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Flow-Induced Vascular Remodeling On-Chip

Figure 5. Flow-induced remodeling of vascular networks shifts the velocity profile toward higher flow velocities. (A) Simulated flow velocities
within the two-dimensional vessel masks for the flow-conditioned and static samples shown in Figure 3A at the onset of flow on day 9 and again on
day 12. Under flow conditioning, regions with increased local velocities on day 12 after perfusion compared to before perfusion on day 9 are high-
lighted. In the static sample, regions with decreased local velocities on day 12 compared to day 9 are highlighted. (B) Velocity distribution for the
flow-conditioned and (C) static samples from (A), normalized by the Darcy velocity calculated for each vascular network, show a shift to higher flow
velocities under flow and, contrary, to lower flow velocities under static conditions. Simulated velocity fields and the plotted velocity distributions
represent at least three samples per group. (D) The distribution of velocity values before normalization is shown for three independent flow-condi-
tioned and static samples on day 9 (D9) and day 12 (D12). The chips highlighted with boxes are the same flow-conditioned and static samples as
those in (A), (B), and (C). Note that for the static samples, the visualized velocity fields of day 9 and day 12 are hypothetically modeled since these
samples were not exposed to actual flow conditions.
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Figure 6. Cancer drug-induced VEGF neutralization prevents abnormal flow-driven vessel growth under high-VEGF conditions and restores
vascular remodeling. (A) Quantification of the connectivity index C, on day 9, under high VEGF (Hi-VEGF) condition in comparison with the previ-
ously presented culture conditions (faded, same data points as in Fig. 1E) with VEGF-A concentrations (ng/ml) on the horizontal axis and media
changes occurring every three days from day 0 to day 9. (B) Timeline of growth factor concentrations from day 0 to day 12, showing the sequential
adjustment of VEGF-A levels. (C) Superimposed day 9 and day 12 masks of flow-conditioned and static samples under high-VEGF. Flow-conditioned
sample shows significant overgrowth with enlarged vessels (blue segments), while the static sample shows delayed vessel growth, with fewer blue
segments and some regressed branches (yellow segments). (D) Superimposed day 9 and day 12 masks of flow-conditioned and static samples
under high-VEGF plus bevacizumab. VEGF neutralization restores the flow-induced remodeling in the flow-conditioned sample indicated by pruning
of branches (yellow segments). It also restores the gradual vessel growth in the static sample (blue segments). (E) Quantification of vessel coverage
by area density in day 12 vessels under high-VEGF (Hi-Ve) and high-VEGF plus bevacizumab (Hi-Ve-Nt) conditions for both flow conditioned (Fl)
and static (St) samples, shown as fold change compared to day 9 values. Vascular remodeling is rescued under VEGF neutralization with bevaci-
zumab. (F) Immunostaining images of the endothelial lumen labeled with ICAM-2 (green) and the basement membrane labeled with collagen-1V (red)
in the indicated region of the flow conditioned sample in (C). Arrowheads indicate merging vessel walls in both two-dimensional and cross-sectional
images. Vessel masks and fluorescent images represent at least three independent samples. Data represent mean+S.E.M. Ordinary One-way
ANOVA with Tukey's multiple comparisons test was performed; ns p > 0.05; **p<0.01; ***p<0.001; ****p<0.0001 (n=3).
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Figure 7. Cancer-drug induced VEGF neutralization has no impact on vascular remodeling under low-VEGF conditions. (A) Timeline of
culture conditions from day 0 to day 12, with flow conditioning under low/baseline VEGF levels (Lw-Ve) with bevacizumab from day 9 to day 12. (B)
Superimposed day 9 and day 12 masks showing pruning sites (yellow segments) under flow conditioning with low-VEGF plus bevacizumab as the
perfusate, and enlarged vessels (blue segments) under static low-VEGF plus bevacizumab conditions. (C) Vessel diameter distribution on day 9 and
day 12 for the flow conditioned and static samples shown in (B), which align with previous observations under low-VEGF conditions without bevaci-
zumab (Fig. 4C). (D-F) Morphometric analysis underlines insignificant (p>0.05) impact of bevacizumab under low-VEGF conditions (Lw-Ve-Nt) as
quantified by (D) vessel coverage by area density, (E) vessel branching density as the number of branches per mm of vessel length, and (F) junction
density as the number of junctions per mm of vessel length in day 12 vascular structures under low-VEGF (Lw-Ve, faded, same data points as in
Figs. 4D, E, F) and low-VEGF plus bevacizumab (patterned, Lw-Ve-Nt) conditions for both flow conditioned (Fl) and static (St) samples, shown as
fold change compared to day 9 values. Data represent mean+S.E.M. Ordinary one-way ANOVA with Tukey's multiple comparisons test was per-
formed; ns p>0.05; *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001 (n=3). Vessel masks are representative of at least three independent samples
per group.
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Supplementary Materials
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Supplementary Figure S1. Effect of vascular chamber width on inhomogeneity index. (A) Inhomogeneity indices | calculated from simulated

velocities in chips with different vascular chamber widths, where the number of openings was fixed at 24 and the media channel width was kept
constant at 1.3 mm.
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Supplementary Figure S2. Flow-induced network remodeling consistently shifts normalized velocity distributions toward higher velocities
across multiple independent samples. (A-D) Velocity distribution plots for the second and third independent static and flow-conditioned samples
show trends consistent with Figs. 5B and 5C. (A, B) Normalized velocity distribution (by Darcy velocity) for the second and third independent flow-
conditioned samples (Chip2 and Chip3 in Fig. 5D) show a shift toward higher velocities on day 12 compared to day 9. (C, D) Normalized velocity
distribution (by Darcy velocity) for the second and third independent static samples (Chip5 and Chip6 in Fig. 5D) show a shift toward lower velocities

on day 12 compared to day 9. Note that the visualized velocity fields for day 9 and day 12 in the static samples were artificially modeled because
these samples were not exposed to flow conditions.
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Supplementary Figure S3. Effect of VEGF levels on vessel coverage. (A) Quantification of vessel coverage by area density under low-VEGF
(Lw-Ve, same data points as in Fig. 4D) and high-VEGF (Hi-Ve, same data points as in Fig. 6E) conditions for both static (St) and flow- conditioned
(FI) samples at day 12, presented as fold change relative to day 9 values. Group comparison shows that, compared to low-VEGF, high-VEGF caused
a significant abnormal overgrowth in flow-conditioned samples and a significantly lagging vessel growth in static samples. This significant overgrowth
underflow conditions resulted in an average of 28% greater increase in vessel coverage compared to the gradually growing static samples cultured
under low-VEGF conditions. Data are shown as mean+S.E.M. Ordinary one-way ANOVA followed by Tukey's multiple comparison test was per-
formed; **p<0.01; ****p<0.0001 (n=4).

Supplementary Movie S1. Low-VEGF: vessel remodeling under flow conditions and gradual vessel growth under static conditions.

This time-lapse movie captures the evolution of the same vascular networks as shown in Fig. 4A underflow and static conditions, with images taken
at 6-hour intervals. Under flow conditions, the perfused network responds dynamically to flow, with vessels undergoing wall rearrangement and
selective branch pruning. These flow-induced changes reduce vessel coverage (Fig. 4D) and slightly decrease branching and junction density (Figs.
4E, F), demonstrating the remodeling process driven by continuous flow. In contrast, under static conditions, gradual vessel growth leads to increased
vessel coverage (Fig. 4D), which results in a significantly larger decrease in branching and junction density (Figs. 4E, F) due to lateral fusion of the
vascular tubes, highlighting the instability and reduced hierarchy of the network without flow. The movies combine bright-field images with segmented

vessel masks, where avascular gaps in the network appear as white-shaded background regions. Movies represent at least three independent
samples.

Supplementary Movie S2. High-VEGF: aberrant vessel overgrowth under flow conditions and lagging gradual growth under static condi-
tions.

This time-lapse movie captures the behavior of the same vascular networks as shown in Fig. 6C under high-VEGF conditions in both flow- and static-
conditioned samples, with images taken at 6-hour intervals. In flow-conditioned samples, high-VEGF exposure leads to aberrant vessel overgrowth
and reduced flow-induced remodeling. This overgrowth results in a 28% greater increase in average vessel coverage than static samples under low-
VEGF conditions (Fig. S3), highlighting the excessive expansion caused by high VEGF during perfusion. In contrast, high-VEGF static samples show
delayed, gradual vessel growth, significantly slower than low-VEGF static samples (Fig. S3). This suggests that vessels exposed to high VEGF
experience delayed growth during the late maturation phase, from day 9 to day 12. The movies combine bright-field images with segmented vessel
masks, where avascular gaps in the network appear as white-shaded background regions. Movies represent at least three independent samples.
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