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Long-term physiological flow rescues
regressed microvascular networks and
increases their longevity
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The incorporation of a functional perfusable microvascular network (MVN) is a common requirement
for most organ on-chip-models. Long-term perfusion of MVNs is often required for the maturation of
organ phenotypes and disease pathologies and to model the transport of cells and drugs entering
organs. Here, we use a microfluidic pump to apply continuous, recirculating physiological flow through
self-assembler microvascular networks. In our microphysiological system (MPS), we observe that flow
can recover perfusion in regressed MVNs and maintain perfusable MVNs for at least 51 days.
Throughout the 51 days, however, the MVNSs are continuously remodeling to align with the direction of
bulk flow and only appear to attain morphological homeostasis with the use of maintenance medium
without growth factors. We observed that the flow resistance of the MVNs decreases over time, and
using a computational model, we show that stable vessels have higher flow rates and velocities
compared to regressing vessels. Cytokine analysis suggests that static conditions generate an
inflammatory state, and that continuous flow reduces inflammation over an extended period. Finally,
through bulk RNA sequencing we identify that both the endothelial and fibroblast cells are actively
engaged in flow-induced vascular and matrix remodeling and that these effects persist for at least

2 weeks. This MPS can be applied to study hemodynamically driven processes, such as metastatic
dissemination or drug distribution, or to model long-term diseases previously not captured by MPS,
such as chronic inflammation or aging-associated diseases.

Incorporating continuously perfused 3D microvascular networks (MVNs)
within microphysiological systems (MPS) is critical to developing novel
models of disease. While the capabilities of MPS in modeling diseases have
significantly expanded in recent years, there is a need to develop new vas-
cularized MPS that allow for continuous monitoring of hemodynamic
processes such as drug transport or cancer metastatic dissemination, and
that capture long-term disease dynamics central to age-related cellular
changes, chronic diseases, or inflammatory processes. In each case, the value
of the MPS is enhanced by closely mimicking physiological flow conditions
and the morphology of the organ’s specific microvascular bed. Local
changes in blood flow dynamics, dictated by changing vascular morphology,
are often associated with disease states, such as inflammation’. In the case of
cancer, the inflammatory state of the endothelium is crucial as it influences

immune or tumor cell adhesion, their retention at the site of adhesion, and
their transendothelial migration. Furthermore, inflammation may also
affect MVNs. Inflammation promotes angiogenesis, EC proliferation and
migration, increases vascular permeability, and facilitates extracellular
matrix (ECM) remodeling™. Capturing the inflammatory state of the
endothelium is therefore critical for modeling the immune response.
Continuous perfusion of MVNs is a promising approach to meet the
requirements of capturing hemodynamic processes and long-term disease
dynamics.

MPS that incorporate self-assembled MV N s are an attractive approach
to modeling such dynamics because their morphology closely mimics that of
the in vivo microcirculation. Such MVNs typically form over 4 to 7 days and
are grown statically for up to 14 days before regression sets in refs. 4,5. This
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culture period has enabled numerous important studies: circulating
immune cells have been introduced to investigate the role they play in
various diseases, notably metastatic cancer’®, and the subcutaneous
absorption of drugs has been characterized’. These studies, however, lack the
incorporation of hemodynamics.

Most MPS studies incorporating continuous perfusion of MVNs have
limited their perfusion periods to 24-h to 7 days (up to 14 days total)’"".
Luminal flow conditioning over two days was shown to have anti-
inflammatory effects'’, and in a similar microfluidic device, luminal flow
was shown to promote the longevity of placental MVNs for up to 14 days’.
Moreover, the magnitude of flow rate and its corresponding velocity and
wall shear stress (WSS) were shown to influence vascular diameters'*. Static
culture and low flow perfusion of MVNs resulted in regression and
decreases in vascular diameters over 14 days’, while relatively high flow
supplied by a microfluidic pump resulted in increases in vascular diameters
over two days of continuous perfusion''. Although these studies have pro-
vided important insights into the application of relatively short-term flow, a
detailed characterization of the effect of long-term (>14 days) physiological
luminal flow on the morphology and function of MVNs is currently
missing.

Here we present an MPS with 3D MVNss perfused with a microfluidic
pump for 51 days and note several important phenomena. Continuous flow
recovers perfusion of regressed vessels, and in perfusing initially healthy
vessels, we observe long-term (weeks) remodeling of the MVNs. Compu-
tational modeling of the MVNs provides insights into determining how
individual vessel segments will remodel. Furthermore, long-term flow is
shown to reduce inflammation of the MVNs. Finally, bulk transcriptomic
analysis reveals governing pathways in the remodeling MVNs. The full

a

characterization of this long-term, continuously perfused MPS provides
insights into vascular responses to flow in engineered platforms and can be
used to study long-term diseases and to incorporate aspects of hemody-
namic processes previously not captured by MPS.

Results

Physiological flow rescues perfusion in regressed vessels
Vascular networks grown under static conditions begin to regress after
about 14 days in culture and are therefore of limited use for long-term
experiments. To address this, we examined the ability of physiological flow
to recover networks that were on the verge of losing perfusability. MVNs
were grown in a previously described device'' and flow was provided by a
microfluidic pump* to introduce flow at a specified time (Fig. 1a—c). The
pulsatility index, which is the difference between the maximum and mini-
mum velocities divided by the average velocity, of the steady state flow was
0.30 (Fig. 1d), comparable to the in vivo pulsatility index of cerebral mouse
microcirculation. Notably, the pump input pressure was held constant at
6 kPa for all flow experiments, which yielded the flow rates and pressure
drops shown in Supplementary Fig. 1. In brief, the flow rate was <10 pL/min
and increased to ~140 pL/min as the hydraulic resistance of the MVNs
decreased, which corresponds roughly to a pressure difference of ~1000 Pa
and decreasing to ~250 Pa. Network morphology, perfusability, and per-
meability were chosen as the three key features that could be compared
directly to in vivo microcirculation.

Visually, MVNs under static conditions were fully formed and inter-
connected on day 7 (Fig. 2a) and then began to narrow, lose connections
and, ultimately, cease to be perfusable (Fig. 2a). Under static conditions,
most MVNs were perfusable by day 7 but then regressed and lost perfusion
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Fig. 1 | Experimental timeline and setup used for pump flow experiments. a The
timeline for seeding and MVN formation in a microfluidic device. b A microfluidic
pump is attached to the microfluidic device to introduce flow. ¢ The pump generates
recirculating flow by a pressure drop across the microvascular networks. Pump

components are labeled. d The input pressure profile to the pump oscillates between
a user-defined peak pressure and atmospheric pressure at a user-defined frequency.
The corresponding bulk flow rate (trace is a moving average over 250 ms) quickly
reaches steady flow within seconds of the input pressure commencing.
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Fig. 2 | Flow can rescue perfusion in regressed vessels. a Images of the same
vascular bed over time. Scale bar is 200 pm. b The perfusable area fraction of devices
and c the collective perfusability of MVNis is reported. The average vessel diameter

(d), length (e), vessel density (f), and vessel area (g) are reported. h The permeability
of the recovered vessels on day 22 and control vessels on day 7 were measured.
n=3-10 MVNSs.

by day 12 (Fig. 2a—c). Flow commenced on day 12 and by day 15 the
perfusable network fraction significantly increased compared to day 12
(Fig. 2a—c). MVN regression was heterogeneous. While Fig. 2a shows one
scenario, where MVNs were initially perfusable and rapidly lost

perfusability by day 8, other MVNs that were not perfusable on day 7 and
continued to regress through day 12 also demonstrated recovery of perfu-
sability within 24 h of initiating flow (Supplementary Fig. 2). In other cases,
MVNs remained partially perfusable through day 12 (Fig. 2b, ¢). During the
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regression period (days 7-12), no differences in average MVN morphology
were observed, likely due to measuring the average of the morphological
features (Fig. 2d-g). During the subsequent flow period (days 12-22), the
average diameter (Fig. 2d) and average length (Fig. 2e) increased, the vas-
cular density decreased (Fig. 2f), and the vessel projected area (projected
onto the x-y plane) increased until day 15 (Fig. 2g). The initial increase and
subsequent decrease in vessel projected area (Fig. 2g), may be explained by
vessel pruning, where vessels initially increase in diameter upon flow
commencing, leading to an increase in projected vessel area, vessel pruning
reduces the number of vessels (Fig. 2f) ultimately resulting in a decrease of
the projected vessel area. The permeability of the recovered MVNs on day 22
(10 days with flow) was comparable to MVNs on day 7 (Fig. 2h). Fur-
thermore, the perfusability of MVNs seeded in a high concentration of
fibrinogen (5 mg/mL) (high fibrinogen MVNs) was also rescued by flow
(Supplementary Fig. 3). While the high fibrinogen MVNss initially appeared
less connected and had smaller radii compared to control MVNs (3 mg/mL
fibrinogen), after 6 days of flow the high fibrinogen MVNs were fully per-
fusable, visually appeared similar and exhibited no significant differences in
morphological parameters, with the exception of vessel area coverage that
was reduced by ~ one third compared to control MVNs (Supplementary Fig
3). These results demonstrate that in vitro vascular networks can be rescued
up to, and even beyond the time at which they lose perfusability. Thereafter,
remodeling continues while vascular permeability remains relatively
constant.

Luminal flow increases the longevity of MVNs

Next, the question of how long the effects of flow can maintain barrier
integrity was addressed. For all subsequent experiments, flow commenced
on day 7. Application of flow to the MVNs was observed to increase their
longevity but the resulting MVNs progressively grew in diameter, eventually
failing to resemble in vivo vasculature (Fig. 3a). Reasoning that the con-
tinued presence of growth factors in the media could be partly responsible,
new experiments were performed with different media compositions. The
supplemental growth factors present in growth medium were ultimately
found to play a role in the morphological remodeling of the MVNs in
response to flow and growth factors, leading to the uncontrolled growth
(Fig. 3a). To counteract this, medium without the supplemental growth
factors, termed maintenance medium from here on, was used and the
MVNs were found to be perfusable for 51 days when experiments were
terminated, though the system could have persisted for longer time (Fig. 3a).
Conversely, MVNs cultured with maintenance medium under static con-
ditions regressed and lost perfusion by day 12 (Supplementary Fig. 4),
similar to culture with regular growth medium under static conditions. In
view of these findings, all subsequent flow experiments used growth med-
ium for the first 7 days during vessel growth and were transitioned to
maintenance medium from the time that flow was started on day 7 unless
otherwise specified.

Under these conditions, despite improved stability, the MVNs
continued to undergo remodeling over the course of 51 days (Fig. 3a,
bottom row). Prior to commencing flow, smaller vessel radii were
predominated, but as the MVNs remodeled due to flow, the distribution
of vessel radii increased to be nearly uniform by day 51, at which time
large and small vessel radii were similarly likely to be present (Fig. 3b).
(Note that, at all time points, there was a spurious peak in the dis-
tributions at large radii; this was an artifact of the segmentation and
skeletonization algorithm used that sets a limit on the maximum
allowable vessel radius to avoid erroneous measurements.) Similarly,
while the distribution of vessel lengths followed a truncated Gaussian
distribution with a bias towards shorter vessels prior to flow, with time
the distribution flattened and broadened until day 51, where long vessels
were equally likely to be present as short vessels (Fig. 3b). During the
44 days of flow, the average vessel diameter increased ~3-fold (Fig. 3¢)
and the average vessel length increased ~4-fold (Fig. 3d). The vascular
density sharply declined in the first two weeks of flow, and by day 51
there was an 11-fold reduction compared to day 7 (Fig. 3e). The area

occupied by the vessels declined in the first week of flow and then
remained steady (Fig. 3f). Despite the continued changes in the average
of the vessel morphology parameters, the main flow paths were already
apparent by day 24 (Supplementary Fig. 5). Notably, vessel orientation
changed dramatically over time with continuous flow (Fig. 3g). From
day 7 to 15, vessels had little directional orientation, but by day 51, most
vessels became aligned with the direction of the pressure drop across the
MVNs, due to a combination of regression of vessels perpendicular to
the overall pressure gradient and persistence and growth of those par-
allel to it. The sum of the vessel lengths exhibited this same trend but also
demonstrated a large degree of vascular pruning with a dramatic
reduction overall in vascular lengths (Fig. 3h). For both probability and
sum of vessel lengths cases, only small differences were noted between
days 7 and 16, but by day 51 most of the MVN length was oriented in the
direction of the pressure drop across the MVNs. These results indicate
significant directional remodeling between days 16 and 51. Thus, while
the rate of change in vascular morphology slowed over time, some
changes continued even through day 51, suggesting that the MVNs
remained dynamic.

Changes in the functionality of the vascular networks were also eval-
uated. Permeability values were found to remain low between days 7 and 31,
ranging between 1 x10~” cm/s and 3 x10~” cm/s for a 70 kDa FITC-dextran
(Fig. 3 i, Supplementary Fig. 6), on the order of previously reported values'’.
Notably, the variability in permeability lessened over time, suggesting that
the networks were functioning more uniformly. The hydraulic resistance of
the MVNs, which is the resistance to fluid flow and calculated following an
analytical relationship (Supplementary Fig. 7), was ~1 x10"* Passem ™ on
day 7 when the networks first became fully perfusable, then proceeded to
decrease during one week of flow as the diameters of the largest vessels
increased, and then remained stable between 1 x10" and 1 x10"> Paesem
through day 22 (Fig. 3j). Cell-cell junctions, evaluated through immuno-
fluorescence staining of VE-cadherin, remained intact between days 7 and
14 (Supplementary Fig. 8). Furthermore, live/dead staining indicated the
MVNs were mostly composed of live cells at days 7 and 14 (Supplementary
Fig. 9). Luminal flow therefore prolongs the life of MVNs and leads the
MVNs to morphologically remodel while maintaining low values of
permeability.

Unidirectional flow maintains vascular perfusability better than
flow with alternating direction

Intravascular flow is widely recognized as exerting a strong influence on
network morphology and function. To explore this further, the effect of flow
with alternating direction was examined as used in previously reported
experiments incorporating hydrostatic pressure to generate flows on a
rocker platform (Supplementary Fig. 10a)"’. Three conditions were com-
pared: 1) MVNs with rocker flow and with growth medium, 2) MVNs with
rocker flow and with maintenance medium, and 3) MVNs with pump flow
and maintenance medium. Note that the two experiments differed not only
in the presence or absence of flow reversal, but also in terms of the peak or
mean pressure drop across the MVN. For MVNs with a hydraulic resistance
of 1e12 Paesem >, the peak pump flow rate was ~70 pL/min while the peak
rocker flow rate was computed to be ~0.6 pL/min. Prior to flow, on day 7, all
MVNs looked similar (Supplementary Fig. 10b). By day 16 (9 days of flow),
the MVNSs on the rocker with growth medium remained perfusable, but
were narrow and did not appear to be aligned with the bidirectional pressure
gradient (Supplementary Fig. 10b). Conversely, the MVNs on the rocker
with maintenance medium regressed and lost perfusability by day 16
(Supplementary Fig. 10b). The MVNs with unidirectional flow and main-
tenance medium, however, were perfusable and appeared to align with the
direction of flow by day 16 (Supplementary Fig. 10b) consistent with the
results above. The stark difference between the perfusability and mor-
phology of the MVNSs between the rocker and pump flow using main-
tenance medium indicates that both the magnitude of flow and the
directionality of the flow has significant effects on the long-term perfusa-
bility of MVNs.
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Fig. 3 | Pump flow increases the longevity of MVNs and vessels align with the

direction of flow. a Representative images of MVNs grown statically, with flow and
growth medium, or with flow and maintenance medium are shown perfused with
dextran at selected timepoints. Scale bar is 300 um. All the following figures are for
MVNs with maintenance medium and pump flow (b-j). b The distribution of vessel

radius (i) and length (ii) on days 7, 16, 30, and 51. The average diameter (c), average
length (d), vascular density (e), and % area occupied by the vessels (f) are reported
from day 7 to day 51. g Vessel orientation probability and h the orientation of the
sum of vessel lengths is reported. i Permeability and j hydraulic resistance of the
vessels over time. #n=4-11 MVNs.

Computational modeling reveals the role of flow rate, flow velo-
city and shear stress in the remodeling of MVNs

A previously published computational model" of the MV Ns was adapted to
analyze differences in flow characteristics between stable and regressing

vessels. Analysis was performed on vessels at day 14 and vessel segments
were categorized as either stable or regressing by observing whether they had
regressed by day 21 (Fig. 4a). The average radius of the stable vessels (150 +/
— 69 um) was significantly higher than that of regressing vessels (40 +/
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Fig. 4 | Stable vessels have different flow characteristics than regressing vessels.
a Stable and regressing vessels were identified by comparing segmented images of
vessels between day 14 and 21. Subsequent flow simulations and analysis were
performed on the categorized day 14 vessels. The vessel radii (b), WSS (c), velocity
(d), and flow rate (e) among stable and regressing vessels was compared. f, g A

correlation analysis between vessel radius and velocity, flow rate, or WSS was con-
ducted. A radius perturbation analysis was conducted and the change in WSS (h),
velocity (i), or flow rate (j) with respect to change in radius vs. the original flow
properties is reported, along with results from a 2D permutation test and linear
decision boundary analysis. n = 12-15 vessel segments from 3 MVNs.
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— 24 um) (Fig. 4b). Surprisingly, however, there was no difference in the
average wall shear stress (WSS, 1) in stable or regressing vessels (Fig. 4c),
whereas the average flow velocity (Fig. 4d) and flow rate (Fig. 4e) were
significantly higher in the stable vessels compared to regressing vessels. Since
vessel radius plays a significant role in the level of flow a vessel receives, the
correlation between vessel radius and the various flow parameters was
analyzed (Fig. 4f, g). In the regressing vessels, there was a strong and sig-
nificant correlation between vessel radius and velocity (r =0.5693), and
radius and flow rate (r = 0.8323) (Fig. 4f). In the stable vessels, there was a
significant and strong correlation (r = 0.6253) between the vessel radius and
flow rate (Fig. 4g). Note, the vessel diameters were measured from 2D
maximum image projections in the x-y plane, which do not consider the
roughly two-to-one ellipticity ratio of the vessel cross sections (Supple-
mentary Fig. 11). While WSS is influenced by the velocity gradient at the
vessel wall, it also depends on vessel diameter. Here, regressing vessels
exhibited reduced diameters, which led to higher flow velocities and rates for
a given volumetric flow. However, because WSS is proportional to both the
velocity gradient and the dynamic viscosity, the increased velocity in nar-
rower vessels was offset by the smaller diameter, resulting in similar WSS
values between regressing and stable vessels. Thus, even though flow velocity
and rate increased, the concurrent decrease in vessel diameter maintained
the WSS at comparable levels across these groups. The computational model
was then used to systematically perturb the vessel diameters individually,
decreasing their diameter by 10% and observing changes in WSS, velocity
(v), and volume flow rate (Q) (Fig. 4h—j). Most regressing vessels experi-
enced a decrease in their WSS (Fig. 4h) and velocity (Fig. 4i), while most
stable vessels experienced an increase in WSS (Fig. 4h) and velocity (Fig. 4i).
All vessels experienced a decrease in flow rate because of the perturbation
(Fig. 4j). The vessels were next compared in a 2D parameter space: one
dimension was the change in flow parameter (ie. T, v, Q) with respect to the
change in radius, and the second dimension was the absolute value of the
flow rate. A 2D permutation test showed that the regressed vessels were
significantly different than the stable vessels for all three flow parameter
space comparisons (Fig. 4h—j). The separation accuracies of a linear decision
boundary analysis were about 74% for the T space and about 89% for the v
and Q spaces (Fig. 4h-j). Computational modeling thus revealed that
velocity and flow rate play a critical role in the remodeling process of the
MVNs, somewhat more so than shear stress in the present experiments.

Continuous perfusion reduces vessel inflammation

The concentration of inflammatory cytokines produced by static MVNs and
MVNss cultured with flow (both with maintenance medium) was analyzed
in a multiplexed inflammatory cytokine assay and compared for early time
points (day 9 and day 11) before static MVNs significantly regressed and lost
perfusion (Fig. 5a). By day 9, the concentrations of GM-CSF (Fig. 5b) and
IL-1RA (Fig. 5d) were significantly lower in flow MVNs compared to static
MVNs while there was no difference in IL-1p (Fig. 5¢) and the concentration
of IL-8 (Fig. 5f) was lower in flow MVNs by day 11. IL-6 (Fig. 5e) was
significantly increased in flow MVNs on day 9 but dropped to comparable
levels to static MVNs by day 11. These results indicate that inflammatory
cytokines significantly decrease within the first few days of adding pump
flow to MVNs. Long-term tracking of inflammatory cytokines was also
conducted. The supernatant from MVNGs at days 7 (static), 14 (one week of
flow), and 22 (two weeks of flow) was collected after 24 hours of con-
ditioning with the MVNs (Fig. 5g). The concentration of GM-CSF (Fig. 5h),
IL-1p (Fig. 5i), and IL-8 (Fig. 51) significantly decreased with 2 weeks of flow,
indicating the MV Ns became less inflamed and consistent with the shorter-
term experimental results. These cytokines are known to have various
functions in the immune response: GM-CSF has been shown to act on
macrophages and neutrophils by increasing their survival and activation'’,
IL-1p is known to induce expression of VCAM-1, which in turn contributes
to leukocyte recruitment'®, and IL-8 primarily acts to recruit monocytes and
macrophages to an inflamed site'”. GM-CSF, IL-1B, and IL-8 may be
secreted from both ECs and fibroblasts (FBs)'”'**". While the other analyzed
cytokines are known to play a role in vascular inflammation and

remodeling, their concentrations did not decrease significantly with flow
and time (Fig. 5j, k, Supplementary Fig. 12). While the concentration of IL-6
tended to decrease over time, the differences did not reach statistical sig-
nificance. This may be due to its role in chronic inflammation and tissue
repair, whereas IL-8 is primarily associated with acute inflammation’".
Furthermore, on day 7, growth medium and static conditions were used,
while on days 14 and 22 maintenance medium and flow conditions were
used, therefore the changes in cytokine concentrations were attributed to
both the change in medium and the introduction of flow. To study the role
of media type on the concentration of inflammatory cytokines, static 2D
transwell cultures with ECs and FBs were conducted up to day 22 (Sup-
plementary Fig. 13). While the concentrations of GM-CSF and IL-8 sig-
nificantly increased in growth medium compared to maintenance medium
at later time points, there were no differences in the concentrations of IL-1p,
IL-1RA, or IL-6 between the two media types at days 14 and 22 (Supple-
mentary Fig. 13). These data indicate that media type significantly impacts
the inflammatory state of ECs. Importantly, the reduction in IL-1f and IL-
1RA observed in both short- and long-term flow-conditioned MVNs is
likely attributable to continuous perfusion rather than media type. These
findings underscore the highly inflamed state of vascular networks lacking
flow and/or with high levels of growth factors and argue for the use of
continuous flow and maintenance medium for experiments in which the
inflammatory state of the vasculature is key.

Bulk RNA sequencing provides an assessment of MVN
response to flow

To identify differentially expressed genes (DEGs) as a function of duration
of flow conditioning, the transcriptomes of the ECs and FBs from MVNs at
days 7, 15 (8 days of flow), and 24 (17 days of flow) were analyzed using bulk
RNA sequencing (RNAseq) (Fig. 6a). The pairwise comparisons demon-
strated distinct clustering patterns (Fig. 6b, c). Volcano plots for the pairwise
comparisons show the up-regulated and down-regulated (red) DEGs
(p-adjust < 0.05, |log, fold change|>1) (Fig. 6d). ICAM-1 was downregulated
in ECs at day 24 compared to days 15 and 7, and VCAM-1 was down-
regulated in ECs at day 15 compared to day 7, potentially indicating a less
inflamed state. Inflammation triggers increased expression of ICAM-1 and
VCAM-1, which facilitate leukocyte transendothelial migration™ .
VCAM-1 gene expression has been shown to be inhibited in regions of
laminar flow, mediated through shear stress-regulated genes such as
endothelial nitric oxide synthase or superoxide dismutase'®. mRNA
expression of HMOX1, GCLM, and NQOI was upregulated in ECs at day 15
and day 24. HMOX1, GCLM, and NQOL1 proteins have been shown to be
upregulated in ECs exposed to atheroprotective shear flow”**". Furthermore,
several key EC junctional genes were downregulated (Supplementary
Table 1). However, functional assays demonstrated that endothelial barrier
integrity remains stable, as confirmed by permeability measurements (Fig.
31) and VE-cadherin protein localization (Supplementary Fig. 8), which
showed no appreciable loss at the cell junctions. This suggests that post-
transcriptional mechanisms and protein stability help maintain critical
junctional complexes despite reduced mRNA expression. Live/dead stain-
ing at days 7 and 14 confirmed high cell viability at both timepoints (Sup-
plementary Fig. 9), further supporting our conclusion that chronic flow
conditions do not induce cytotoxicity or apoptosis in HUVECs. The total
number of DEGs is reported (Fig. 6e). The day 24 vs. day 7 pairwise com-
parisons yielded the highest number of DEGs in both the ECs and the FBs.
Venn diagrams show the grouped overlap of up- and down-regulated DEGs
among the three pairwise comparisons for ECs and FBs (Fig. 6f). Interest-
ingly, there were no DEGs only common between the day 24 vs. day 15 and
day 15 vs. day 7 pairwise comparisons for the ECs or the FBs, indicating
continuous transcriptomic changes in both cell types. 8 DEGs were com-
mon to all three EC pairwise comparisons, and 13 DEGs were common to all
FB pairwise comparisons. ITGB5, common among all EC pairwise com-
parisons, encodes integrin subunit beta 5, has been shown to play a role in
lung endothelial survival and migration””. SRXNI was common among all
EC and FB pairwise comparisons and its encoded protein has been shown to

npj Biological Physics and Mechanics| (2025)2:24


www.nature.com/npjbiolphysmech

https://doi.org/10.1038/s44341-025-00028-0

Article

a
Static Static
MVNs Growth Medium Maintenance Medium g
l l l l l
I 1 T ] 1 -
Day 0 Day6 Day7 Day9 Dayll Static Flow
Growth Medium Maintenance Medium
| | 1 1
I 1 1 I
Pump Flow Static Flow Day 0 Day 7 Day 14 Day 22
Growth Medi Maint Medi L .
DN : e edium | | an enancel eaum | 24hr-conditioned media sampled from vessels
I T T T T
Day 0 Day 6 [Day?7 Day9 Daylill
24hr-conditioned media sampled from vessels
b GM-CSF C IL-1B8 d IL-1RA GM-CSF IL-1B8 J IL-1RA
* * * * *
10+ 5 10 25 2.0+ 1.0
. o . * .
8- 4 8- 20 154
dJ 64 34 6 TEI 154
% 5 1.0 0.5
Q 4 2 44 Q2 10
0.5+
24 . 14 2 . 54 . . .
0- 0 0 0- 0.0~ 0.0-
Day7 Day9 Day11 Day7 Day9 Day 11 Day7 Day9 Day 11 A > g AN D A > A
N N N )
P P P
e IL-6 f IL-8 k IL-6
*
1000+ % 20000+ 800+
800
15000 600+
g 6007 2
= 10000 < 400
€ 400 2 .
LJ
200 5000+ s 2004
0- 0- 0-
Day7 Day9 Day 11 Day7 Day9 Day 11
St SN
< O’b O’b Q7 O

Fig. 5 | Flow reduces the magnitude of the concentration of selected inflamma-
tory cytokines. a, g Experimental timeline indicating the supernatant sampling
timepoints. b—f, h-1 Concentration of inflammatory cytokines across timepoints.

The selected cytokines were (b, h) GM-CSF, (c, i) IL-1p, (d, j) IL-1RA, (e, k) IL-6,
(£, 1) IL-8. 1 = 3-4 MVNs.

protect neurons™ and cardiac progenitor cells” from oxidative stress injury.
GO pathway analysis (Fig. 6g) revealed differential expression of hypoxic
pathways in both the ECs and FBs, which may point to the differential
expression of SRXNT in the ECs and FBs. EPHXI, which has been shown to
have detoxification properties, was also upregulated in all pairwise com-
parisons. Among the FB pairwise comparisons, GPX3 and ADM were
common DEGs of interest. GPX3 is known to be upregulated in oxidative
stress conditions and protects epithelial cells from oxidative damage”.
Adrenomedullin, the protein encoded by ADM, has been shown to induce
vasodilation™, which is in line with the MVN morphological changes pre-
sented here. The GO pathway analysis further revealed that by two weeks of
flow conditioning (day 24 pairwise comparisons), the ECs were involved in
pathways related to cell adhesion, lung development and ECM organization,
specifically collagen fibril organization (Fig. 6g, Supplementary Fig. 14). The
ECs also expressed the pathways of negative regulation of cell death and
negative regulation of apoptotic process, indicating endothelial survival
(Supplementary Fig. 14). Several collagen genes were upregulated by the
ECs, namely COLIAI, COL1A2, and COLI2A1. The corresponding pro-
teins, as well as several other collagens, were upregulated as shown by
proteomics analysis through mass spectrometry in a static MVN system
within 14 days of culture since seeding (Supplementary Figs. 15, 16).

Furthermore, 33% of the matrix was newly deposited by the cells in this
same 14-day period (Supplementary Fig. 16). Interestingly, the large
changes in matrix synthesis were not observed when the endothelial cells or
fibroblasts were individually cultured under the same conditions, suggesting
that bi-directional signaling between the two cell types is critical for these
changes to occur (Supplementary Fig. 15). A similar trend would be
expected for the flow system presented in the present study as the same two
cell types were used. Other matrix proteins that were clearly present in the
static experiments, however, notably fibronectin (FN1) and heparin sulfate
(HSPG2), were only slightly up- or down-regulated, respectively, under flow
conditions. The FBs were also involved in extracellular matrix reorganiza-
tion, collagen fibril organization, and blood vessel development (Fig. 6g). By
two weeks of flow conditioning, several hypoxia-related pathways were
differentially expressed in the FBs, indicating a possible lack of oxygen (Fig.
6g). Perivascular FBs in a zebrafish mode have been shown to help regulate
blood vessel diameter through the secretion of collagens™. The “collagen
fibril organization” GO pathway was differentially expressed and several
collagen-related genes were significantly upregulated in the FBs at d24vsd7,
including COL11A1, COL27A1, COL5A2, and COL14A1, which may indi-
cate increased collagen production by the FBs. Furthermore, several path-
ways related to biosynthetic and metabolic process were differentially
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expressed in the FBs at d24vsd7, which may further indicate excessive
collagen production by the FBs. FB production of collagen is known to be
energy intensive and requires unique biosynthetic demands of the FBs™.
The RNAseq results provide insights into the dynamics of the EC and FB
phenotypes over long term MVN perfusion.

Discussion

The purpose of this work was to investigate the effects of continuous
recirculating flow on the morphology, function, cytokine profile and tran-
scriptome of MV N’ grown in microfluidic devices. These systems have been
extensively used for studies of primary and metastatic cancer” and for

various organ-on-chip models®. However, the vascular networks have a
limited lifetime, and the useful period of experimentation is typically several
days after the MVN forms. But in many applications, such as studies of
metastatic outgrowth or organ maturation and function, longer-term stu-
dies are required, and in studies of inflammation and immune cell
recruitment, the concentration of cytokines by the vasculature is critical. In
the present study, flow is used to recover the perfusability of regressing
MVNs, which subsequently maintain perfusion for at least 51 days with
continuous flow (Fig. 7). This enabled us to observe how MVNs exposed to
physiological flow remodel through a combination of vessel dilation and
regression and how their phenotype and state of inflammation change
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fusion (for at least 51 days).

under flow compared to standard, static conditions. It also provided new
insights into the extent to which these networks can be stabilized and how
flow and media composition can drive changes in both network stability and
the local inflammatory state.

Over the course of 44 days of flow, regression of vessels perpendicular
to the pressure gradient was observed, consistent with previous findings”,
whereas the diameters of vessels parallel to the pressure gradient increased
over time. The permeability of the MVNs remained low, although contrary
to some previous studies, continuous flow caused an increase rather than a
decrease in permeability, despite a reduction in inflammatory cytokines. A
previous study using a similar MPS reported similar permeability values for
MVNs under hydrostatic pressure-driven flow'’. The higher permeability
on Day 31 may have been a result of a lower effective dextran
concentration™” because of the method used to introduce dextran when the
pump was connected to the device.

While significant remodeling was anticipated, it was also expected that
the networks would eventually stabilize based on a long history of obser-
vations in vivo. This expectation is the basis for what has come to be known
as the set point theory™’, wherein vessels experiencing higher than physio-
logical WSS tend to increase in diameter until the WSS attains a certain
value. Conversely, vessels with a WSS less than the set-point value constrict.
This is but one of many biological consequences of endothelial shear stress,
which has been studied extensively both in vivo and in vitro in the context of
arterial disease (see ref. 12 for a comprehensive review). For example, in
response to an arteriovenous shunt in canine observed 6-8 months post-
operatively, the radius of the shunt vessel increased with increased flow load
until the wall shear rate reached the control, pre-shunt value”’. This may
suggest that longer culture time is required for the MVN's to reach stability.
Furthermore, it has been shown in a zebrafish model that peak WSS
imposed by individual red blood cells through capillaries can provide

sufficient mechanical stimulus for microvascular vessels to reach their stable
radius®. The MVNs in this study, however, did not approach an average set
point and our results failed to provide support for the set point theory.
Instead, vessel fate seemed more strongly linked to the flow rate passing
through the vessel, with those vessels conveying a lower flow rate tending to
regress.

There are several possible explanations why the average diameters of
the MVNs continued to increase. The continued expansion of vessel dia-
meters observed may have been due to the presence of a high concentration
of growth factors in the medium as the progressive dilation was significantly
reduced when using maintenance medium. When the growth factors were
removed, major vessel segments tended to stabilize maintaining a nearly
constant diameter between days 16 and 51 and vascular network resistance
remained nearly constant on days 14 and 22. Changes in stiffness and
composition of the surrounding gel may also have contributed to the
changing vascular morphology™. In a static 3D in vitro platform similar to
the one presented in this study, the elastic modulus of the hydrogel with
embedded ECs and FBs increased ~13-fold in the first seven days of jux-
tacrine co-culture and thereafter maintained a somewhat constant elastic
modulus through day 14*. The lack of pericytes and smooth muscle cells
may also contribute to the continued increase in diameter. Pericytes are
known to regulate vascular diameter and vascular blood flow in the capillary
bed through vasoconstriction and vasodilation*, and smooth muscle cells
are known to play a role in vasoconstriction and vasorelaxation in the
arterioles”. The heterogeneity of the MVNs may have contributed to the
continuous vascular remodeling, whereby the initial morphology and
structure of the MVNSs at day 7 was not the optimal organization for con-
tinuous flow perfusion. The transcriptomic data suggest yet another
explanation. Between days 7 and 24, there is a strong indication that the
fibroblasts are hypoxic, even under continuous flow. If so, the physiological
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response would be to signal an increase in perfusion, which would corre-
spond to an increase in vessel diameter. Clearly, vasodilation and con-
striction are multifaceted, dynamic processes, that depend on many factors
in addition to WSS.

MVNss perfused with flow with alternating direction, conversely, did
not show increases in vessel diameter over time. Despite the extensive lit-
erature on the effects of pulsatile or flow with alternated direction on
endothelial function in the context of arterial disease, relatively little research
has addressed these effects in the microcirculation. This is likely due, at least
in part, to the fact that flow with alternated direction is uncommon in the
small vessels under normal physiological conditions since flow in the
capillaries is generally thought to be unidirectional and, while pulsatile, the
temporal fluctuations are small relative to those in the larger arteries. Despite
this, rocker platforms are increasingly used in MVN experiments, and the
effect of flow with alternating direction on MVNs needs to be characterized.
The observed deterioration of the MVNs under rocker flow compared to
continuous flow suggests that either the directionality of the flow is sig-
nificant or that some minimum flow rate must exist for MVNs to maintain
perfusability. Due to physical constraints, the magnitude of the pressure
gradients generated by the rocker was typically lower than that in uni-
directional flow (~3.9 x 10° Pa/m for the pump and ~3.3 x 10* Pa/m for the
rocker) and this could have contributed to the differences observed. This is
further supported by the computational simulations conducted on stable
and regressing vessels, which showed that stable vessels had significantly
higher flow rates than regressing vessels. As for biophysical mechanisms,
one potential mechano-sensor would be the primary cilium present in most
mammalian cells including endothelial cells. This singular structure is
known to elicit a variety of cellular signals, has been shown to be responsible
for preventing vessel regression, and could be capable of sensing the
direction of flow”. This comparison highlights the significance of the
magnitude and directionality of flow on the dynamics of MVNs.

Computational modeling of flow through MVNs revealed several
interesting findings. One study thus far has demonstrated long term per-
fusion for up to 50 days and showed that vessels located in regions of low
flow were more likely to regress, but did not characterize the function or
phenotypes of the vasculature”. In addition to the apparently predominant
role of flow rate in determining the stability of a vessel, the tendency for
regressing vessels to experience a decrease in their WSS when their dia-
meters are reduced by 10% may indicate that their morphology and location
relative to other vessels may also influence their stability. The application of
either a constant flow rate or constant pressure drop across the MVNs may
also influence their stability; e.g., an increase in vessel diameter under a
constant flow rate decreases WSS, while under a constant pressure gradient
the WSS increases”. However, the microfluidic pump used in this study
provides neither a constant pressure nor a constant flow rate.

In addition to influencing MVN morphology, flow also played a role
in lowering inflammation of the MVNs. Several key cytokine con-
centrations rapidly decrease within 2-4 days in flow conditioned MVNs
compared to static MVNs. The increase in IL-6 in flow MVNs at day 9
may indicate that IL-6 plays a transient role in the remodeling of the
MVNs in response to flow. The results from the short-term static and
flow MVN comparison are consistent with the long-term inflammatory
cytokine data and indicate that flow alone rapidly induces a reduction in
several inflammatory cytokines compared to static MVNs. The cytokine
concentrations on day 7 were sampled from MVNs before exposure to
flow, which indicates that the initial state of the system is relatively
inflamed. Initially higher concentrations of cytokines at day 7 may be a
result of the use of a fibrin and thrombin-based hydrogel used in cell
seeding. Fibrin is known to be involved in inflammation and cytokine/
chemokine production as IL-6 and MCP-1 were shown to accumulate in
a fibrinogen-dependent manner in mice*. Thrombin is known to pro-
mote activation and inflammation of the brain endothelium®. Data
obtained in static conditions show that there is significant remodeling of
the ECM over 14 days, which may decrease the presence of fibrinogen as
other matrix proteins are added to the matrix and thus reduce

inflammatory effects. The concentration of several inflammatory cyto-
kines subsequently decreased with 7 and 15 days of flow in maintenance
medium, indicative of a gradual transition to a healthy, less inflamed
state. This has several important consequences for the application of
in vitro MVNs to model disease processes. The general reduction in
inflammatory cytokines is consistent with an atheroprotective flow,
which is characterized by high unidirectional laminar shear stress™.
Additionally, the significant reduction of IL-8 over time is also consistent
with a less inflamed state as IL-8 has been shown to enable adhesion of
monocytes’' and activation of neutrophils®. In a study using a static co-
culture of HUVECs and normal human lung FBs in a fibrin gel in a
microfluidic chip, the concentration of secreted IL-6 decreased from day
3to 5, but there were no changes in IL-8 or MCP- 17, which may indicate
that flow or longer culture time is required for secreted IL-8 to decrease.
The reduction in IL-8, IL-1p, and GM-CSF also suggests a shift towards a
less angiogenic state, consistent with our gene expression analysis. IL-8 is
increased in the early stages of angiogenesis™, and GM-CSF” and IL-1p>°
promote angiogenesis. This result is further supported by our findings
showing a reduction in the gene expression in the ECs of ICAM-1
between day 24 and days 15 and 7, and VCAM-1 between days 15 and 7.
IL-1p is known to induce VCAM-1 expression'®, therefore a reduction in
IL-1p may contribute to the lower expression of VCAM-1 seen here.
Furthermore, MMP-2 has been shown to degrade IL-1B”, thus the
reduction in IL-1p in this system may be attributed to the increase in
MMP-2 mRNA expression in the FBs at day 24. High, sustained levels of
MCP-1 are consistent with increased mRNA expression in the FBs at day
15 and day 24 compared to day 7 control. Overall, we observed that
continuous perfusion induces significant remodeling of MVNs, char-
acterized by transcriptional shifts, reduced inflammatory signaling, and
preserved barrier function. While our data strongly support a flow-
driven adaptive response, we acknowledge that additional factors,
including cellular age, the onset of senescence, and ECM maturation,
may also contribute to the observed phenotypic changes.
Transcriptomic analysis further revealed pointed towards the types
and drivers of the vascular remodeling. Lung morphogenesis related path-
ways were differentially expressed and HUVECs are known to be plastic,
which may indicate the HUVECs were adopting a lung-like phenotype in
response to the long-term co-culture with the lung FBs™. Several ECM-
related pathways were also differentially expressed, indicating that both the
HUVECs and FBs were involved in matrix remodeling throughout the two
weeks of flow conditioning. The ECs had several highly upregulated
collagen-related genes, COL1IAI, COLIA2, and COLI2AI, which corre-
spond to proteomics data from the remodeling ECM of static MVNSs, likely
driving the deposition of collagen during the flow-induced vascular and
ECM remodeling. Hypoxia-related pathways are differentially expressed in
the ECs and the FBs. The ECs may be expressing hypoxic pathways because
of the flow rate-mediated vascular remodeling, where the population of ECs
lining regressing vessels that are receiving inadequate levels of flow rate may
be hypoxic. The FBs may be expressing hypoxic pathways due to pro-
liferation over time combined with the reduction in vascular density from 35
vessels/mm” at day 14 to 18 vessels/mm” at day 22 (Fig. 3e), which may be
below some threshold for adequate oxygen supply. The ECM of flow con-
ditioned MVNss has lower diffusivity to 70 kDa Dextran compared to static
MVNs, which may point to a reduction in oxygen diffusivity’. Cells in
organs and tissues are typically within 200 pm from a blood vessel to have
adequate nutrient and oxygen supply”’. Further studies are required to
identify methods to ensure the cells in the ECM are receiving adequate
amounts of oxygen. Overall, our data demonstrate that chronic perfusion
induces an adaptive endothelial response rather than dysfunction. Although
several key junctional genes are downregulated at the mRNA level, barrier
integrity and VE-cadherin protein localization remain stable, indicating
post-transcriptional compensation. High cell viability further supports a
shift toward a quiescent phenotype under flow. GO term analysis reveals
upregulation of pathways related to cell-matrix adhesion, cytoskeletal
organization, proliferation, angiogenesis, and survival, suggesting active
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remodeling and enhanced regenerative capacity. Together, these findings
indicate that sustained flow promotes physiological endothelial plasticity,
maintaining vascular function and readiness for remodeling.

While this study provides valuable insights, the following limitations
should be considered. The computational model has several inherent
assumptions that may result in errors of the absolute flow estimates made
here. First, the model assumes steady, laminar flow. The average Reynolds
number (Re) calculated was found to be 2.6 and the maximum Re was 11.6,
validating the assumption of laminar flow, but suggesting that some small
effects of inertia could be present. More importantly, errors in the mea-
surement of vessel diameters have a particularly strong effect on the esti-
mated hydraulic resistance of the vessel segments owing to the inverse
fourth power dependence of vessel flow resistance (R) on radius (r); R = 8uL/
nir'. For example, vessel diameters were measured from 2D maximum image
projections, in the x-y plane, which do not consider the roughly two-to-one
ellipticity ratio of the vessel cross sections, the high degree of variability in
the cross-sectional diameters along the segment length, or the effects of flow
in the z-direction. For the transcriptomics, flow sensitive genes such as KLF-
2 did not show differential gene expression in the flow MVNs compared to
day 7 static controls. The half-life of KLF2 mRNA was previously reported
to be 56 min”, significantly shorter than the several hours-long time
required to digest, extract, and sort the cells from the microfluidic devices.
Furthermore, the mRNA from the ECs was extracted after a relatively long
flow exposure time, whereas in the literature ECs are typically exposed to
shear flow for 16-72 h**,

This MPS extends upon existing models by enabling the capability to
study hemodynamically modulated processes, such as vascular regression/
reperfusion, drug distribution, or metastatic dissemination. Subsequent
investigations might extend this research by incorporating organ-specific
cells or patient-derived cells to study the role of hemodynamics in organ-
and patient-specific diseases.

In conclusion, we use a low dead volume microfluidic pump that is
easy to fabricate and assemble to provide long-term, continuous
recirculating flow through MVNs. This MPS extends existing models by
enabling the capability to study hemodynamically modulated pro-
cesses, such as vascular regression/reperfusion, drug distribution, or
metastatic dissemination. We show that continuous perfusion of a
microvascular microfluidic system is capable of long-term (at least
51 days) perfusion. During perfusion, the MVNs remodel: thin vessels
prune and vessels that align with the direction of flow predominate, and
their diameter increases. The addition of flow to regressed MVNs is
observed to recover perfusability to initially non-perfusable networks.
Computational modeling suggests flow rate is a determining factor in
the regression or stability of individual vessel segments. Static MVNs
tend to be in an inflamed state, but the inflammation is reduced with
continuous perfusion. This, in combination with previous findings that
co-culture of endothelial cells and fibroblasts produced a dramatic
change in tissue stiffness and matrix composition, is further evidence of
an ongoing remodeling process. Finally, transcriptomic analysis shows
that extracellular matrix reorganization, hypoxia, and vascular devel-
opment are all enhanced in the presence of flow. Subsequent investi-
gations might extend this research by incorporating organ-specific cells
or patient-derived cells to study the role of hemodynamics in organ-
and patient-specific diseases. These findings pave the way to developing
long-term MPS and models to study complex hemodynamic processes
such as drug distribution.

Methods

Cell culture

Immortalized human umbilical vein endothelial cells (ECs) (Lonza, CC:
2935, immortalized and transfected to express blue fluorescent protein
as previously described®’), and human primary normal lung fibroblasts
(FBs) (Lifeline, FC-0049) were used in this study. ECs were cultured
with vascular growth medium using the vendor’s protocol (VascuLife
VEGF Endothelium Medium Complete Kit, Lifeline) and used at

passage 8; FBs were cultured with fibroblast medium following vendor’s
protocol (FibroLife S2 Fibroblast Medium Complete Kit, Lifeline) and
used at passage 5. For transwell experiments, 20,000 ECs were seeded
onto the transwell inserts of a 24-well transwell plate with 3 um pore
polycarbonate membrane (Sigma), and 2000 FBs were seeded in the
well plate.

Microvascular network formation

ECs and FBs were detached using Accutase (Sigma, SCR005), pelleted, and
resuspended in vascular growth medium supplemented with 4 U mL™"
thrombin (Sigma, T4648-1KU) at concentrations of 26 x10°mL™" and
6 x10° mL ™", respectively. Equal volumes of resuspended HUVECs and FBs
were mixed, then combined with an equal volume of fibrinogen (6 mgmL ",
Sigma 341578) in phosphate buffered solution (PBS, Gibco 10010031), and
injected into the gel ports of the microfluidic devices. The devices were
placed in a humidified incubator for 12 min to allow the hydrogel to
polymerize, and then vascular growth medium was added into the device
medium channels. Medium in these channels was changed daily and MVNs
became perfusable by day 7.

Fabrication of microfluidic device and pump

The design of the microfluidic device and pump were created using
Autodesk Fusion 360. The device was composed of a central gel channel
flanked by two media channels. The gel channel was 3 mm wide, 7 mm
long, and 0.5 mm tall, and the media channels were 3 mm wide and
0.5 mm tall. The pump design was used as described previously'’. The
device and pump molds were milled using a Bantam Tools Desktop CNC
Milling Machine (Bantam Tools). Polydimethylsiloxane (PDMS, Dow
Corning Sylgard 184, Ellsworth Adhesives) was mixed at a 10:1 elasto-
mer to curing mass ratio, degassed for 40 min, poured into the device and
pump molds, degassed a second time for 25 min, then placed and cured
at 65 °C overnight. Individual devices and pumps were cut out, and the
ports of the gel channel, media channel, and pump were punched using
biopsy punches (Integra Miltex). The silicone membrane (LMS, Ama-
zon) was cut to size and ports were punched using biopsy punches
(Integra Miltex). The devices, pumps, and silicone membranes were
sterilized in an autoclave for 25 min. The devices and #1 glass cover slips
(VWR) were exposed to plasma (Harrick Plasma), bonded together, and
placed in an 75 °C oven overnight. The pumps were similarly bonded
through plasma exposure in a two-step method: first the bottom half of
the pump was bonded to the silicone membrane, and then the bottom
half and silicone membrane group was bonded to the top half of the
pump, and placed in a 75 °C over overnight, as previously described".

Application of flow to MVNs

The pump was connected to the device using silicone tubing (Miniature
Firm EVA Tubing for Air and Water, 1883T3, McMaster Carr) on either
day 7 (long-term experiments) or day 12 (perfusion recovery experiments).
All flow experiments used a pump input pressure of 6 kPa. Long-term flow
experiments were performed with maintenance medium after day 7 (Vas-
cuLife VEGF Endothelial Medium Complete Kit without rh VEGF Life-
Factor, rh FGF basic LifeFactor, rh IGF-1 LifeFactor, and rh EGF LifeFactor,
Lifeline), and perfusion recovery experiments were performed with growth
medium (VascuLife VEGF Endothelium Medium Complete Kit, Lifeline)
after day 12. During pump operation, the two device reservoirs opposite the
pump were blocked to create a closed fluidic system. Media in pump devices
was changed every two days.

The corresponding flow rate through and pressure drop across the
MVNs was dependent on the hydraulic resistance of the MVNs and fol-
lowed relationships according to Supplementary Fig. 1. This input pressure
was chosen based on computational simulations that predicted physiolo-
gical average wall shear stresses of 1 Pa, as previously described'"". The
steady state flow rate depended both on the pressure difference across the
pump capacitors and the hydraulic resistance of the MVNs and channels
connected to the pump. The steady state flow rate for different pressure
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inputs and characteristic hydraulic resistances was measured (Supple-
mentary Fig. 1). The hydraulic resistance was measured using a previously
discussed protocol". The corresponding pressure drop was calculated using

AP = QR 1)

where AP is the pressure drop, Q is the steady state flow rate and R is the
hydraulic resistance of the connected channels. The pump flow rate
increased linearly with input pressure (Supplementary Fig 1).

A custom-built rocker was used to generate hydrostatic pressure-
driven flow. 5 mL syringes were inserted into the microfluidic device ports.
The syringes were all filled equally to achieve a height of 20 mm. The devices
with syringes were then placed inside of a box with a dish containing PBS
and placed on the rocker platform. The rocker tilted 43° such that one media
channel was elevated higher than the second media channel, producing a
hydrostatic pressure difference to drive flow through the MVNs (Supple-
mentary Fig. 7). This tilt was maintained for 10 min, after which point the
rocker tilted 86° in the opposite direction to reverse the hydrostatic pressure
difference and continued tilting or “rocking” every 10 min. Every 48 h, the
medium in the syringes was replaced with fresh medium. This setup pro-
duced a maximum hydrostatic pressure difference of 98 Pa, which dis-
sipated to 96 Pa during the 10 min for MVNs with 1le13 Pa-s/m’ hydraulic
resistance. This translates to an initial bulk flow rate of 0.59 pL/min and
dissipated to 0.58 uL/min after 10 min. The hydrostatic pressure difference
created by the rocker can be estimated following a similar analysis shown in
Supplementary Fig. 17, and, using the hydraulic resistance of the MVNs, the
flow rate can be calculated as specified above.

The microfluidic pump features a low dead volume (230 pL), recir-
culating flow, and flow rates ranging from 8 to 240 pL min ™', allowing for
continuous, long-term perfusion of microvascular networks with or without
circulating cells at physiological levels of flow. The low dead volume allows
for adequate buildup of secreted factors, such as cytokines.

Imaging of MVNs, average morphological analysis, permeability
assay, and perfusability assessment

MVNs were imaged using either an Olympus FV1000 (Olympus, Japan)
confocal laser scanning microscope or a Nikon Eclipse Ti epifluorescence
microscope (Nikon, Japan). Epifluorescent images of the MVNs were
acquired using the 4x objective. Morphological analysis was performed in
Image ] (NIH) by thresholding the MVN signal using Trainable Weka
Segmentation, measuring the area of the MVNs, skeletonizing the MVN,
and analyzing the skeleton using “Analyze Skeleton”. Average MVN dia-
meter was then calculated as

MVN

avg.vessel diameter ( )

= (vessel area) /(number of vessels * average vessel length).

Permeability of MVNs under static conditions was measured by
aspirating medium from the device media channels and introducing 100 uL
of 0.1 mg mL™" 70 kDa Texas Red dextran (Thermo Fischer Scientific). For
flow-conditioned samples connected to the pump, 100 pL of 0.1 mgmL ™"
70kDa Texas Red dextran (Thermo Fischer Scientific) was added to the
downstream media reservoir, the pump was manually actuated twice to flow
in the dextran, and the excess fluid from the upstream reservoir was aspi-
rated. Then, the change in intravascular and extravascular fluorescence
intensity was quantified, as previously described®. Confocal z-stacks were
acquired every 12 min using the confocal microscope with the 10x objective
at 640 px resolution and 5um steps in the z-direction. The change in
fluorescence intensity was analyzed using an Image] (NIH) macro and
subsequently calculated using an established relationship as previously
described”. MVN perfusability was assessed by introducing the same
volume and concentration of 70kDa Texas Red dextran as previously
described (100 pL at 0.1 mg mL™"), and visualizing the networks using an
epifluorescence microscope. The vascular region was analyzed using three
distinct regions of interest (ROIs) imaged with a 4x objective. The dextran

signal was compared to the BFP-HUVEC signal to evaluate perfusability.
Each ROI was scored as 0 (not perfusable), 1 (partially perfusable), or 2 (fully
perfusable), resulting in a total MVN score ranging from 0 to 6 when all ROI
scores were summed. This total score was then divided by 6 to yield the
perfusable area fraction.

Computational fluid transport model for morphological analysis
and velocity, flow rate, and WSS calculations

The micro-Vascular Evaluation System (UVES)'® was used as the compu-
tational model. uVES was used to calculate the flow rate, velocity, and WSS
across every individual MVN segment. Flow rate boundary conditions were
determined based on the experimentally measured MVN hydraulic resis-
tances and corresponding flow rates. Maximum projected, 2D thresholded
images were used as input to pVES. A custom vessel perturbation algorithm
was added to pVES and used to conduct a vessel radius perturbation ana-
lysis. For the vessel perturbation study, the diameter of one vessel segment of
interest was decreased by 10%, the complete MVN flow simulation was re-
run using the same boundary conditions, and the WSS, velocity, flow rate,
and diameter of the perturbed vessel segment was noted. This same pro-
cedure was done for each vessel segment of interest, perturbing one vessel
segment at a time while keeping the diameters of the remaining MVN
unperturbed. The derivative of the flow property (ie. WSS, flow rate, or
velocity) with respect to the derivate of the radius was calculated as

d({ WSS, flow rate, velocity } )

dr
{WSS, flow rate, velocty}

original {WSS,ﬂOW rate, Velocty}penmbed

I

(€)

Toriginal — ¥ perturbed

where 7 is the vessel radius.

Inflammatory cytokine analysis

The full volume of conditioned media (200 uL) was collected from static
devices on day 7,9, and 11, and from long-term flow devices on day 9, 11, 14
and 22 and used in a Human Focused 15-Plex Discovery Assay® (Eve
Technologies). For the transwell system, 500 pL of the conditioned medium
from the transwell insert was collected and used in the same Human
Focused 15-Plex Discovery Assay® (Eve Technologies). For all conditions,
the medium was in contact with the MVNs for 24h before sampling.
Samples of growth medium and maintenance medium were also analyzed
for background signal, which was subtracted from all conditioned medium
samples. A subset of static devices after day 7 sampling were then connected
to the pump for long-term flow follow up on days 14 and 22, as previously
described. Fresh media was added to the long-term flow devices and pump
flow was resumed.

Bulk RNA sequencing

For each timepoint analyzed, the fibrin hydrogel containing the MVNs
was cut out of the devices and placed in 5 mL of 100 pg mL ™" Liberase
(Millipore Sigma), 100 ug mL~" DNase I (Sigma Aldrich), and 9.2 ug
mL™" Elastase (Thermo Fischer Scientific) in DMEM (Thermo Fischer
Scientific) for 75 min at 37 °C with intermittent agitation. Cells from 3
to 4 devices were pooled for each replicate. Dead cells were removed
using the Dead Cell Removal Kit and an OctoMACS Separator (Mil-
tenyi Biotec), cells were incubated with CD31 MicroBeads (CD31
MicroBead Kit, Miltenyi Biotec) and HUVECs and FBs were sorted
using the OctoMACS Separator (Miltenyi Biotec). The sorted cells were
lysed with TRIzol (Thermo Fischer) and stored at —80 °C. Once the cell
lysates from all timepoints were collected, the lysates were thawed, and
0.2 mL of chloroform (Millipore Sigma) per 1 mL of TRIzol reagent was
added, the samples were centrifuged for 15 min at 12,000 x gat4 °C,and
the aqueous phase was collected. The samples were then prepared using
the “Preparation of Cell Pellets” protocol for RNA extraction using the
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chemagic 360 (Revvity). RNA quality and concentration was confirmed
using a Fragment Analyzer (Agilent BioSciences). RNAseq libraries
were generated from 20ng of totalRNA using NEBNext Ultrall
Directional RNA library prep kit (New England Biolabs) using a 1/5
reaction volume on the SPT Mosquito HV (Mildum et al., JBT 2020).
Libraries were amplified using Singular S1/S2 anchor sequences and
sequencing on a Singular G4 F3 flowcell (Singular Genomics) using
50nt paired end sequencing. RNA-seq data analysis was conducted
using a robust R-based pipeline. BAM files were quantified with
featureCounts® to generate a counts matrix, which was processed with
DESeq2” for differential gene expression analysis. Genes with low
expression were filtered out, and more than four biological replicates
per condition ensured statistical rigor. PCA confirmed sample clus-
tering by condition. Pathway enrichment analysis was performed using
clusterProfiler®, identifying significantly enriched pathways that con-
textualize the observed gene expression changes. The R code used for
analyzing the counts files has been uploaded to the repository.

Mass spectrometry

Digestion of tissue samples into peptides was performed using previously
published methods® for mass spectrometry-based proteomics, and were
optimized to identify ECM-related proteins™. Briefly, the tissue was first
decellularized, then reduction with DTT, deglycosylation with PNGaseF,
digestion with Lys-C and trypsin, and acidification with trifluoro-acetic
acid were performed according to the published protocol”. Peptides
desalting using Protea C18 spin tips, lyophilization, and labeling with
TMT 10plex (Thermo) was performed per manufacturer’s instructions.
Additionally, peptides were separated by reverse phase HPLC (Thermo
Easy nLC1000) using a precolumn (made in house, 6 cm of 10 um C18)
and a self-pack 5 pm tip analytical column (12 cm of 5um C18, New
Objective) over a 140-min gradient before nanoelectrospray using a
QExactive Plus mass spectrometer (Thermo). Raw mass spectral data
files (.raw) were searched using Proteome Discoverer (Thermo) and
Mascot version 2.4.1 (Matrix Science). TMT quantification was obtained
using Proteome Discoverer and isotopically corrected per manu-
facturer’s instructions. Matrix proteins were determined as previously
defined”. To identify unique groupings of temporal protein deposition,
fold change increase was calculated for each protein during each of the 3
intervals (D1-D4, D4-D7, D7-D14). First, the proteins were divided into
2 groups based on fold change above or below the average for interval 1.
Those groups were then subdivided based on fold change above or below
the average for interval 2. Finally, those groups were subdivided based on
the fold change above or below the average for interval 3. Relative protein
abundance was calculated using the Top-3 method. Briefly, of all iden-
tified peptides mapping to a given protein, those with the largest 3 pre-
cursor areas were averaged together and used as the abundance
parameter for that protein. The abundance parameter for each protein
was divided by the sum of abundance parameters for all proteins to
determine its relative abundance.

Statistics

Average values are reported as mean + standard deviation and sample sizes
are reported in figure legends. Statistical analysis was performed using
GraphPad Prism software, version 10. Parametric, two-tailed f tests were
applied to analyses involving two groups and ordinary one-way ANOVA
with Tukey’s multiple comparison tests were applied to analyses involving
more than two groups. Experiments consisting of tracking the same MVNs
over time used paired statistics. For the 2D analysis group separation ana-
lysis, the Henze-Zirkler test statistic was used to test for normality and a 2D
permutation test with 10,000 permutations was used to as the test statistic.
The random seed was set to 101 for all groups compared. A 2D group
separation analysis using linear discriminant analysis was used to find a
linear decision boundary between two groups in the 2D comparison.
* indicates p<0.05, ** indicates p<0.01, *** indicates p<0.001,
#43* indicates p < 0.0001, and n.s. indicates p > 0.05.

Data availability

All the data/metadata generated in support of the reported findings can be
found at Fairdomhub: https://fairdomhub.org/studies/1337. The SRA/GEO
Submission is associated with bioproject: https://www.ncbi.nlm.nih.gov/
sra/PRJNA1248549.
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