informa-
tion). A fully confluent endothelial monolayer on the lumen 
of microchannels was formed on day 3 (Figure S10B,C and 
Video S8, Supporting Information). Cell attachment was stable 
for at least two weeks after reaching confluency. In parallel, 

perfusion cell seeding was also performed for comparison. For 
this purpose, the suspension of ECs was introduced via fluid 
reservoirs, and bioreactors were directly placed on the rocker 
system without the 30 min period for the initial attachment. In 
this experimental setup, cell attachment on the lumen’s surface 
after 24 h was scarce (Figure S10D,E, Supporting Information), 
indicating the importance of the static attachment phase for the 
subsequent formation of a stable endothelial monolayer in our 
model.

Following the bright-field microscopy evaluation (Figure S10, 
Supporting Information), cell nuclei, endothelial cell marker 
CD31, and F-actin filaments of endothelial monolayer were 
stained and evaluated using different microscopy techniques 
to monitor the cell morphology and attachment to the lumen 

Adv. Mater. 2022, 34, 2200653

Figure 2. Design of the bioreactor to host and integrate the microchan-
nels created by sacrificial templating of the scaffolds. A) Top-view photo 
of a bioreactor with PcycloPrOx scaffold embedded on the supporting 
saddles. B) Design aspects of the bioreactor showing the different com-
ponents (top) and a cross-section of the top view (bottom). Computed 
tomography scan of an embedded microchannel: C) image showing the 
tight and leakage-free connection of microchannel and inlet/outlet of bio-
reactor. D) Isolated geometry of flow path shown by the contrast agent 
filling the channel.
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surface in 3D as well as the lumen’s circularity. 3D Thunder 
imaging showed the presence of endothelial monolayer and 
good cell–cell contacts on the lumen surface (Figure  3A). 
Confocal microscopy images confirmed a uniform cell attach-
ment to the lumen surface with a large cell number after 3 days 
post-seeding (Figure S11, Supporting Information). Further-
more, by using multiphoton microscopy, it was possible to visu-
alize the 3D structure of the entire lumen of the channels and 
the branches (Figure 3B and Figures S12 and S13, Supporting 
Information). Additionally, a 3D reconstruction of the confluent 
ECs monolayer coating the inner lumen of the channel is pro-
vided in Video S9, Supporting Information.

2.4. Numerical Analysis of Flow within the Embedded 
Microchannels

A numerical flow simulation of the cell culture medium 
through the bifurcated channels was performed based on 
the 3D reconstruction of an endothelialized microchannel 
(Figure  3C). The expansion ratio above one resulted in 
decreased velocity of medium passing through the daughter 
branches, although minor irregularities in the generated com-
puter-aided design (CAD) model resulted in a slight increase in 
velocity at the outlet of one of the branching segments. How-
ever, this increase did not affect wall shear stress significantly, 

Adv. Mater. 2022, 34, 2200653

Figure 3. Characterization of endothelialized micronetworks. A) 3D images of the CD31 positive endothelial monolayer on microchannel lumen (mag-
nification 10×, scale bar: 100 µm). Nuclei were stained with Sytox Green and CD31 was visualized with Alexa Fluor 647-conjugated goat anti-rabbit anti-
body. The white arrow indicates the cell–cell contact with strong CD31 expression. B) Multiphoton imaging of a complete microchannel with endothelial 
layer: cytoskeleton stained with Alexa Fluor 488 Phalloidin and nuclei stained with Hoechst 33342, the green arrow indicates the 3D cross-section views 
of marked area. C) Numerical analysis of flow in embedded microvessels. Flow profile and the induced wall shear stress for perfusion of cell culture 
media in a 3D constructed model based on the geometrical features of endothelialized sample presented in (B). The 3D model was based on data 
extracted using multiphoton microscopy images. D) Flow profiles and induced wall shear stress calculated for the perfusion of blood in parametrized 
3D design of microchannels with different bifurcation angles.
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as the simulated value of flow-induced wall shear stress was 
generally minimal (0.05 Pa), except for the beginning and end 
of the bifurcating regions, where it reached ≈0.1 Pa (1 dyn cm−2) 
which was due to the lack of smoothness in the generated 3D 
model. It should be noted that because of the simplifications 
made for the boundary conditions in numerical simulations, 
the outlet region was set to be at atmospheric pressure. This 
contributed to the absence of any back pressure within each 
perfusion half-cycle and, consequently, the slight overestima-
tion of the outlet’s flow velocity.

The influence of bifurcation angle on three different micro-
channels’ designs was analyzed using a numerical simulation 
of blood flow through the channels with different bifurcation 
parameters (Figure  3D). The comparison between different 
induced flow profiles showed that blood velocity at fixed Ht of 
0.45 flowing within microchannels in parent and daughter ves-
sels was not significantly altered by increasing the bifurcation 
angle. The same was observed for the wall shear stress, where 
the daughter branches in all models experienced a similar wall 
shear stress of ≈0.22 Pa, independent of the bifurcation angle. 
The calculated flow profiles showed that the blood velocity 
within the daughter branches decreased compared to those of 
parents, indicating a unique biomimetic design due to the volu-
metric redistribution of plasticized sacrificial scaffolds at the 
later stage of the print-and-fuse methodology.

2.5. Endothelial Barrier Function and Response to Stimuli

To investigate the permeability of the endothelial layer, two 
different sizes of fluorescein isothiocyanate (FITC)-labelled 
dextran, 20 and 200 kDa, were used. Dextran solutions were 
perfused directly through the inlet into the microchannels 
with and without ECs monolayer and imaged by fluorescence 
microscopy at the onset of dextran injection and 2 h later 
to visualize the dextran diffusion into the hydrogel matrix 
(Figure 4A). The fluorescence intensity inside the microchannel 
and in the surrounding hydrogel was measured to evaluate the 
barrier function provided by the endothelium compared to 
non-endothelialized channels. The presence of the endothelial 
layer strongly reduced the diffusion from the channels into the 
hydrogel matrix for both dextran sizes (Figure  4B). Immedi-
ately upon the injection (Figure  4C), no significant difference 
in 20 kDa FITC–dextran diffusion was observed between non-
endothelialized and endothelialized channels. However, after 
2 h, the diffusion of 20 kDa FITC–dextran into the hydrogel 
matrix was reduced by 25% in the presence of the ECs mono-
layer. As expected, the diffusion of 200 kDa FITC–dextran 
into the hydrogel was overall strongly reduced as compared to 
20 kDa FITC–dextran due to the larger size of the molecules 
(Figure  4B). Here, the difference between non-endothelialized 
and endothelialized channels was even more pronounced, as 
shown by the different slopes of the lines in Figure 4D. Imme-
diately after the dextran injection, 30% less diffusion into the 
surrounding hydrogel was observed in endothelialized chan-
nels compared to non-endothelialized ones. Moreover, the 
diffusion rate of dextran in non-endothelialized samples was 
comparable, slightly faster for 20 kDa FITC–dextran than 
200 kDa molecules, due to the smaller size of the molecules. In 

contrast, the diffusion in endothelialized samples was reduced 
by nearly a half after 2 h compared to non-endothelialized ones, 
indicating that the organization of the endothelial layer inside 
the microchannels was sufficient to mimic the barrier function 
of blood vessels.

To test whether endothelial cells seeded inside the micro-
channels maintain their function and responsiveness to inflam-
matory stimuli, the cells were stimulated with tumor necrosis 
factor (TNF)-α under static or perfused conditions. Our pre-
vious studies showed that bifurcating Ibidi slides represent a 
suitable in vitro model to study the effects of wall shear stress 
on endothelial response to inflammatory cytokines.[23,24] There-
fore, we used ECs seeded in Ibidi slides as an experimental 2D 
control. EC activation by TNF-α was monitored in both systems 
in parallel to compare the upregulation of endothelial adhesion 
molecules, VCAM-1 (vascular cell adhesion molecule 1) and 
E-selectin, in 2D and 3D. The imaging of adhesion molecule
expression was performed using different techniques, namely,
fluorescence microscopy for Ibidi slides and confocal micro-
scopy for microchannels. The results showed that TNF-α stimu-
lation resulted in upregulation of VCAM-1 and E-selectin, both
in 2D and 3D samples (Figure 5). In control samples without
TNF-α stimulation, there was no recognizable expression of
the adhesion molecules (data not shown). In samples stimu-
lated with TNF-α under perfused conditions, the expression
of perinuclear VCAM-1 was reduced compared with the static
samples (Figure 5A). This effect was previously observed in 2D
Ibidi slides and was now confirmed in the 3D endothelialized
microchannels. Similarly, overall upregulation of E-selectin
molecule was less pronounced in perfused samples than in
static conditions for both 2D channels and 3D microchannels,
although the effect was not statistically significant in 2D sam-
ples (Figure 5B). The quantification of the perinuclear expres-
sion of E-selectin showed slightly higher values in static con-
ditions than in perfused systems for both Ibidi slides and the
microchannels.

3. Discussion

This study presents an integral approach to fabricate 3D bulk-
hydrogels with embedded biomimetically branched microvas-
culature inside a perfusable bioreactor system. It comprises 
the print-and-fuse approach to generate sacrificial templates 
for the microchannels that can be tuned regarding the channel 
diameter, with a good approximation of Murray’s law to esti-
mate the parent channel diameter based on the daughter ves-
sels. The integration of these scaffolds with flexible design 
within a customized bioreactor ensures the perfusability of the 
final construct. This system allows a broad range of flexibility 
and freedom regarding the choice of hydrogels to cast into the 
bioreactor.

Optimized by RSM, it was possible to fabricate sacrificial 
templates using MEW to form a naturally branching and inter-
connected microchannel network in hydrogels. During the past 
years, demand to form intricate and interconnected networks 
mimicking the vascular system led to developing various sac-
rificial templating methods. The wider accessibility, a larger 
user community, and technological simplicity contributed to 
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the popularity of extrusion-based (bio)printing for sacrificial 
templating. Nevertheless, limitations in the resolution of the 
process and the spatial considerations in the fabrication of 3D 
structures are two challenging factors in realizing microvas-
cular systems by this method. Compared to conventional 3D 
extrusion printing, MEW provides the possibility to deposit 
fibers in micrometer size.[26] Moreover, by introducing the 
commercial bioprinters with MEW-enabled modules or stan-
dalone MEW printers, MEW technology is on its way to being 
as accessible as conventional extrusion printing. High resolu-
tion in the production of sacrificial structures[25] and tunability 
of the process in fabricating a wide range of dimensions are 
two essential advantages of MEW.

Production of low-dimension templates by MEW is espe-
cially interesting, as achieving high resolution is a critical 
challenge for the other methods of channel creation. Fabrica-
tion of geometrically consistent microchannels is essential in 
ensuring the uniform distribution of nutrients and oxygen in 
a large hydrogel structure. The optimization capacity of MEW 
through DoE adds to the flexibility of the templating design, 
and depending on the dimension requirements, it is possible 

to create predictable and defined architectures with this 
method.

Biocompatible templating of microchannels is mainly per-
formed using thermoresponsive sacrificial inks[12–14,27] or 
water-soluble carbohydrate-based structures.[17,18] Pioneered 
by the group of J. Lewis, extensive studies on vascularization 
by sacrificial inks such as pluronics or gelatin have been per-
formed.[12–14,27] These methods could achieve a significant 
level of geometrical complexities. However, critical bottlenecks 
include some design aspects, such as the microchannels’ cir-
cularity and creating overhang branching sacrificial structures. 
Additionally, microchannels created by carbohydrate-based 
templates need post-fabrication stabilization by dip-[17] or 
spray-coating[18] methods to control the fast dissolution rate in 
hydrogel matrices, resulting in complexities in the fabrication 
process and the formation of a barrier between endothelium 
and tissue.

As an alternative to current sacrificial materials, we used 
thermoresponsive PcycloPrOx because of its intrinsic biocom-
patibility,[28] its LCST within the physiological range[29] at 25 °C, 
and its unique water-induced plasticity. PcycloPrOx fugitive 
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Figure 4. Channel permeability to fluorescently labeled dextrans. A) Fluorescence images at 0 and 2 h after perfusion of FITC–dextran in microchannels. 
Left panel: 20 kDa FITC–dextran; right panel: 200 kDa FITC–dextran. B) Comparison of the diffusion rate between microchannels with and without 
endothelial monolayer: fluorescence intensity of dextran molecules diffused into the hydrogel. C,D) Percentage calculation of the diffusion for the 
respective dextran. *p < 0.05.
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scaffolds show progressive plasticity in contact with water 
below the glass transition temperature. However, the rate of 
this behavior is slow enough to enable casting of the hydrogel 
precursors without loss of scaffold’s integrity, and at the same 
time, quick enough to result in the fusion of adjacent fibers 
and formation of biomimetic branching structures during the 
gelation of hydrogel matrix. Nevertheless, PcycloPrOx shows 
low hygroscopicity and sensitivity to the temperature at room 
conditions. These properties practically extend the applicability 
of PcycloPrOx sacrificial scaffolds compared with the tradi-
tional fugitive materials, as the latter demand special storage 
and handling procedures[16–18] or should be manufactured just 
prior to embedding in the hydrogel matrix.[12,13] PcycloPrOx 
structures can be quickly dissolved and removed by cooling to 
slightly below room temperature. This provides a more con-
venient and cell-friendly process than other fugitive inks with 
LCST behavior, such as pluronics. Additionally, the distinctive 
feature of PcycloPrOx sacrificial structures is the water-induced 
plasticity, a property that results in the fusion and merging of 
adjacent microfibers in contact with water without significant 
loss in shape fidelity.

Conventionally, fugitive inks such as Pluronics show an 
excellent recovery after the extrusion, enabling the creation of 
singular channels with high fidelity; however, the high elasticity 
results in the poor merging or fusion of adjacent or overlap-
ping strands. This behavior contributes to creating gener-
ally overlooked geometrical inaccuracies such as grooving. 
Other fugitive inks such as gelatin show improved smooth-
ness and merging behavior in branchings,[13] although shape 
fidelity is impacted. The print-and-fuse strategy demonstrated 
in this study relies on a combination of plasticity of adjacent 
PcycloPrOx fibers, confined by the evolving elasticity of the 
hydrogel matrix undergoing crosslinking. A direct result of this 
structural development is the formation of smoothed branch-
ings with a good degree of circularity of the lumens and in 
good agreement with Murray’s law, independent of the size 
of the initial fibers. To explain why such dynamics of fusing 
and arrangement of filaments embedded in hydrogel matrix 
were observed, we considered the principle of minimum work 
in Murray’s law, which, in its general form, describes the bal-
ance and tradeoff between the energy needed to transport 
a mass through the microvessels and the energy needed to 
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Figure 5. Endothelial response to stimuli. A) Top: representative fluorescence (Ibidi slides) and confocal images (microchannels) show perinuclear 
upregulation of VCAM-1 in TNF-α-treated ECs; Magnification 20×. Bottom: data quantification. The graph shows the TNF-α-induced VCAM-1 expres-
sion determined by immunofluorescence staining. ** p < 0.005; *p < 0.001; ns: not significant. B) Top: representative fluorescence (Ibidi slides) and 
confocal images (microchannels) show cytoplasmic and perinuclear upregulation of E-selectin in TNF-α-treated ECs; Magnification 20×. Bottom: 
data quantification. Graphs show the TNF-α-induced E-selectin expression (total and perinuclear) determined by immunofluorescence staining. 
** p < 0.005; *p < 0.001; ns: not significant.
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maintain the mass within.[30] Assuming that such correlation 
applies to the systems in which the viscosity only depends on 
the shear,[31] the driving force to form branching structures in 
this study could follow the same principles and be based on 
the balance between residual pressure due to swelling, sur-
face energy at the interface, and the viscosity of the plasticized 
PcycloPrOx confined by a hydrogel matrix. In vivo, the correla-
tion between the diameter of parent and daughter vessels in the 
vascular system is such that the combined cross-section areas 
of daughter vessels is greater than that of the parent’s.[32] The 
measured diameters of microchannels created in this study 
were above the expansion ratio of 1.0, indicating that merging 
the PcycloPrOx microfibers resulted in a mass flow during 
the fusion process. This effect was independent of the initial 
diameter of fugitive scaffolds. Combining this mass flow with 
the smooth merging of the microfibers resulted in branching 
microchannels approaching the two requirements of minimum 
wall material and constant wall stress for microvessels.[33]

Integration of (micro)channels created by sacrificial tem-
plating into a perfusion system is a critical step that, if 
performed poorly, could potentially attenuate the intended 
functionality of the design. Traditionally, sacrificial templates 
and the perfusion apparatus are considered the two separate 
components of the artificial vascularized system. To enable per-
fusion, a common practice is to create in- and outflow paths 
during post-processing. In this way, through holes within fully 
crosslinked hydrogel matrices enclosing the sacrificial struc-
tures are usually created with the aid of (micro)needles. This 
procedure is susceptible to errors, especially in the case of 
micron-scale channels. Failure at this stage would damage the 
hydrogel matrix, causing leakage during perfusion and even 
loss of functionality. The methodology presented in this study 
wholly eliminates the errors caused by mishandling at the 
post-processing stage in conventional designs. The integrated 
design of sacrificial scaffolds within the perfusion chamber 
provides the opportunity to seal the in- and outflow regions of 
the hydrogel body prior to the addition of the pre-gel. More-
over, the application of PcycloPrOx as the adhesive for sealing 
the fluidic path creates a homogeneous and conformal con-
nection between the fluid reservoir and microchannels. Upon 
triggering the thermal stimulus, both the microchannel and 
the adhesive are removed quickly, creating a one-step process 
to fabricate an open microchannel system connected to fluid 
reservoirs. The precise positioning and fixation of sacrificial 
scaffolds is an essential part of the presented design, which 
could enable the customization of the flow path depending on 
the specific needs through the arrangement of the support sad-
dles. Thus, although the pre-fabrication of the sacrificial struc-
ture requires more steps than, for example, direct printing in a 
bioreactor, this approach has a number of advantages: First of 
all, the printing can be done without outer spatial restrictions 
on a flat substrate. The structures can be printed in a size and 
geometry that perfectly fits the bioreactor inlet and outlet, so 
that upon filling with gel, the channel is surrounded in three 
dimensions, without contact with any internal surface of the 
bioreactor. Moreover, the pick-and-place positioning of the sac-
rificial structure in the bioreactor is straightforward and easily 
done with a tweezer. Hence, the bioreactor design not only 
guarantees leakage-free perfusion, but in addition permits rapid 

assembly in labs where no printer is available. This decoupling 
of printing and assembly steps is therefore not only robust and 
reproducible, but it also allows virtually any biology lab to use 
this approach in combination with a large variety of biomaterial 
inks or bioinks.

Lack of vascular network may limit oxygen diffusion in 
thicker biofabricated constructs and cause cell death due to 
hypoxia. However, the microvasculature in vivo is more than a 
passive network of channels allowing the supply of oxygen and 
nutrients or removing metabolic byproducts. Its role in tissue 
function and orchestrating the response to hemodynamic and 
metabolic stimuli largely depend on vascular endothelium.[34,35] 
For the biological characterization of the generated system, 
we therefore used primary ECs. The endothelialization was 
performed by short-term static cell seeding to allow initial cell 
attachment, followed by fluid perfusion. Using this method, 
it was possible to achieve a confluent endothelial monolayer 
lining the inner part of the microchannel in three days.

In vivo, endothelium serves as an interface between blood 
and tissue, providing a semipermeable barrier that controls 
the exchange of molecules.[34,35] A functional endothelial bar-
rier restricts the passage of macromolecules larger than 
60–70 kDa.[36,37] On the other hand, increased permeability to 
macromolecules as large as 2000 kDa across endothelial mon-
olayers may occur depending on external stimuli that result 
in destabilization of the endothelial cytoskeleton, degradation 
of the glycocalyx, or disruption of cadherin-mediated cell–cell 
contacts.[37] In order to test the barrier function of endothelium 
lining our microchannels, we assessed the diffusion of fluores-
cently labeled dextrans from the channels into the surrounding 
hydrogels. Our results showed that the presence of endothelium 
significantly inhibited the passage of dextrans, both at low and 
high molecular weights, as compared with non-endothelialized 
channels. This indicates that the barrier function of endothelial 
cells lining at the inner surfaces of the microchannels is pre-
served and effective. It must be noted that monolayers of cul-
tured endothelial cells are usually 10 to 100 times more perme-
able to macromolecules than the endothelia of microvascular 
walls.[36] However, although microvascular endothelium acts as 
a barrier to large molecules, it is not an absolute barrier even in 
vivo.[38] Therefore, despite this limitation, our model can serve 
investigations of macromolecular transport across endothelium 
and intracellular processes associated with changes in endothe-
lial permeability.

The endothelium is not a passive barrier between blood and 
tissues, but is actively involved in hemostasis and inflammatory 
responses, besides fluid and solute exchange.[35,39] ECs respond 
to pro-inflammatory cytokine TNF-α with a rapid expression of 
cell adhesion molecules,[40,41] including E-selectin and VCAM-1, 
which are de novo synthesized within 30–120 min of TNF-
α stimulation[42] and transported to the endothelial surface. 
Our present results showed that TNF-α stimulation resulted 
in upregulation of VCAM-1 and E-selectin in ECs lining the 
lumen of the 3D channels, confirming that these cells maintain 
their function and responsiveness to inflammatory stimuli.

In vivo, the signaling pathways activated by laminar shear 
stress prevent inflammatory response in the vessels exposed to 
TNF-α.[40] We therefore compared the effects of TNF-α stimu-
lation in our models exposed to static or perfused conditions. 
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Although the used rocking system does not provide the typical 
unidirectional flow as present in the circulation, the reduction 
in the adhesion molecules expression was observed under per-
fused conditions. To gain an understanding of the flow condi-
tions prevailing in the 3D bifurcating microchannels exposed to 
perfusion by rocking, a numerical flow analysis was performed. 
The results showed that the small diameter of microchannels 
in this study with no active pressure during cycling resulted in 
slower flow velocity within the microvessels in different regions 
(≈0.33 cm s−1, with a maximum value of 0.78 cm s−1) as com-
pared to the data measured in vivo. As an example, in human 
finger vessels with diameters of 800 µm to 1.8 mm, arterial 
blood flow velocities ranging from 4.9–19 cm s−1 and venous 
blood flow velocities at 1.5–7.1 cm s−1 were reported.[43] In 
smaller human cortical venules (below 20 µm), time-averaged 
flow velocity was 0.5 cm s−1 in non-pulsatile veins and 1.1 cm s−1 
in pulsatile veins.[44] The average wall shear stress in different 
regions during each rocking half-cycle was also significantly 
below the values reported for the small arteries and veins,[45] 
which is mainly associated with relatively slow perfusion veloci-
ties and also operation in atmospheric pressure. Despite these 
differences in flow velocities and wall shear stress, we noted 
the protective effect of perfusion on the ECs exposed to TNF-α 
stimulation, both in 2D and 3D conditions. Therefore, the slow 
bi-directional flow used in the present experimental setup can, 
to some extent, mimic the beneficial effect of laminar flow in 
the vasculature. Considering the unique biomimetic character-
istics of this model and its straightforward assembly, the print-
and-fuse methodology promises a much broader use of vascu-
larized 3D tissue models in the biological community, where 
the need for such methods is dramatically growing.

4. Conclusions

This study introduces an integrative and facile approach for 
the reproducible generation of perfusable and functionally 
endothelialized microvascular networks within bulk hydrogels. 
The described method based on thermoresponsive PcycloPrOx 
scaffolds produced by MEW allows for the precise fabrication 
of sacrificially templated microchannels with good control 
over the dimensions within a hydrogel matrix. A specifically 
useful feature of the system is the high degree of freedom 
concerning the choice of hydrogel system, which makes it 
broadly applicable to a range of commonly used hydrogel for-
mulations with specific biochemical features. Furthermore, 
the print-and-fuse approach described here allows the genera-
tion of biomimetic bifurcations in a wide range of diameters 
and complexities. By the integrative design of the bioreactors 
tailored to the scaffold dimensions and characteristics, per-
fusable and interconnected channel networks are easily cre-
ated, ready for subsequent endothelialization and microscopic 
assessments. By providing a functional endothelial monolayer, 
our model can serve as a tool to investigate cell activation and 
signal transduction, macromolecular or drug transport, and 
intracellular processes associated with changes in endothelial 
permeability.

The advantages of the presented design for creating micro-
vascular networks include precise, reproducible and adaptable 

biomimetic channel diameters and designs, facile removal 
of sacrificial structures, the flexibility regarding the choice of 
hydrogel matrix, as well as rapid functional endothelialization. 
Those advantages thus make our print-and-fuse approach, 
which addresses some of the limitations of the current methods 
for creating microvascular constructs, a broadly applicable 
alternative platform for the generation of vascularized tissue 
models.

5. Experimental Section
Synthesis of PcycloPrOx: The monomer and the polymer were

synthesized and characterized according to literature (see Supporting 
Information for a detailed description).[29]

Melt Electrowriting: An in-house developed MEW printer was used 
to produce sacrificial scaffolds, and the related details are described 
elsewhere.[19] In order to produce homogenous fibers, the polymer 
reservoir in the MEW printer was equipped with two heating zones, one 
at the syringe body and another at the nozzle. Different temperature 
profiles for MEW of PcycloPrOx are listed in Table 1. A heated collector 
plate connected to a temperature controller (C448, Hotset, Germany) 
was used to enable precise control over fiber deposition. The G-code 
used to print the sacrificial scaffolds is described in the Supporting 
Information.

Design of Experiments for Prediction of Fiber Diameter: RSM was used 
to investigate the individual and interaction effects of MEW process 
parameters on the resultant PcycloPrOx diameter. Three process 
parameters at three levels were chosen to construct the DoE based on a 
Box-Behnken design with 3 center points using Design-Expert software 
(version 13, Stat-Ease, Inc., Minneapolis, MN, USA). The details of the 
parameters and their values are listed in Table 2. Fiber diameters were 
measured using a stereomicroscope (DMS-1000, Leica Microsystems, 
Germany) on scaffolds printed with one level of bifurcation. The 
obtained images were quantified using Fiji.[46] The final diameter value 
for each run was based on the average value of diameter obtained from 
at least 150 measurements on 15 different scaffolds, randomly chosen 
from a pool of 30 generated with the same experimental conditions. 
A polynomial equation was used to fit the experimental data, and it 
was evaluated by analysis of variance (ANOVA) and coefficient of 
determination (R2). The significant parameters were determined using 
F-value by calculating Fcritical and p-value with α = 0.05. A power model
transformation was used to find the best fit. The obtained model was
validated by producing 3 sets of different one-level bifurcated scaffolds,
with MEW parameters chosen randomly within the experimental range.

Design and Fabrication of Perfusion Bioreactor: A CAD model of the 
perfusion chambers was created using Solidworks 2018 (Dassault 
Systemes, Vélizy-Villacoublay, France). An Autodesk Ember digital light 
processing (DLP) 3D printer with Autodesk Print Studio slicer (Autodesk, 
San Rafael, USA) was used to fabricate the designed bioreactors. A 
FotoDent guide 405 nm (Dreve Dentamid GmbH, Unna, Germany) was 
used as the photopolymer resin.

Creation of Microchannels within Bioreactors: Sacrificial PcycloPrOx 
scaffolds were placed on the saddle supports of the bioreactors, 
fixed on their position using 1:1 dilution of 30 wt%/v PcycloPrOx in 
MilliQ solution. After drying the adhesive at room temperature, glass 
coverslips with the standard dimension of 25 × 60 mm were attached 
to the bottom part of the bioreactor using a fast-setting silicone resin 
(Dublisil 15, Dvreve, Germany). After setting the resin, bioreactors with 
sacrificial scaffolds were sterilized under UVC light for 15 min. GelMA 
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Table 1. Temperature (T.) profiles for MEW of PcycloPrOx.

Material T. syringe [°C] T. nozzle [°C] T. collector plate [°C]

PcycloPrOx 210 225 70
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(gel strength 300 g Bloom, 80% degree of substitution, Sigma-Aldrich, 
Munich, Germany) was dissolved in cell culture media at 7% final 
concentration at 37 °C. Lithium-phenyl-2,4,6-trimethylbenzoylphosphinat 
(LAP) was used as the photoinitiator. A 0.5 wt%/v stock solution of LAP 
in PBS was prepared and stored at 4  °C, and a final concentration of  
0.05 wt%/v was used to crosslink the GelMA hydrogel. Hydrogel 
precursors to prepare 400 µL of final hydrogel were inserted into the 
main chamber of the bioreactor and crosslinked by a UVA light source 
(Vilber Lourmat, Marne-la-Vallée, France) for 8 min. Once crosslinking 
was completed, PBS solution was added to the bioreactor chambers 
to dissolve the sacrificial scaffold, and if demanded, bioreactors were 
placed shortly on ice to reduce the dissolution time.

Computed Tomography: A C-arm cone-beam CT scanner (Siemens 
Artis zee floor, Siemens Healthcare, Forchheim, Germany) was used 
for the 3D visualization of the vessels. Following the studies on optimal 
dosing and dilution of the contrast agent, an 8-second digital subtraction 
angiography H-run with a tube voltage adjusted to 55 kV was performed 
to obtain the 3D sequences. After recording the native sequence, 
5 mL of a sodium iodide solution of 100 mg mL−1 was injected into the 
channel for the contrast-enhanced sequence. The 3D reconstruction 
of chambers and microchannels was done with a voxel edge length of  
0.18 mm. The software MultiModality Workplace (Siemens Healthcare) 
was used to process the 3D volume data. This technique allowed spatial 
visualization of the course of the microchannel inside the bioreactor. The 
movie recording was done with Camtasia Studio software (TechSmith, 
Okemos, MI, USA).

Computational Flow Analysis: The reconstruction of the 3D models 
was performed in Solidworks software (Dassault Systèmes, Vélizy-
Villacoublay, France). The 3D model of the real geometry was 
produced based on the 3D mosaic stacks of the whole endothelialized 
microchannels acquired using multiphoton microscopy. The parent 
and daughter sections of bifurcated microvessels were generated by a 
controlled loft function of an ellipse cross-section with the ratio of the 
diameters of 4:3.1 along the degree 9 Bezier curves. The apex radius of 
the bifurcation zones was extracted from the microscopy images. The 3D 
models with different bifurcation angles were designed by a parametric 
approach described elsewhere.[47] For the parent and daughter segments, 
circular cross-sections with diameters of 500 and 400 microns were 
considered, respectively.

The flow profile of cell culture media or blood in 3D models of 
bifurcated microchannels was computed using Ansys Fluent (Ansys, 
Canonsburg, PA, USA). The inlet mass flux was determined based on 
experimental values. The viscosity and density of the cell culture media 
were obtained from the data reported by Poon.[48] The in vitro viscosity 
law developed by Pries et  al.[49] at the parent vessel was adopted and 
implemented for both parent and daughter segments. The hematocrit 
for the determination of blood viscosity was fixed at 0.45. Both the cell 
culture media and the adopted blood viscosity profiles were assumed 
to behave as Newtonian fluids. The influence of gravity on flow during 
the perfusion was considered in all the computations with atmospheric 
pressure as boundary condition.

Endothelial Cell Seeding: Primary human umbilical vein endothelial 
cells (ECs) were isolated from freshly collected umbilical cords by a 
standard technique.[50] Isolated cells were maintained in an endothelial 
cell growth medium (Promo Cell, Heidelberg, Germany) with the 
endothelial cell growth supplement containing 5% fetal calf serum, 
4 µL mL−1 heparin, 10 ng mL−1 epidermal growth factor and 1 µg mL−1 
hydrocortisone, in a humidified 5% CO2 incubator. The use of human 

material was approved by the Ethics Committee of the Faculty of 
Medicine at the University of Erlangen-Nürnberg (case no. 246-13B). 
All subjects enrolled in this research have given informed consent 
according to the ethical guidelines. In all experiments, ECs at passages 
1–3 were used.

Microchannels were coated with fibronectin solution at 50 µg mL−1 
end concentration for 1 h at 37  °C. Channels were washed once with 
PBS after the coating process. ECs suspension was prepared at 7 × 106 
cells in 100 µL of cell culture media, and 10 µL batches were seeded 
into the channels. After cell seeding, the bioreactors were left under 
static conditions for 30 min at 37  °C in a humidified CO2 incubator, 
and bioreactors were turned upside down after 15 min to enhance the 
homogeneity of the cell attachment. After 30 min, 750 µL of cell culture 
media was added to the inlet, and outlet chambers and bioreactors 
were placed on an interval rocker platform (MIMETAS BV Leiden, 
Netherlands). For the perfusion cell seeding, 1 × 106 cells per bioreactor 
were suspended in 1000 µL of cell culture media and applied directly into 
the inlet and outlet chambers (500 µL volume per side). Immediately 
afterward, samples were placed on the interval rocker platform. The 
rocker was set for continuous perfusion at a 10-degree inclination and 
a 10-min cycle timer. Cell attachment was controlled 24 h post-seeding 
by light microscopy with Axiovert 40 CFL (Zeiss, Jena, Germany). 
Microchannels with less than 70% cell coverage underwent a secondary 
cell seeding at a 48 h time point to achieve a fully confluent endothelial 
layer on day 3.

Characterization of the Endothelial Layer: To evaluate the density of the 
endothelial monolayer on the microchannel surface, cell-seeded samples 
were imaged daily by an inverted microscope, and the endothelialized 
area was calculated by Fiji[46] software. When a full endothelial monolayer 
was achieved, cells were stained with fluorescent dyes including 
Hoechst 33342, Sytox Green, rhodamine phalloidin (Invitrogen, Thermo-
Fisher, Schwerte, Germany), and Alexa Fluor 488- conjugated phalloidin 
(Promokine, Heidelberg, Germany) to visualize the cell nuclei and 
cytoskeleton. Cells were fixed with 4% buffered paraformaldehyde and 
permeabilized with 0.2% Triton X-100 in PBS. F-actin filaments of cells 
were stained either stained with rhodamine phalloidin with the final 
concentration of 200 units/mL or with Alexa Fluor 488-conjugated 
phalloidin at 1:100 dilution depending on the microscope type. Nuclei 
were visualized using Sytox Green at 1:1000 dilution or Hoechst 33342 
with the final concentration of 0.5 µm depending on the microscope 
type. The main reason for choosing different wavelengths of nuclei 
staining solutions for different microscopes was the laser configuration 
of the respective devices. Cell morphology was observed using an 
upright SP5X laser scanning confocal microscope (Leica Microsystems 
GmbH, Wetzlar, Germany) with a 20×/1.0 NA water immersion objective. 
Additional staining of cell–cell contacts was performed using an 
anti-CD31 antibody (monoclonal rabbit anti-human, Clone SP38, dilution 
1:50, Sigma-Aldrich) and the secondary Alexa Fluor 647-conjugated goat 
anti-rabbit antibody (Invitrogen). Stained cells were visualized by Leica 
Thunder 3D Imager Widefield with 10× dry objective (Leica Microsystems 
GmbH, Wetzlar, Germany).

The endothelialized channels embedded in hydrogel were 
subsequently imaged within the bioreactor. An upright multiphoton 
microscope system (TriMScope II, LaVision BioTec, Bielefeld, Germany) 
described in ref. [51] was employed. The large overview 3D mosaics of 
a whole construct were acquired with a Nikon Plan Fluor 10×/0.3NA 
objective (Nikon Corporation, Tokyo, Japan). Detailed high-resolution 
image stacks of smaller regions of interest were acquired with a 
25×/0.95NA HC FLUOTAR L objective (Leica Microsystems GmbH). 
Images were recorded using an excitation wavelength of 810  nm and 
detecting the two-photon fluorescence using 450 (450/70, shown as 
blue), 525 (525/50, shown as green), and 620  nm (620/60, shown as 
red) emission filters (Chroma Technology group, Acal BFi Germany 
GmbH, Dietzenbach, Germany). The full-construct 3D mosaic was 
acquired with a voxel size of 1 × 1 × 1 µm3 with a 1.1 × 1.1 mm2 field of 
view of each mosaic piece. The high-resolution image stacks of regions 
of interest were acquired with a voxel size of 0.4 × 0.4 × 1  µm3 in a 
0.4 × 0.4 mm2 field of view. The mosaic pieces were acquired with 10% 

Table 2. Parameters and their corresponding ranges (coded and actual 
values) for the creation of different runs of the DoE.

Parameters Coded Coded levels (actual values)

Pressure [bar] P −1 (1) 0 (1.5) +1 (2)

Voltage [kV] V −1 (2.5) 0 (3.0) +1 (3.5)

Distance [mm] H −1 (3.0) 0 (3.5) +1 (4.0)
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overlap. Stitching[52] and reconstruction[51] operations were performed 
using Fiji[46] on the volumetric image segments. Fly-by videos were 
generated with the Imaris image analysis software (Bitplane, Belfast, 
United Kingdom).

Endothelial Functionality Assays: FITC labeled dextrans at two different 
molecular weights were introduced to microchannels with and without 
EC monolayer to quantify and visualize the endothelial barrier function. 
20 kDa FITC–dextran (FD20, Sigma-Aldrich) and 200 kDa FITC–dextran 
(FD200, Sigma-Aldrich) solutions were prepared at 0.5 mg mL−1 end 
concentration in cell culture media. The solutions were added to the 
inlet reservoir of the respective microchannels individually. Fluorescence 
images were taken at 0 h (immediately after injection) and after 2 h 
using the 10× objective of Zeiss Axio Observer Z1 microscope (Zeiss). 
The permeability of microchannels was assessed by analyzing the 
diffusion of FITC probes into the hydrogel matrix. The average integrated 
density (Av. IntDen) of 20 different equal regions from each sample’s 
microchannel and hydrogel matrix was measured using Fiji.[46] The 
following equation was used to calculate the diffusion percentage:

= + ×Diffusion(%)
.IntDen(Hydrogel Matrix)

.IntDen(Hydrogel Matrix) .IntDen(Microchannel)
100

Av
Av Av

(3)

The effects of TNF-α stimulation on endothelial protein expression 
were analyzed immunocytochemically. Commercially available Ibidi 
y-shaped slides were used as experiment control (Ibidi, Munich,
Germany). ECs at 7 × 105 mL−1 were seeded inside the bifurcating
y-shaped slides and grown until confluence. In parallel, endothelialized
microchannels were prepared as mentioned above. Static and perfusion
controls (without TNF-α) were prepared for both conditions. ECs were
stimulated with TNF-α (PELOBiotech, Planegg, Germany) at 2.5 ng mL−1

for 3 h.[53] Afterward, ECs were fixed with 4% paraformaldehyde, followed
by permeabilization with 0.2% Triton X-100 in PBS blocked with 1% fetal
calf serum for 1 h at room temperature. Monoclonal antibodies against
vascular cell adhesion molecule-1 (VCAM-1, 1:100) and E-selectin (Clone
BBIG-E4, 1:100) from R&D Systems (Wiesbaden, Germany) were applied
overnight at 4  °C. Secondary antibody staining was performed with
anti-mouse IgG coupled to Alexa Fluor 488 at 1:250 dilution (Molecular
Probes, Karlsruhe, Germany) for 1 h and samples washed with PBS
before microscopy to remove the leftover staining solution. Images of
Ibidi slides were obtained using Zeiss Axio Observer Z1 microscope
(Zeiss), and endothelialized microchannels were imaged using an
upright SP5X laser scanning confocal microscope (Leica Microsystems
GmbH, Wetzlar, Germany) with a 20×/1.0 NA water immersion
objective. Images representing the same conditions were taken at
the same exposure time or laser power to quantify protein expression
differences properly. For quantification purposes, MetaVue software was
used (Molecular Devices, Munich, Germany). Background signals were
subtracted for every sample, and thresholded protein expression levels
were expressed as arbitrary fluorescence units.

Statistical Analysis: All experiments were repeated independently two 
times and ran in triplicates. Unless stated otherwise, data obtained from 
different assays are presented as mean ± standard error of mean (SEM). 
The analysis of differences in dextran diffusion between the samples 
was performed using one-way ANOVA followed by all pairwise multiple 
comparisons. The differences in adhesion molecule expression between 
static and perfused samples were evaluated using Mann–Whitney U-test 
for samples with non-parametric distribution or by t-test for samples 
with normal distribution. p < 0.05 was considered statistically significant. 
SigmaPlot 12.3 Software was used for statistical analyses.
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from the author.
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