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Abstract

The bulk flow of interstitial fluid through tissue is an important factor in human biology,
including the development of brain microvascular networks (MVNs) with the blood-brain barrier
(BBB). Bioengineering perfused, functional brain MVNs has great potential for modeling
neurovascular diseases and drug delivery. However, most in vitro models of brain MVNs do not
implement interstitial flow during the generation of microvessels. Using a microfluidic device
(MFD), we cultured primary human brain endothelial cells (BECs), pericytes, and astrocytes
within a 3D fibrin matrix with (flow) and without (static) interstitial flow. We found that the bulk
flow of interstitial fluid was beneficial for both BEC angiogenesis and vasculogenesis. Brain
MVNs cultured under flow conditions achieved anastomosis and were perfusable, whereas those
under static conditions lacked connectivity and the ability to be perfused. Compared to static
culture, microvessels developed in flow culture exhibited enhanced vessel area, branch length and
diameter, connectivity, and longevity. Although there was no change in pericyte coverage of
microvessels, a slight increase in astrocyte coverage was observed in flow conditions. In addition,
the immunofluorescence intensity of basal lamina proteins, collagen IV and laminin, was nearly
doubled in flow culture. Lastly, the barrier function of brain microvessels was enhanced under
flow conditions, as demonstrated by decreased dextran permeability. Taken together, these results
highlighted the importance of interstitial flow in the in vitro generation of perfused brain MVNs

with characteristics similar to those of the human BBB.
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1. Introduction

Brain microvascular networks (MVNs) are specialized vascular structures comprised of
brain endothelial cells (BECs), pericytes (PCs), and astrocytes (ACs). BECs have upregulated
expression of membrane transporters, such as glucose transporter 1 (GLUT1) and P-glycoprotein
1 (P-gp), as well as tight junction (ZO-1) and basement membrane (collagen IV and laminin)
proteins(1). This contributes to a restrictive, semipermeable barrier between the blood and the
brain extracellular space called the blood-brain barrier (BBB). PCs are mural cells that contact
brain capillaries directly and modulate microvessel diameter and blood flow through contractile
mechanisms(2,3). ACs are glial cells that extend processes which ensheathe brain blood vessels
with perivascular endfeet. Both PCs and ACs provide paracrine and juxtacrine signals that enhance
BBB-related gene and protein expression as well as barrier function(2,4). The physical and
transport barrier created by the BBB is paramount for brain homeostasis. BBB dysfunction is a
hallmark of most neurodegenerative diseases, including Alzheimer’s disease(5), Parkinson’s
disease(6), Huntington’s disease(7), amyotrophic lateral sclerosis(8), stroke(9), and brain
cancers(10). The BBB is impermeable to 98% of small-molecule drugs and ~100% of large-
molecule therapeutics, making it one of the largest obstacles to curative treatments of
neurodegenerative diseases(11). It is postulated that the development of physiologically-accurate
in vitro models of human brain MVNs will contribute to the understanding of the biological
mechanisms of BEC microvessels and expedite the development of therapeutics for
neurodegenerative diseases and brain cancers(12).

Microfluidic devices (MFDs) have become popular platforms for in vitro models of human
physiology due to their precise spatiotemporal control over physical and chemical parameters.
Several MFDs have been previously designed to study the human BBB and the cellular interactions
that dictate its function(13—15). However, these designs implemented endothelial cell-lined fluidic
channels and artificial, semipermeable membranes that did not accurately represent the natural
morphology of brain microvasculature. At present, there are only two microfluidic models that
developed brain MV Ns through natural morphogenic processes (angiogenesis and vasculogenesis)
by culturing endothelial cells with PCs and ACs within a 3D extracellular matrix (ECM)(16,17).
These designs produced functional microvessels with diameters comparable to those of brain
capillaries, arterioles, and venules (3 to 100 um)(18,19). However, both studies relied exclusively

on diffusion for the delivery of soluble growth factors and neglected to expose cells to physical
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stimuli found in brain tissue, such as interstitial flow. Consequently, these MVNs were only
perfused during permeability measurements and were not exposed to intravascular flow during the
development of microvessels with open lumen.

Interstitial flow describes the bulk movement of fluid through the ECM of biological
tissues. This bulk flow delivers nutrients, removes metabolic wastes, and provides mechanical cues
to cells and the ECM. Mechanical signaling from interstitial flow governs cell behavior and protein
expression(20,21). Indeed, interstitial flow has been shown to influence angiogenesis(22,23),
vasculogenesis(24-26), lymphangiogenesis(27-29), glycocalyx formation(30,31), tumor cell
migration(32,33), myofibroblast differentiation(34), inflammation(28), and
embryogenesis(31,35). In the brain, the bulk flow of fluid through the interstitial space facilitates
cross-talk between vascular and neural cells, long-distance transport of metabolites and regulatory
peptides, and removal of harmful macroscopic wastes through the glymphatic system(36,37).
Convection dominates the extracellular transport of soluble factors through 3D ECMs and
effectively governs the local gradients of diffusible signals(38). For example, interstitial flow has
been shown to act synergistically with vascular endothelial growth factor (VEGF) to direct
capillary branching through a morphogen gradient amplification mechanism(39). In previous
MFD models, interstitial flow was induced to develop self-assembled MVNs using endothelial
cells and fibroblasts from non-brain sources(22-26,40,41). In some models, the same mechanism
that induced interstitial flow also promoted the perfusion of microvessels once anastomosis was
achieved(24,25). In addition to the exchange of metabolites and gases, blood flow in vessels
provides shear stress and strain to the vascular wall which modulates vascular function(42,43).
Indeed, intravascular flow regulates shear stress-responsive genes and can alter endothelial cell
structure(44,45). Shear stress also has a direct effect on the differentiation of vascular endothelial
cells towards a BBB phenotype(46). Due to their significant role in vascular morphogenesis,
interstitial and luminal flow should be included in microfluidic models attempting to recapitulate
brain microvasculature.

Recently, the effect of interstitial flow on the brain microvessel formation was explored in
a Transwell-based system by Figarol and colleagues(47). Despite the development of brain MVNs
cultured under continuous interstitial flow, it was observed that microvessels oriented themselves
perpendicular to shear flow. As a result, the authors stated that these microvessels were non-

perfused and found no significant differences in the mean vessel diameter between cultures with
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and without flow(47). In our study, we cultured primary human BECs, PCs, and ACs within a
MEFD to develop brain MV Ns through both angiogenic and vasculogenic processes. Microvessels
were cultured with (flow condition) or without (static condition) interstitial flow induced by a
hydrostatic pressure gradient across a 3D fibrin hydrogel. Our overarching hypothesis was that
interstitial flow would improve brain MVN formation and interconnectivity as well as enhance
endothelial barrier function. MVNs were evaluated by their morphological features, longevity,
perfusion, cellular interactions, protein expression, and permeability. Our work highlights the
importance of the bulk flow of interstitial fluid for in vitro brain MVN development and provide

a practical approach to increase the success rate of achieving perfusable vasculature in MFD.

2. Materials and Methods
2.1 Cell Culture

Endothelial Cell Growth Medium 2 (EGM-2) was made by combining Growth Medium 2
(PromoCell) with Growth Medium 2 SupplementMix and 1% penicillin/streptomycin (Fisher
Scientific). Pericyte medium and astrocyte medium were created by combining pericyte and
astrocyte basal medium (ScienCell) with pericyte and astrocyte growth supplement, respectively,
and then adding 2% fetal bovine serum and 1% antibiotic solution. Primary human brain
microvascular endothelial cells (BECs, ScienCell, Cat: 1000) were expanded in EGM-2 on tissue
culture flasks coated with 0.2% porcine gelatin (Sigma-Aldrich). To visualize cells in culture,
BECs were made to express tandem dimer Tomato fluorescent protein (tdTomato, Vector Builder,
VB181014-1005thm) or enhanced green fluorescent protein (EGFP, Vector Builder, VB150915-
10026) using lentiviral transduction protocols. Briefly, 18 hours after seeding, BECs were cultured
in EGM-2 containing 5 ng/mL polybrene (Vector Builder) and the manufacturer’s recommended
concentration of either tdTomato or EGFP lentiviruses. After 24 hours, the medium was replaced
with normal EGM-2. On Day 3, cell selection was performed by adding EGM-2 with 10 ug/mL
blasticidin or puromycin (Sigma-Aldrich). Unmodified BECs, BECs expressing tdTomato (BECs-
tdT), and BECs expressing EGFP (BECs-EGFP) were expanded in EGM-2 and harvested between
passage 5 and 6. Primary human brain vascular pericytes (PCs, ScienCell, Cat: 1200) and human
astrocytes (ACs, ScienCell, Cat: 1800) were expanded in pericyte and astrocyte medium,

respectively, on tissue culture flasks coated with poly-L-lysine (ScienCell) and harvested between



Lab on a Chip

passage 2 and 5. All cells were incubated at 37°C and 5% CO, and harvested at 70% confluence
using 0.25% trypsin-EDTA (Fisher Scientific).

2.2 Characterization of interstitial flow in microfluidic device

3D Cell Culture Chips from AIM Biotech (Singapore) were used for all experiments. These
MFDs possessed one central hydrogel channel flanked by two fluidic channels connected to cell
culture medium reservoirs (Fig. 1A). To quantify interstitial flow in the MFD, we first injected a
fibrin solution into the hydrogel channel. Briefly, fibrinogen (8 mg/mL) and thrombin (4 U/mL)
from bovine serum (Sigma-Aldrich) were dissolved in EGM-2 and phosphate-buffered saline
(PBS) with calcium and magnesium ions (Fisher Scientific), respectively. Fibrinogen and thrombin
solutions were combined at equal volumes to produce a fibrin solution with a final concentration
of 4 mg/mL. Fibrin solutions were quickly added to hydrogel channels and allowed to polymerize
for at least 10 minutes at room temperature.

Interstitial flow across the hydrogel channel was generated by creating a hydrostatic
pressure difference between opposite reservoirs. To simulate how cell culture medium would flow
across the fibrin matrix, the permeability of the fibrin hydrogel was needed. Since the change in
reservoir volume over time was difficult to measure accurately, fluorescent dextran solution was
used to visualize the movement of fluid across the fibrin gel. Briefly, Oregon Green™ 488 dextran
(70 kDa, Invitrogen) was dissolved in EGM-2 to produce a 5 pg/mL solution. Different volumes
of dextran solution and normal EGM-2 were added to each “high-pressure” and “low-pressure”
reservoir, respectively, as shown in Table 1. These volumes produced five differential pressures
across the fibrin hydrogel: 0, 0.375, 0.75, 1.125, and 1.5 mmH,O. Pressure values (mmH,0) were
assumed to be equal to the volume height difference (mm) between opposite reservoirs.
Immediately afterwards, time-lapse fluorescence images were acquired every 10 seconds for 5
minutes using an Eclipse Ti2 inverted microscope (Nikon) with a 4X objective at 37°C.
Fluorescence images were analyzed in Imagel] (National Institute of Health) to calculate the
permeability of the fibrin gel and simulate interstitial flow in the microfluidic device
(Supplementary Methods S.1). Once bulk fluid movement across the hydrogel channel was
properly characterized, we sought to determine the influence of interstitial flow on brain

microvascular network development and function. For all future experiments, cells were cultured
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under either static or flow conditions where a hydrostatic pressure difference of 0 or 1.5 mmH,0O

was established, respectively (Fig. 1B).

2.3 Brain endothelial cell angiogenesis

To determine the influence of interstitial flow on angiogenesis, BECs-EGFP were
stimulated to extend angiogenic sprouts into the hydrogel channel. Briefly, solutions of fibrinogen
(8 mg/mL) and thrombin (4 U/mL) were prepared as previously described (Materials and Methods
2.2). PCs and ACs were harvested and resuspended together in the fibrinogen solution at 4x10°
cells/mL each. Fibrinogen-cell and thrombin solutions were combined at a ratio of 1:1 and
introduced to the hydrogel channel of MFDs and allowed to polymerize for 10 minutes at room
temperature. The final fibrin concentration was 4 mg/mL. The final cell concentration of both PCs
and ACs was 2x10° cells/mL. To create vascular channels from which angiogenic sprouts would
originate, BECs-EGFP were harvested and side-seeded in one of the fluidic channels. BECs-EGFP
were resuspended in EGM-2 at 5x10° cells/mL and introduced to the low-pressure fluidic channel.
MFDs were inverted 90° and incubated (37°C and 5% CO,) for 15 minutes to encourage BECs to
adhere to the fibrin gel interface. Afterwards, non-adherent cells were washed out of the fluidic
channel with EGM-2. All cells were cultured in MFDs for 7 days with EGM-2 with 50 ng/mL of
recombinant human VEGF (PeproTech, Cat: 100-20) and 5 pg/mL of bovine aprotinin (Fisher
Scientific). VEGF and aprotinin were supplemented to promote angiogenesis and prevent
significant fibrin degradation, respectively. Samples were cultured at 37°C and 5% CO, under
static (0 mmH,0) or flow (1.5 mmH,0) conditions as previously described (Materials and
Methods 2.2). Every 24 hours, old cell culture medium was removed from reservoirs and replaced

with fresh medium to reestablish volumes.

2.4 Brain endothelial cell vasculogenesis

To determine the influence of interstitial flow on vasculogenesis, BECs-tdT or BECs-
EGFP were stimulated to form MVNs in the hydrogel channel. Briefly, solutions of fibrinogen (8
mg/mL) and thrombin (4 U/mL) were prepared as previously described (Materials and Methods
2.2). BECs, PCs, and ACs were harvested and resuspended together in the fibrinogen solution at
10x10°, 2x10°, and 2x10% cells/mL, respectively. Fibrinogen-cell and thrombin solutions were

combined at a ratio of 1:1 and introduced to the hydrogel channel of MFDs and allowed to
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polymerize for 10 minutes at room temperature. The final fibrin concentration was 4 mg/mL. The
final cell concentrations of BECs, PCs, and ACs, were 5x10°, 1x10% and 1x10° cells/mL,
respectively. Cells were cultured for 3 days in EGM-2 with VEGF (50 ng/mL) and aprotinin (5
pg/mL). On Day 3, BECs-tdT or BECs-EGFP were side-seeded in both of the fluidic channels, as
previously described (Materials and Methods 2.3), to increase the chance of anastomosis. From
this point on, cells were cultured in EGM-2 with just aprotinin for up to 14 days in culture. VEGF
supplementation was not continued to promote the formation of endothelial tight junctions and
decrease vascular permeability(48). Cells in MFDs were cultured at 37°C and 5% CO, under static
(0 mmH,0) or flow (1.5 mmH,0) conditions as previously described (Materials and Methods 2.2).
Every 24 hours, old cell culture medium was removed from reservoirs and replaced with fresh

medium to reestablish volumes.

2.5 Immunocytochemistry protocol

Immunocytochemistry techniques were used to fluorescently label specific proteins at the
conclusion of cell culture. Briefly, all samples were washed three times with PBS and fixed with
4% paraformaldehyde (Alfa Aesa) for 1 hour at room temperature. Next, samples were washed
three times with PBS and incubated with a blocking/permeabilizing (B/P) solution comprised of
10% normal goat serum (MP Biomedicals), 0.2% Triton X-100 (Fisher Scientific), and 0.1M
glycine (Fisher Scientific) in PBS overnight at 4°C. Samples were then incubated with primary
antibodies in B/P solution overnight at 4°C. PCs and ACs were labeled with neural/glial antigen 2
(NG-2) and glial fibrillary acidic protein (GFAP), respectively. BEC tight junctions were labeled
with zonula occludens-1 (ZO-1). The basal lamina of microvessels was identified with collagen
IV and laminin. Membrane transporters on BECs, PCs, and ACs were identified with GLUT1 and
P-gp. After primary antibody incubation, samples were washed three times with PBS and then
incubated with secondary antibodies and Hoechst 33342 (1:1000, Invitrogen) in B/P solution
overnight at 4°C. Afterwards, samples were washed three times with PBS and stored at 4°C until

needed. Specific antibody information can be found in Supplementary Tables 1 and 2.

2.6 Angiogenic sprout analysis
BECs-EGFP were allowed to sprout into the fibrin gel containing PCs and ACs for one

week under static or flow culture conditions. Fluorescence z-stack (200 um range using 10 um
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slices) images were acquired on Day 1, Day 3, and Day 7 using an Eclipse Ti2 microscope with a
20X objective. Angiogenic sprouts were identified by the EGFP signal expressed in BECs. In
Imagel, z-stacks were compressed to maximum intensity projections (MIPs). Regions of interest
(ROIs) were selected to identify angiogenic sprouts originating from three adjacent hydrogel-
liquid interfaces located between microposts. For Days 1, 3, and 7, the number of angiogenic
sprouts in each ROI were counted. For these sprouts, sprout length was measured as the Euclidean
distance between the base of the micropost and the sprout tip. On Day 7, sprout diameter was
measured as the width of angiogenic sprouts located at the tip of microposts (230 um into the
hydrogel channel). Sprout length and diameter were averaged for each ROI. For sprout count,
average length, and average diameter, 3 experimental replicates were analyzed to generate mean
values for static and flow culture conditions. After imaging was completed, all samples were fixed

and stained for NG-2 and GFAP to collect representative images.

2.7 Microvessel perfusion

Fluorescent microspheres were used to determine if the MVNs formed from BECs-tdT,
PCs, and ACs under static and flow conditions were perfusable. After 8 days in culture, Dragon
Green polystyrene microspheres (1.9 um diameter, Bang Laboratories, 1:1000) were resuspended
in warm (37°C) EGM-2. For all samples, 70 pL of microsphere solution was added to both of the
high-pressure reservoirs and 50 pL of warm EGM-2 was added to both of the low-pressure
reservoirs, producing a hydrostatic pressure difference of 0.75 mmH,O. This stimulated
microspheres to enter open lumen at the hydrogel-liquid interface. A pressure difference of 0.75
mmH,0 was selected to simulate what MVNs experienced when 50% of the original pressure
difference was present and to measure intraluminal flow velocities closer to the average values
experienced by microvessels. Immediately after adding the microsphere solution, fluorescence
time lapse images (300 millisecond intervals for 30 seconds) were acquired using an Eclipse Ti2
microscope at 37°C with a 10X objective (Supplementary Videos 1 and 2). One minute after the
microsphere solution was added, representative fluorescence images of the hydrogel channel were
acquired with a 4X objective. Anastomosis was considered achieved if the microspheres were
observed flowing from the high-pressure channel to the low-pressure channel exclusively through

the lumen of microvessels. The movement of microspheres through MVNs cultured in static and



Lab on a Chip

flow conditions was analyzed to determine microsphere velocity and estimate microvessel shear

stress (Supplementary Methods S.2).

2.8 Microvessel analysis

BECs-tdT, PCs, and ACs formed brain MVNs when cultured under both static and flow
conditions. Microvessel analysis was performed to quantify the effect of interstitial flow on MVN
characteristics. After 8 days in culture, all samples were fixed as previously described (Materials
and Methods 2.5). Fluorescence z-stack (50 pm range at 5 um intervals) images were acquired
using a LSM 800 confocal laser scanning microscope (ZEISS) with a 20X objective. Microvessels
were identified by the tdTomato signal expressed in BECs. This signal was used to calculate blood
vessel parameters (blood vessel area, branch number, average branch length, average branch
diameter, and the number of blood vessel segments) for MVNs cultured under static and flow
conditions (Supp. Fig. 2). First, in Imagel, z-stacks were compressed to MIPs. Next, the tdTomato
signal was converted to a binary image and individual particles smaller than an individual BEC
were removed. Binary images were then used to determine the vessel area, Ay, as well as vessel
area as a percentage of the total area of the image. The ImageJ plugin, Skeletonize, was used to
skeletonize the binary image and Analyze Skeleton (2D/3D) was used to determine the number of

branches, ng, and the average branch length, L. From these values, average branch diameter, Dp,

was calculated using the following equation:

Ay
Dy = o 1)

Analyze Skeleton was also used to determine the number of blood vessels segments of each sample

by counting the Skeleton ID numbers assigned in each image. For all blood vessel parameters, 6
experimental replicates were analyzed to generate average values for static and flow conditions.
To determine the effect of interstitial flow on MVN longevity, BECs-EGFP, PCs, and ACs
were cultured under static or flow conditions for 14 days. Samples were fixed on Day 8 and Day
14. Fluorescence z-stack (50 um range at 5 um intervals) images were acquired using a LSM 800
confocal microscope with a 20X objective. In ImagelJ, the EGFP signal was used to measure blood
vessel area, average branch diameter, and the number of blood vessel segments for MV Ns cultured
under static and flow conditions. For all parameters, 6 experimental replicates were analyzed. For

both static and flow cultures, Day 8 averages were compared to Day 14 averages.

10
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2.9 Pericyte and astrocyte analysis

To determine the effect of interstitial flow on the association of PCs and ACs with
microvessels, BECs-tdT, PCs, and ACs were cultured under static or flow conditions for 8 days.
In all samples, PCs and ACs were immunocytochemically labeled with NG-2 and GFAP,
respectively. Fluorescence z-stack (50 um range at 5 um intervals) images were acquired using a
LSM 800 confocal microscope with a 20X objective. Microvessels were identified using the
tdTomato signal. When measuring PC and AC coverage, z-stack images were cropped at one slice
(5 um) from the top and bottom of the microvessels imaged. This was to minimize the inclusion
of PCs and ACs in the fibrin hydrogel that were not directly contacting the blood vessels. In
Imagel, cropped z-stacks were compressed into MIPs and binary images were made of the
tdTomato, NG-2, and GFAP channels. PC and AC coverage was calculated as the area of overlap
of the tdTomato signal with the NG-2 and GFAP signal, respectively. Both values were
represented as a percentage of the total microvessel area. When measuring the number of GFAP+
ACs and the total length of AC process extensions, full-range z-stacks were compressed into MIPs.
The number of GFAP+ ACs was calculated by counting the number of nuclei associated with the
GFAP signal. Next, the binary GFAP signal was skeletonized, and Analyze Skeleton (2D/3D) was
used to calculate the total length of AC processes extended into the fibrin hydrogel. For all
parameters, 6 experimental replicates were analyzed to generate average values for static and flow

conditions.

2.10 Protein immunofluorescence analysis

To determine the effect of interstitial flow on MVN protein expression, BECs-tdT, PCs,
and ACs were cultured under static or flow conditions for 8 days. On Day 8, all samples were fixed
and stained for ZO-1, laminin, and collagen IV. Fluorescence z-stack (50 pm range at 5 pm
intervals) images were acquired using a LSM 800 confocal microscope with a 20X objective. In
Imagel, z-stacks were compressed into MIPs. The tdTomato signal was used to identify
microvessels and calculate vessel area as previously explained (Materials and Methods 2.8). ROIs
were selected to include microvessels with clearly defined borders. In each ROI, the total pixel
intensity value for each fluorescently tagged protein was measured. The total pixel intensity was
then normalized by microvessel area to allow for statistical analysis. For all protein intensity

analysis, 6 experimental replicates were analyzed to generate average values for static and flow

11
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conditions. Average values measured for microvessels cultured under flow conditions were

represented relative to the averages measured under static conditions.

2.11 Enzyme-linked immunosorbent assay

To determine the effect of interstitial flow on the secretion of soluble signals from MVNS,
normal BECs, PCs, and ACs were cultured under static or flow conditions for 6 days. Brain-
derived neurotrophic factor (BDNF) was selected as the target protein for enzyme-linked
immunosorbent assay (ELISA). To ensure sufficient BDNF would be detected, two modifications
were made to the vasculogenesis protocol. First, the final cell densities of BECs, PCs, and ACs
were increased to 6x10°, 2x10°, and 2x10° cells/mL, respectively. Second, culture medium was
changed every other day. On days between medium changes, the reservoir volumes required for
static and flow conditions were reestablished using the conditioned medium. The entire volume
from all reservoirs was collected from samples on Day 2, 4, and 6 and stored at -80°C until needed.
Concentrations of soluble human BDNF in conditioned media were determined using Total BDNF
Quantikine ELISA Kit (R&D Systems) according to the manufacturer’s instructions. For BDNF
concentrations, the culture medium volumes of 3 MFDs were analyzed in duplicate to generate

average values for static and flow conditions on each day.

2.12 Dextran permeability assay

To determine the effect of interstitial flow on microvessel permeability, BECs-EGFP, PCs,
and ACs were cultured under static or flow conditions for 8 days. On Day 8, a 5 pg/mL solution
of Texas Red™ 594 dextran (70 kDa, Invitrogen) was prepared in warm EGM-2. For all samples,
60 pL of warm EGM-2 was added to both low-pressure reservoirs and then 60 puL of dextran
solution was quickly added to both high-pressure reservoirs. Fluorescence z-stack (50 pm range
at 5 um intervals) time lapse (30 second intervals for a maximum of 180 seconds) images were
acquired using a LSM 880 confocal laser scanning microscope at 37°C with a 20X objective. Due
to the brief imaging period, CO, and humidity levels were not regulated. For MVNs cultured under
both static and flow conditions, ROIs were selected to include microvessels with well-defined
borders. In Imagel, z-stacks for each time point were compressed into MIPs. It was assumed that
dextran fluorescence intensity increased proportionally with the concentration of dextran and that

the microvessels analyzed were circular. With those assumptions, microvessel permeability

12
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coefficients (P) were calculated using the following equation derived from Fick’s First Law by

Uwamori and colleagues(49):

dl
r dt
PZEXE (2)

. . . al . . . .
where r is the radius of the microvessel, ; is the change over time of the fluorescence intensity of

the Texas Red dextran in the extracellular space within 5 um of the microvessel wall, and I is the
initial fluorescence intensity of the intraluminal dextran, which was constant throughout imaging.
For dextran permeability experiments, 9 experimental replicates were analyzed to generate average

values for static and flow conditions.

2.13 Statistical analysis

All statistical analysis was performed using Prism (GraphPad Software). Statistical testing
between two experimental conditions was done using a two-tailed Student’s t-test with Welch’s
correction. Statistical testing of data with more than one experimental variable was done using
two-way analysis of variance with Sidak multiple comparisons test. Statistical significance was
determined as p < 0.05. All data are represented as the mean with error bars of the standard error

of mean (SEM).
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3. Results
3.1 Characterizing interstitial flow across the fibrin hydrogel

3D Cell Culture Chips from AIM Biotech (Fig. 1 A) were selected for experimentation due
to their ability to generate interstitial flow across a hydrogel channel by creating a hydrostatic
pressure gradient between opposite reservoirs. We selected the pressure differences of 0 and 1.5
mmH,0 to represent the static and flow culture conditions, respectively, for all experiments (Fig.
1B). A solution of Oregon Green dextran (70kDa) was employed to visualize the bulk flow of fluid
across the central channel and to calculate the permeability of the fibrin hydrogel. Under static
conditions, the dextran solution remained in the fluid channel and did not diffuse significantly into
the fibrin hydrogel during imaging (Fig. 1C). Under flow conditions, the dextran solution migrated
across the fibrin hydrogel from the high-pressure channel and reached the low-pressure channel
after approximately 180 seconds (Fig. 1C). We assumed that the movement of fluorescent dextran
across the hydrogel channel would be similar to that of other solutes in the culture medium. During
flow culture, the volume height difference between opposite reservoirs decreases until equilibrium
is reached. Therefore, to better characterize the interstitial flow experienced as reservoir volumes
equilibrated, various volumes were added to reservoirs to produce hydrostatic pressures from 0
and 1.5 mmH,0 (Table 1) and the dextran solution velocity was measured. The hydrostatic
pressure differences of 0, 0.375, 0.75, 1.125, and 1.5 mmH,0 generated average dextran solution
velocities of 0.08 £ 0.02, 1.73 + 0.07, 3.64 = 0.15, 4.74 £ 0.07, and 5.73 + 0.10 um/s (Fig. 1D),
respectively, which corresponded to average dextran solution flow rates of 0.22 + 0.05, 4.54 +
0.18,9.55+£0.39, 12.44 £ 0.19, 15.03 = 0.26 nL/s (Fig. 1E), respectively. The average volumetric
flow rates calculated at 0.375, 0.75, 1.125, and 1.5 mmH,0O were then used to calculate the average
fibrin hydrogel permeability of 4.35 £ 0.23x10°13 m?. Using this permeability value, we were able
to simulate the interstitial flow velocity (Fig. 1F) and volumetric flow rate (Fig. 1G) that would be
experienced across the fibrin hydrogel over time under flow conditions. Both the interstitial
velocity and flow rate decreased exponentially from their initial values and had reduced by three
orders of magnitude after approximately 9 hours. Despite the decay in interstitial flow values, we
postulated that the presence of the interstitial flow would markedly influence BEC morphogenesis
compared to the absence of flow. Hence, to determine the effect of interstitial flow on microvessel
development and function, we compared the differences between MV Ns generated under the static

and flow conditions described above.
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3.2 Interstitial flow enhanced brain endothelial cell angiogenesis

To determine the influence of interstitial flow on BEC angiogenesis, BECs-EGFP were
side-seeded along one fluidic channel and sprouted into the fibrin gel containing PCs and ACs
under static or flow culture conditions (Fig. 2A). Under both conditions, BECs-EGFP produced
angiogenic sprouts that extended into the fibrin hydrogel over the course of a week (Fig. 2B). In
the flow condition, BECs extended angiogenic sprouts against the direction of interstitial flow. By
Day 7, angiogenic sprouts were surrounded by supporting NG-2+ PCs and GFAP+ ACs in both
conditions (Fig. 2C). After one day in culture, there was no significant difference between the
number of sprouts or the average sprout length for BECs-EGFP cultured under static and flow
conditions. However, on Day 3 and Day 7, both the sprout count (Fig. 2D) and average length
(Fig. 2E) were enhanced for BECs-EGFP cultured under flow compared to static conditions. The
Day 7 sprout count observed under static and flow conditions was 8.00 + 1.53 and 16.00 + (.58,
respectively (Fig. 2D). The Day 7 average sprout length observed under static and flow conditions
was 294.36 + 13.47 and 560.11 + 10.11 pum, respectively (Fig. 2E). Finally, the Day 7 average
sprout diameter observed under static and flow conditions was 13.64 + 0.43 and 39.61 + 2.28 um,
respectively (Fig. 2F). In summary, the mean sprout count, average length, and average diameter
were increased for BECs-EGFP cultured under flow conditions compared to static conditions.
Taken together, these data indicate that the application of interstitial flow enhances BEC

angiogenesis.

3.3 Interstitial flow engendered brain microvascular network perfusion

To determine the influence of interstitial flow on brain MVN formation, BECs-tdT, PCs,
and ACs were suspended in a fibrin gel and cultured under static or flow conditions (Fig. 3A).
After two days in culture, BECs-tdT in both culture conditions began to expand into the fibrin
matrix and form vascular plexuses (Fig. 3B). On Day 3, additional BECs-tdT were side-seeded in
both fluidic channels to increase the chance of anastomosis across the hydrogel channel. By Day
8, mature 3D brain MVNs supported by NG-2+ PCs and GFAP+ ACs were formed within the
hydrogel channel under both conditions (Fig. 3B). These MVNs were observed throughout the
entire length of the hydrogel channel in static and flow samples, indicating that significant
degradation and regression of the fibrin gel had not occurred (Supp. Fig. 1). BECs-tdT side-seeded

in fluidic channels had formed confluent monolayers, creating an endothelial barrier between the
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fluidic channels and the fibrin gel (Fig. 3C). After 8 days, microvessels formed under both static
and flow culture conditions expressed tight junction protein, ZO-1, at the periphery of BECs (Fig.
3D). Collectively, these observations demonstrated that BECs-tdT were able to undergo
endothelial morphogenic processes to form 3D MVNs within a MFD, similar to previous
studies(16,50,51). Further analysis was performed to elucidate the distinctions between the
microvessel networks formed under the two culture conditions.

Microvessel perfusion and anastomosis was visualized with fluorescent microspheres.
After 8 days of static or flow culture, a solution of 1.9 um diameter microspheres was added to
MFD reservoirs such that the hydrostatic pressure difference across the fibrin gel was 0.75 mmH,O
(Fig. 4A). This stimulated microspheres to flow from the high-pressure channel to the low-pressure
channel through the open lumen of microvessels. However, we did not observe MVN anastomosis
in any sample cultured under static conditions. While microspheres were able to enter several open
lumens formed in static culture, they were not able to make egress and terminated in microvessels
in the hydrogel channel. In addition, microspheres were also observed in the interstitial space of
the fibrin hydrogel in static samples (Fig. 4B, Supp. Vid. 1). This demonstrated that microvessels
were porous enough to allow the exit of microspheres or that the BEC-tdT monolayer in the fluidic
channel did not act as a sufficient barrier to the fibrin gel. In contrast, MVNs formed under flow
conditions consistently achieved anastomosis, as demonstrated by microspheres flowing from
high-pressure channels to the low-pressure channels through the open lumen of microvessels (Fig.
4B, Supp. Vid. 2). In flow culture, microspheres were rarely observed in the fibrin matrix
surrounding microvessels. Due to the restrictive flow experienced by microspheres traveling
through microvessels formed under static conditions, the mean microsphere velocity was 31.59 +
8.72 um/s. This was a stark contrast from the mean microsphere velocity of 521.77 +41.52 pm/s
experienced by microspheres traveling through microvessels formed under flow conditions (Fig.
4C). Assuming that the velocity of the microspheres was the maximum velocity of the culture
medium flowing through the microvessels, the fluid shear stress experienced by microvessels was
estimated. These calculations gave a mean shear stress of 0.018 = 0.006 and 0.394 + 0.030 dyn/cm?
for microvessels formed under static and flow conditions, respectively (Fig. 4D). Taken together,
these data demonstrated that interstitial flow was necessary during MVN formation to develop
microvessels capable of perfusion in this system. To reiterate, microvessels cultured under static

conditions experienced neither luminal flow nor fluid shear stress leading up to the perfusion
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experiment due to the lack of a hydrostatic pressure gradient. The calculated microsphere velocity
and microvessel shear stress values were only possible due to the hydrostatic pressure difference
(0.75 mmH,0) created specifically for this perfusion experiment. Moreover, microvessels cultured
under flow conditions were subjected to a higher hydrostatic pressure difference (1.5 mmH,0)
after each culture medium change. This resulted in luminal flow through every accessible
microvessel until the reservoir volumes equilibrated. Although this did not last the full 24 hours
between culture medium changes, we predicted that the flow experienced by microvessels would

be significant enough to impact their morphology and function.

3.4 Interstitial flow enhanced brain microvascular network morphology and longevity
After it was observed that only MVNs cultured under flow conditions formed perfused
microvessels, we hypothesized that the presence of interstitial and luminal flow would enhance
microvessel formation. To measure this, BECs-tdT, PCs, and ACs were suspended in fibrin in the
hydrogel channel and cultured under static or flow conditions for eight days. By Day 8, distinct
brain MVNs had formed in both conditions (Fig. 5SA). Microvessels were evaluated by several
vascular parameters: vessel area, the number of vessel branches, average branch length and
diameter, and the number of vessel segments. Comparing static to flow culture parameter means,
vessel area increased from 38.19 + 2.78 to 59.86 + 1.79% (Fig. 5B), average branch length
increased from 47.46 £ 2.16 to 58.68 + 1.93 um (Fig. 5D), and the average branch diameter
increased from 28.65 = 1.73 to 37.20 = 1.36 um (Fig. 5E), respectively. No statistical difference
was found between the mean number of branches for MVNs formed under static (103.50 = 5.19)
and flow (102.00 + 6.84) conditions (Fig. 5C). Lastly, the mean number of vessel segments (per
area) was 2.83 £ 0.48 and 1.50 + 0.22 for MVNs cultured under static and flow conditions,
respectively (Fig. 5F). Collectively, these data indicate that the addition of interstitial flow
increases the relative size of microvessels compared to those cultured without it. Once MVN
anastomosis was achieved in the flow condition, microvessels became perfusable and experienced
shear stress every time the hydrostatic pressure gradient was reset. As a result, vessel area, branch
length, and branch diameter increased compared to that of microvessels cultured in static
conditions. The increase in microvessel size increased the chance that neighboring vascular
plexuses would amalgamate, reducing the amount of individual vessel segments. Indeed, MVNs

cultured under flow conditions appeared more continuous than MVNs cultured under static
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conditions, which still had individual microvessels separated from surrounding vessels on Day 8
(Fig. 5A). In summary, interstitial flow promotes the development of larger, more connected,
microvessels when compared to microvessels cultured without flow.

After it was concluded that flow culture was beneficial for microvessel formation, we
hypothesized that interstitial and luminal flow would prevent MVN regression during longer
culture periods. To test this, BECs-EGFP, PCs, and ACs were cultured under static or flow
conditions for 8 and 14 days. MVNs were observed in MFDs on Day 8 and Day 14 in samples
cultured under both conditions (Fig. 5G). Visually, microvessels grown in flow culture on Day 8
and Day 14 were comparable and possessed wide, open lumen. In contrast, Day 14 microvessels
grown in static culture were thinner than those on Day 8 and had narrower open lumen (Fig. 5QG).
To quantify these observations, three vascular parameters were selected to evaluate MVN
maintenance over time: vessel area, average branch diameter, and the number of vessel segments.
From Day 8 to Day 14, vessel area decreased from 45.76 + 1.41 to 21.65 + 2.65% (Fig. 5H), and
average branch diameter decreased from 36.93 + 2.36 to 20.91 + 1.36 um (Fig. 5I), respectively,
for microvessels cultured in static conditions. In static culture, the number of vessel segments
increased from 4.00 £ 0.86 to 9.33 + 0.76 from Day 8 to Day 14, respectively (Fig. 5J). These
values confirmed that MV Nss in static culture decreased in size and became more fragmented from
Day 8 to Day 14. In contrast, microvessels cultured under flow conditions saw no significant
changes in vessel area (76.15 + 2.29 to 70.65 + 2.44%, Fig. 5SH), average branch diameter (48.27
+ 1.64 to 45.98 + 2.61 um, Fig. 51), and number of vessel segments (1.17 = 0.17 to 1.33 = 0.21,
Fig. 5J) from Day 8 to Day 14, respectively. Plainly, MVNs formed in flow culture maintained
their vascular characteristics for the duration of two weeks. The resulting difference between
MVNs cultured under static and flow conditions can be attributed to the effect of interstitial and
luminal flow on microvessels. Microvessels in static culture received no physical cues to maintain
open lumen during extended culture. Contrastingly, after MVNs achieved anastomosis in flow
culture, the microvessels were exposed to luminal flow daily. To reiterate, this provided the
physical and biological cues for BECs to maintain mature, open lumen to compensate for the flow.
Additionally, interstitial flow allows for more effective delivery of nutrients and removal of
cellular waste products than simple diffusion. This was likely advantageous for cellular health and
MVN maintenance in long-term culture. In summary, the presence of interstitial flow stymied

microvessel regression and maintained MVNs longer than those cultured without interstitial flow.
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3.5 Interstitial flow increased astrocyte coverage of microvessels

Next, we investigated if the presence of interstitial flow influenced PC and AC association
with microvessels. To test this, BECs-tdT, PCs, and ACs were cultured under static or flow
conditions for eight days. By Day 8, MVNs formed in both static and flow culture were comprised
of tdTomato+ microvessels surrounded by NG-2+ PCs and GFAP+ ACs (Fig. 6A). Closer
inspection revealed that both PCs and ACs were directly contacting hollow microvessels (Fig. 6B).
PC and AC coverage was measured as a percentage of the total vessel area in the field of view. No
statistical difference was found between the mean PC coverage of microvessels cultured under
static (20.77 + 1.99%) and flow (16.48 = 1.13%) conditions (Fig. 6C). However, when comparing
the mean AC coverage of microvessels in static and flow culture, an increase from 6.44 + 0.71%
t0 9.20 £ 0.18% was observed, respectively (Fig. 6D). These data show that only AC coverage was
enhanced under flow culture conditions.

Immunofluorescence images of MV Ns revealed the presence of nuclei that did not possess
any fluorescent marker (Fig. 6B). In 2D cell culture, we observed that PCs uniformly expressed
NG-2 (Supp. Fig. 3A). While nearly all ACs were identified with GFAP in 2D cell culture, we
observed a small population ACs with no visible GFAP signal (Supp. Fig. 3B). However, this was
not surprising since AC expression of GFAP varies in vivo(52). When ACs transition to a reactive
state, it is typically accompanied by an increase in cellular diameter, GFAP expression, and the
number of astrocytic processes(52,53). For these reasons, we speculated that the unlabeled nuclei
in MVNSs could be those of ACs with no GFAP expression. We postulated that the increase in AC
coverage of microvessels cultured under flow may be the result of an increase in the number of
GFAP+ ACs or an increase in the amount of astrocytic process extensions in the fibrin gel.
However, no statistical difference was found between the mean number of GFAP+ ACs (per area)
observed in static (26.67 = 1.74) and flow (28.83 + 0.40) culture (Fig. 6E). Moreover, no statistical
difference was found between the mean total length of AC processes (per area) observed in static
(8.26 = 0.64 mm) and flow (9.89 + 0.46 mm) culture (Fig. 6F). Taken together, these data indicate
that the slight increase AC coverage in flow culture is not due to a higher number of GFAP+ ACs

or an increase in the total length of astrocytic processes.
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3.6 Interstitial flow enhanced basal lamina protein production in microvessels

Endothelial protein expression is dependent on physical stimuli, such as shear stress(54).
For this reason, we sought to determine if the presence of interstitial and luminal flow had an effect
on microvessel protein production. To accomplish this, BECs-tdT, PCs, and ACs were cultured
under static or flow conditions for eight days. On Day 8, immunofluorescence analysis was used
to measure the expression of three proteins: ZO-1 (Fig. 7A), collagen IV (Fig. 7B), and laminin
(Fig. 7C). All three proteins were observed in the MVNs cultured under both static and flow
conditions. Previously, we stated that ZO-1 was observed to be localized at the borders of BECs
(Fig. 3D). Basal lamina proteins, collagen IV and laminin, were observed along the border of
microvessels (Fig. 7 B and C). To determine the relative expression levels of each protein, the total
fluorescence intensity was normalized by the microvessel area. No significant difference was
observed between the relative fluorescence intensity of ZO-1 of microvessels cultured under static
(1.00 + 0.05) and flow (0.88 £ 0.05) conditions (Fig. 7D). In contrast, we found that the presence
of basement proteins was enhanced in flow conditions compared to static. When comparing
relative static to flow means, collagen I'V fluorescence intensity increased from 1.00 £+ 0.03 to 1.85
+ (.11, respectively (Fig. 7D). Similarly, when comparing relative static to flow means, laminin
fluorescence intensity increased from 1.00 £ 0.07 to 1.84 £ 0.13, respectively (Fig. 7D). These
data indicate that interstitial flow increases the amount of collagen IV and laminin located on
microvessels, but not ZO-1, associated with BEC microvessels. In samples where ZO-1 and
collagen IV were labeled simultaneously, similar trends were observed (Supp. Fig. 4). This
confirmed that the increased pixel intensity of basement membrane proteins was not due to staining
protocol errors. Taken together, these results suggest that interstitial flow has significant influence
over the accumulation of basement membrane proteins on brain microvessels.

To confirm the presence of membrane transport proteins commonly found in the BBB,
brain MVNs comprised of BECs-EGFP, PCs, and ACs were also cultured under static or flow
conditions for eight days. On Day 8, both GLUT1 and P-gp were identified at the border of
microvessels lumen in both culture conditions, indicating the expression of these membrane
transporters in BECs-EGFP (Supp. Fig. 5). In addition, we observed nuclei in the interstitial space
that were also co-labeled for GLUT1 and P-gp. These cells were not EGFP+ and therefore not
BECs-EGFP. For this reason, we assumed that these nuclei belonged to either PCs or ACs,
although we did not co-label these cells with NG-2 or GFAP, respectively. Due to the high
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expression of GLUT-1 and P-gp in all brain MVN cell types, we did not perform any
immunofluorescence analysis on these membrane transport proteins as it would be difficult to
distinguish proteins exclusively expressed by microvessels.

Based on the idea of flow-mediated protein expression, we tested if the presence of
interstitial flow had an effect on MVN protein secretion. We selected BDNF, a prominent
neurotrophin, as the target protein for ELISA. In the mammalian brain, BDNF is predominantly
produced and secreted by BECs(55,56) but has also been reported to be derived from PCs(57) and
ACs(58), albeit at lower quantities. We cultured BECs, PCs, and ACs under static or flow
conditions and collected the conditioned culture medium to test for the presence of BDNF on Days
2,4, and 6. We considered higher concentrations of BDNF to be present in conditioned medium
from flow samples simply due to interstitial flow removing soluble BDNF from the fibrin gel.
However, we believed that this factor would be negligible due to the equilibration of the
hydrostatic pressure difference in flow culture. We previously reported that the interstitial flow
rate after 9 hours was essentially negligible (Results 3.1). Therefore, the distribution of soluble
BDNF for the remaining 15 hours between volume reestablishment would be dependent on
diffusion and identical to static conditions. After 15 hours without interstitial flow, we assumed
that the concentration of BDNF reached an equilibrium throughout the fluidic channels of flow
samples. This, coupled with the collection of conditioned culture medium every 48 hours from
both high-pressure and low-pressure reservoirs, reduced the possibility that higher concentrations
of BDNF in flow culture would be solely the result of convective mass transfer. The concentration
of BDNF in conditioned culture medium from Day 2 was below the minimum detectable limit of
the ELISA kit (data not shown). However, BDNF concentration was able to be measured for
culture medium collected from Day 4 and Day 6 (Supp. Fig. 6B). Between Day 4 and Day 6, the
concentration of soluble BDNF increased from 25.29 + 6.94 to 71.42 + 21.96 pg/mL, respectively,
in static culture. Similarly, in flow culture, the BDNF concentration increased from 49.41 = 11.65
to 112.79 £ 17.26 pg/mL from Day 4 to Day 6, respectively. These results show that the mean
BDNF concentration was measured to be higher in flow culture than static culture on Day 4 and
Day 6, however, no significant difference was calculated. From these data, we concluded that the

presence of interstitial flow did not enhance the concentration of soluble BDNF in MFDs.
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3.7 Interstitial flow decreased microvessel permeability

Lastly, we tested if the presence of interstitial flow had an influence on microvessel barrier
function. To determine this, BECs-EGFP, PCs, and ACs were cultured under static or flow
conditions for eight days. On Day 8, microvessels from all samples were perfused with 70 kDa
dextran solution to measure the rate at which dextran permeated into the surrounding fibrin ECM
(Fig. 8A). As demonstrated in the microsphere perfusion experiment, only MVNs cultured under
flow conditions achieved anastomosis and experienced luminal flow (Fig. 4A and B). Similarly,
in preliminary experiments, we observed that only microvessels cultured under flow conditions
were able to be perfused with Oregon Green dextran (70 kDa) solution (Supp. Fig. 7). In MVNs
cultured under static conditions, most microvessel segments located in the hydrogel channel were
inaccessible to the dextran solution. Eventually, dextran diffused into the center of the hydrogel
channel and revealed the outline of hollow, non-perfused microvessels grown in static culture
(Supp. Fig. 7). For these reasons, time-lapse confocal images of microvessels grown in static and
flow culture were acquired near the gel-liquid interface and the center of the hydrogel channel,
respectively. For MVNs cultured under static conditions, dextran solution entered microvessels at
the hydrogel-liquid interface and was initially retained in the vascular lumen (Fig. 8A). After 150
seconds, trace amounts of dextran visibly leaked into the surrounding fibrin matrix. For MVNs
cultured under flow conditions, dextran perfused into mature microvessels and was observed
predominantly in the vascular lumen for the duration of imaging (Fig. 8A). The dextran
permeability coefficient for microvessels cultured under static and flow conditions was found to
be 8.07 £ 0.90 x107 and 2.35 + 0.27 x1077 cm/s, respectively (Fig. 8B). These results indicate that
microvessels cultured under static conditions are more permeable to dextran than those cultured
under flow conditions. Indeed, the maximum permeability coefficient for microvessels in static
culture (1.16x10° cm/s) was nearly a full order of magnitude higher than the maximum value in
flow culture (3.23x107 cm/s). In addition, the permeability coefficient values calculated for static
culture were observed over a larger range than the values calculated for flow culture. Taken
together, these data indicate that culturing MVNs under flow conditions enhances microvessel

barrier function.
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4. Discussion

In this work, we successfully developed 3D brain MVNs within a MFD and demonstrated
the importance of interstitial flow regarding their formation, maintenance, and function. The MFD
used from AIM Biotech has been implemented in previous studies, highlighting its utility and
potential for adoption by other laboratories(50,59,60). Our microfluidic model included self-
assembled human MVNs comprised of primary BEC microvessels supported by PCs and ACs,
mimicking capillary networks found in the brain(2,4). Brain MVNs were formed through natural
endothelial processes and did not rely on physiologically-inaccurate channel geometries and
configurations, like several previous MFD models(13,61-64). The benefits of interstitial flow on
vasculogenesis and angiogenesis have previously been characterized using non-brain endothelial
cells(39,40,65). However, in these studies, a majority of microvessel analysis was focused on
morphological changes in response to interstitial flow. We present the first microfluidic model to
characterize multiple effects of interstitial flow on brain-specific microvessel formation in the
presence of PCs and ACs. Campisi and colleagues recently reported the development of similar
brain MVNs using human induced pluripotent stem cell-derived endothelial cells in the absence
of interstitial flow(16). Despite the resemblance to this experimental setup, we were unable to
generate perfused microvessels in our model under static conditions. This distinction emphasizes
how different experimental variables can drastically alter the functionality of brain MVNs
developed in vitro. To produce perfused brain microvessels, we generated interstitial flow in our
model and observed marked differences in vascular parameters as a result. Due to the dramatic
effect on microvessel morphology, we continued our investigation to further elucidate the
influence of interstitial flow on other characteristics of brain microvasculature. Recently, Figarol
and colleagues studied the effects of continuous interstitial flow on brain MV Ns using a Transwell-
based model(47). When compared to that study, our present work possesses three major
distinctions: 1) Formation of 3D brain MVNs within a MFD; 2) Development of microvessels with
open lumen capable of perfusion; and 3) Quantitative analysis of multiple vascular morphological
features, luminal flow and shear stress, PC and AC coverage, soluble protein concentration, and
microvessel barrier function. These analyses demonstrate our model’s potential to study the
biological relevance of the bulk flow of interstitial fluid on the formation of functional human

brain MVNs.
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To study the effect of interstitial flow on human brain MVN formation, two experimental
conditions were created in the MFD: static and flow. In static conditions, a pressure difference of
0 mmH,0O generated an average dextran solution flow velocity of 0.08 pum/s (Fig. 1D) and
volumetric flow rate of 0.22 nL/s (Fig. 1E) across the fibrin gel. Obviously, a pressure difference
of 0 mmH,0 physically should not have generated any convective flow. The minuscule velocity
and flow rate measured can likely be attributed to minute height differences in reservoir volumes
due to pipetting error and unlevel imaging surfaces. Therefore, for all samples cultured under static
conditions, the movement of solutes in the fibrin hydrogel was assumed to be completely
dependent on diffusion. In flow conditions, a pressure difference of 1.5 mmH,O generated an
average dextran solution flow velocity of 5.73 pm/s (Fig. 1D) and volumetric flow rate of 15.03
nl/s (Fig. 1E) across the fibrin gel. These data represented the maximum values obtained in the
flow condition and confirmed that the movement of solutes through the fibrin hydrogel was
initially governed by convection. Simulated data showed that interstitial flow velocity and rate
decayed until they reached values three orders of magnitude lower after approximately 9 hours
(Fig. 1F and G). During that time period, the bulk flow experienced by the fibrin gel was within
the physiological range of interstitial flow found in most soft tissues (0.1 to 10 pm/s)(22,35,66,67).
This feature of our model is critical considering the regulatory role of interstitial fluid flow in
communication between neural, glial, and vascular cell types(36).

Although flow samples experienced nonzero convective flow rates after 9 hours, they were
in the order of picoliters per second and therefore considered insignificant. Our experimental
design’s largest shortcoming was the lack of continuous flow after the reservoir volume
equilibration. Cells in flow culture experienced conditions similar to static culture for extended
time periods (approximately 15 hours) between medium changes. We also acknowledge that
interstitial flow rates through cell-laden fibrin gels may differ from those through empty gels used
to determine fibrin hydrogel permeability. However, our equation used to calculate hydrogel
permeability (Eq. S2) does not contain a variable to account for the presence of dispersed objects,
such as cells. With that said, the purpose of that experiment was to highlight the stark difference
between the movement of fluid through fibrin gels in static and flow conditions and obtain an
estimate of the interstitial flow rate over time. In actuality, the interstitial flow rate profile likely
changed as BECs expanded and fused into microvessels in the hydrogel channel. Additionally, the
BEC monolayer seeded in both fluidic channels (Fig. 3C) on Day 3 likely acted as a physical
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barrier to flow across the length of the fluidic channel. This barrier would have decreased the
interstitial flow rate and extended the time before equilibrium was reached. However, the equations
used to simulate bulk flow through the fibrin hydrogel over time do not consider the presence of a
semi-permeable barrier and could not be used to simulate interstitial flow after Day 3
(Supplementary Methods S.1). Moreover, the pressure difference certainly decreased at a faster
rate once MVN anastomosis was achieved. Although luminal flow is a desired attribute of brain
capillaries, limited reservoir volumes prevented long-term exposure to this stimulus. These
problems could be circumvented by the implementation of a microfluidic pump that constantly
maintained the pressure across the hydrogel channel(68). However, we used a pumpless
microfluidic system because it was simpler, cheaper, occupied less space, and used low reagent
volumes. Future experiments with pumpless MFDs could implement larger reservoir attachments
or ECMs with lower permeabilities to extend flow culture periods. Despite the limitations of our
design, we chose to implement non-continuous interstitial flow in our cultures because it was
substantial enough to produce a quantifiable effect on brain MVN formation and function.

To the best of our knowledge, we are the first group to use a MFD to explore the effects of
interstitial flow on BEC angiogenesis in the presence of PCs and ACs. BEC angiogenesis was
enhanced under flow conditions, as evidenced by the increase in sprout number, length, and
diameter observed by Day 7. In addition to the inclusion of VEGF in the culture medium, PCs and
ACs were seeded within the fibrin hydrogel to encourage angiogenic sprouting, similar to Lee and
colleagues(17). We predicted that PCs and ACs would promote endothelial morphogenesis
through direct cell-cell contact and the secretion of pro-angiogenic factors(2,4,69,70). However,
in our study, BEC angiogenesis was mediated by both biological and physical cues. In flow culture,
we observed enhanced angiogenesis against the direction of interstitial flow (Fig. 2B), similar to
previous studies using non-brain endothelial cells(22,71). Those studies reported that interstitial
flow attenuated soluble factor gradients and acted as the directional cue for angiogenesis(22,71).
In our design, the mean interstitial flow rate experienced by BEC angiogenic sprouts at the
inception of flow culture was 5.73 um/s. This value is close to the interstitial flow rate used in
previous studies (6 pm/s) to eliminate any established morphogen gradient in MFDs(22,65,72).
Although our flow rate decreased exponentially over time, the direction of bulk fluid movement
remained the same until reservoir volume equilibration. Until that moment, it is likely that no

gradients of soluble growth factors released by PCs and ACs were able to develop due to the
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presence of interstitial flow through the fibrin gel. The evident difference between the morphology
of angiogenic sprouts in static and flow culture highlights the necessity of implementing interstitial
flow in future in vitro models of brain microvessel sprouts.

We observed the formation of brain MVNs in both static and flow cultures. However,
microsphere perfusion demonstrated that microvessels formed under static conditions did not
allow for significant luminal flow. In contrast, most microvessels grown in flow culture possessed
perfused lumen. Although we predicted that flow conditions would increase the chance of
microvessel perfusion, we did not anticipate the complete lack of anastomosis in static samples.
Previous studies have shown that brain MVNs generated without interstitial flow were able to be
perfused with dextran solutions(16,17). This distinction from our observations highlights the
potential impact of experimental design variables (cell source, density, arrangement, and ECM
composition) on the generation of perfused microvessels. Our study showcases that the addition
of interstitial flow is sufficient enough to achieve anastomosis uniformly and reproducibly in cell-
laden hydrogels that would otherwise be non-perfused. Although interstitial flow has been shown
to promote the anastomosis of capillary networks comprised of non-brain endothelial cells(22—
26,40,41), we are the first to report the direct influence of interstitial flow on the perfusion of brain
MVNs developed within a MFD. Future researchers should consider the application of interstitial
fluid flow in their models to increase the chance of developing perfused microvessels.

With a pressure of 0.75 mmH,0, the average microvessel shear stress experienced by
MVNs formed in static and flow conditions was 0.018 and 0.394 dyn/cm?, respectively (Fig. 4D).
Although shear stress values vary depending on the vessel, the shear stress experienced by
microvessels in flow culture was within the range of reported physiological values (0.1-60
dyn/cm?)(73,74). It can be assumed that microvessels in flow culture experienced wall shear stress
values comparable to those observed in certain brain microvessels. However, the shear stress
experienced during microsphere perfusion by microvessels from static culture resembled that of
extremely low flows present during early blood vessel formation (~102-10* dyn/cm?)(74). To
reiterate, these values were only experienced by microvessels briefly during the perfusion assay.
Microvessels in static conditions did not experience significant shear stress during culture. As a
further point, microvessels grown under flow conditions likely experienced higher shear stress
values when a pressure difference of 1.5 mmH,O was applied. Vessel wall shear stress is

paramount for vascular health and is directly responsible for cytoskeletal remodeling,
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transcriptional regulation of genes, and activation of signaling cascades in endothelial cells(73,75).
A critical design flaw in previous microfluidic models of MV Ns is the lack of luminal flow present
during microvessel development(16,49,51,76). Although our experimental design did not have
continuous flow, we predicted that intermittent luminal flow would have significant effects on
microvessel formation and function.

To the best of our knowledge, we are the first to explore the effects of interstitial flow on
brain MVN formation within a MFD. After 8 days, the average branch diameters (Fig. 5E) of
microvessels in static (28.65 um) and flow (37.20 um) were within the range for that of brain
microvasculature observed in vivo (3 to 100 um)(18,19). MVNs cultured under flow conditions
produced larger, more connected microvessels than those cultured under static conditions. This
was probably due to the higher availability of nutrients and the more efficient removal of cellular
waste due to convective fluid transport through the fibrin hydrogel. However, the principal reason
for this discrepancy in microvessel morphology was likely the result of luminal flow experienced
after MVN anastomosis. Wall shear stress and transmural pressure gradients regulate blood vessel
diameter, depending on the elasticity and thickness of the vascular wall(73,77). The luminal flow
experienced by microvessels in flow conditions plausibly caused microvessels to grow in diameter,
as well as maintain their morphology for extended culture. Shear stress-induced vessel dilation has
been shown to be accompanied by enhanced endothelial cell nitric oxide production, cytoskeletal
reorganization, and increased ECM interaction through integrins(78,79). In addition, microvessel
enlargement due to perfusion likely promoted the fusion of adjacent expanding vessels, creating
interconnected MVNs. Microvessel fusion in static culture was dependent solely on paracrine
signaling from proximal cells and local ECM remodeling. The discernible effect of interstitial flow
on microvessel morphology adds credence to the importance of implementing bulk interstitial fluid
flow when generating brain MVNSs in vitro.

We did not observe significant changes in vascular morphology in microvessels cultured
under flow conditions between Day 8 and 14. In contrast, microvessels in static culture decreased
in size and were more segmented after two weeks. Interstitial and luminal flow likely prevented
significant microvessel regression through shear stress-mediated processes previously
described(78,79). Blood vessel regression and pruning is a natural part of vascular remodeling(80).
However, the fragmented microvessels observed in static culture on Day 14 were likely the result

of vessel destabilization induced by the lack of physical and biological stimuli. Previous studies
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of brain MVNs developed in vitro were typically terminated after approximately one week in
culture(16,17). It is possible that microvessels developed in these MFDs would regress in long-
term culture due to the absence of interstitial and luminal flow. In our model, the presence of
microvessels with open lumen after two weeks of flow culture confirms the importance of
interstitial flow for vessel maintenance as well as highlights the potential longevity of this
experimental design. The maintenance of perfused brain MVNs is advantageous for in vitro
models attempting to recapitulate time-intensive biological processes of the neurovascular unit,
such as neurogenesis or neurodegenerative disease progression(81,82). The optical transparency
of this MFD also facilitates the long-term visualization of these cellular interactions, which would
be difficult to perform in in vivo models.

The MVNs developed in static and flow culture were comprised of BEC microvessels
supported by PCs and ACs (Fig. 6B). Both PCs and ACs are fundamental for vascular health and
regulate BBB function(2,4). In our model, PCs associated with microvessels directly while ACs
extended processes which terminated in endfeet at the microvessel border. It was postulated that
PCs and ACs would secrete pro-vasculogenic factors and promote microvessel maturation through
direct contact with BECs(16). We initially hypothesized that the presence of interstitial flow would
increase PC and AC microvessel coverage. However, only AC coverage was enhanced for
microvessels cultured under flow conditions compared to static culture. This was not the result of
an increase in the number of GFAP+ ACs or the total length of astrocytic processes in the fibrin
gel. Microvessels likely came into contact with proximal astrocytic processes as they dilated. The
lumen of microvessels formed in static conditions did not expand as extensively as those in flow
conditions. Therefore, we surmised that the enhanced AC coverage was likely due to the physical
expansion of microvessels and not a direct response of astrocytes to interstitial flow. It is also
possible that microvessels in flow conditions produced soluble signals that better attracted
astrocytic endfeet, however we did not investigate this. Nonetheless, increased AC coverage may
be useful in future studies to investigate the interactions of vascular and glial cells. As an example,
the clearance of harmful proteins from the brain through the glymphatic system is dependent on
the function of perivascular channels dictated by aquaporin-4 on astroglial endfeet(37). The study
of this macroscopic waste removal in vitro would be applicable for characterizing the progression

of human neurodegenerative diseases(83).
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The presence of interstitial flow was the independent variable in our experiments.
However, once anastomosis was achieved in flow culture, microvessels were likely influenced by
intraluminal flow as well. Indeed, shear stress from luminal flow in blood vessels has a direct effect
on the gene expression of vascular endothelial cells(44,75,84). We hypothesized that shear stress
experienced by microvessels from luminal flow would enhance the expression of BBB-related
proteins in BECs. While there was no change in the relative fluorescence intensity of ZO-1, an
increase in collagen IV and laminin intensities was observed in microvessels cultured in flow
conditions compared to static (Fig. 7D). We found this result interesting considering that previous
studies have demonstrated that laminar shear stress enhances the expression of several endothelial
cell tight junction proteins, including ZO-1(46,85). However, no difference in the expression and
localization of claudin-5, occludin, and ZO-1 was observed for iPSC-derived human brain
microvascular endothelial cells subjected to shear stress(86). Furthermore, while Figarol and
colleagues observed an upward trend in protein and gene expression of claudin-5 and ZO-1 in
brain microvascular endothelial cells exposed to interstitial flow, no significance was reported(47).
Due to these results, as well as our own ZO-1 data, we did not test the expression of other tight
junction associated proteins. It is possible that the intermittent shear stress profile BECs
experienced during flow conditions was not conducive to tight junction improvement.
Nonetheless, the enhanced fluorescence intensity of collagen IV and laminin under flow conditions
correlated with data from previous studies. Endothelial cells exposed to high shear stress saw a
significant increase in the mRNA expression of collagen IV compared to those in static
conditions(87). In addition, endothelial cells experiencing shear stress were reported to have
reduced production and secretion of matrix metalloproteinase-2 (MMP2), which degrades
basement membrane proteins such as collagen IV(87,88). Basement membrane remodeling of
laminin structures and laminin-associated integrins was also observed in endothelial cells exposed
to flow-induced shear stress(89). Lastly, laminin 511 was previously identified as an endothelial
cell-derived basement membrane protein that was essential for shear stress response(90). Taken
together, these results conclude that shear stress upregulates basal lamina proteins that are
responsible for vascular remodeling as well as shear stress detection. For these reasons, we surmise
that the shear stress experienced by microvessels in flow culture was the cause of the enhanced
fluorescence intensity observed for collagen IV and laminin. It is possible that interstitial flow

experienced on the basolateral membrane of microvessels contributed to increased basement
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membrane production. However, we found no literature that claimed that interstitial fluid flow
specifically influenced collagen IV and laminin production. Moreover, the increased mean
intensities of collagen IV and laminin experienced in flow culture do not necessarily indicate that
basement membrane protein production was enhanced. It is possible that basement membrane
degradation was reduced in flow culture, compared to static, which would align with previous
studies regarding endothelial cell MMP production(87,88). Future studies regarding mRNA levels,
as well as the concentration of extracellular MMPs, are needed to confirm the cause of the
increased intensity of basement membrane proteins.

We confirmed the expression of both GLUT1 and P-gp in microvessels comprised of
BECs-EGFP cultured under static and flow conditions (Supp. Fig. 5). The localization of GLUT1
and P-gp on BECs is critical for the function of the BBB in vivo(1l). The expression of both
membrane transport proteins in BECs-EGFP indicates the presence of a microvessel transport
barrier. However, we also observed the expression of GLUT1 and P-gp in all cells not expressing
EGFP, which were assumed to be PCs and ACs by default. Although we predicted that these
membrane transporters would be localized exclusively at the luminal and abluminal membrane of
BECs, the expression of GLUT1 and P-gp is not uncommon in mural and glial cells. Indeed, in
addition to BECs, GLUT1 has been shown to be expressed in vascular pericytes(91-93) and
astrocytes(94,95). Similarly, P-gp has been reported to be localized along brain capillaries as well
as adjacent pericytes(96,97) and astrocytes(96,98,99). The presence of GLUT1 and P-gp in the
membranes of BECs, PCs, and ACs suggests that these proteins govern the transportation of
substrates throughout the entire brain at the cellular level(1). The expression of both
transmembrane proteins in all brain MVN cell types in our model give credence to its ability to
potentially replicate this substrate regulation in vitro. Moreover, P-gp has a significant role in
modulating multidrug resistance of numerous brain tumors(100). An irn vitro model of human brain
MVNs with physiologically-accurate expression and localization of P-gp would be valuable for
the development of effective anti-cancer drugs.

We further speculated that flow conditions would enhance BEC secretion of BDNF since
endothelial cells have been shown to exhibit flow-specific protein secretion patterns(101).
However, flow culture did not significantly increase BDNF concentration compared to static
culture, indicating that interstitial flow had no discernable effect on the secretion of BDNF. It is

possible that a statistical difference would have been found with a larger sample size. Due to the
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absence of interstitial flow for the majority of time (approximately 15 hours) between reservoir
volume height reestablishment in flow samples, we maintain that the concentration of soluble
BDNF was predominantly due to cellular secretion and not the removal of BDNF from the fibrin
gel due to bulk fluid movement. Nonetheless, the increase in BDNF concentration between Day 4
and Day 6 in both static and flow conditions demonstrated that MVN cells (predominantly BECs)
increased their secretion of the neurotrophin as microvessels matured. This is encouraging for
generating in vitro models of brain MV NS to recapitulate the neurovascular unit, given the critical
role of BDNF in neuron survival and maturation.

Healthy brain capillaries are characterized by low permeability to most molecules,
including dextran(1). Dextran (70 kDa) permeability coefficients of 8.07x10-7 and 2.35x10"7 cm/s
were calculated for microvessels cultured under static and flow conditions, respectively (Fig. 8B).
In our model, microvessels cultured under both conditions had lower permeabilities compared to
other human in vitro BBB models that implemented Transwells(102—104) or endothelial cell-lined
microfluidic channels(13,61). This demonstrated an advantage of MVNs being formed through
natural morphogenic processes in vitro. However, only the mean permeability coefficient for
microvessels in flow culture was comparable to that of rat cerebral microvessels (1.5x1077
cm/s)(105) and human MVNs formed in MFDs(49,106). Microvessels formed under static
conditions were visibly leakier than those formed under flow conditions. Initially, we considered
conducting permeability studies with alternative molecules (Lucifer yellow and rhodamine 123).
However, the stark contrast between the average dextran permeability of static and flow samples
effectively demonstrated the improvement in barrier function due to interstitial flow. It is unlikely
that the opposite trend would be observed with solutes of lower molecular weights. Although we
hypothesized that interstitial flow would reduce permeability to dextran, we found our results
interesting considering the localization of ZO-1 at BEC junctions observed on microvessels grown
in static and flow culture (Fig. 3D). In addition, no difference in ZO-1 fluorescence intensity was
recorded between microvessels from both conditions (Fig. 7D). Given the role of ZO-1 in the
function of the BBB(107), we expected the difference in microvessel permeability values between
static and flow cultures to be less pronounced. However, microsphere perfusion revealed that static
conditions produced microvessels that allowed microspheres to leak into the fibrin extracellular
space (Fig. 4B). Given the much smaller size of a dextran molecule to a microsphere, it is not

surprising that dextran was able to permeate into the fibrin matrix, despite the presence of healthy
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tight junction proteins. This might also explain the larger range of permeability values observed in
static samples, as less porous microvessels might possess barrier functions comparable to those of
microvessels grown in flow culture. Moreover, basal lamina proteins, such as collagen IV and
laminin, act as a physical barrier that contribute to low permeability of brain capillaries(108). It is
possible that the increased accumulation of basement membrane proteins in the perivascular space
of microvessels in flow culture contributed to their vascular function. Lastly, since ACs provide
cellular signals that enhance endothelial cell barrier function, it is also possible that the increased
AC coverage of microvessels observed in flow culture had an effect on vascular permeability,
although we did not investigate this(4). In conclusion, the generation of perfusable, semi-
permeable microvessels under flow conditions emphasizes the importance of interstitial flow in
the formation of functional brain MVNs. This is significant to the development of future in vitro
BBB models and validates the use of this design for future drug screening and permeability

studies(109).

5. Conclusion

In this study, we have demonstrated the significance of interstitial flow in the development
of human brain MVNs within a MFD. MVNs possessed the proper cellular interactions from PCs
and ACs and expressed BBB-related proteins. Under flow conditions, microvessels were perfused
and exhibited improved vascular morphological features as well as enhanced endothelial barrier
function. These results demonstrated the notable influence of interstitial flow on brain MVN
formation and highlighted the coupling of physical and biological cues that regulate brain
microvessel maturation. Together, these features make our experimental design an ideal in vitro
model of human brain microvasculature that can be easily replicated by other laboratories. The
presence of perfused, functional brain MVNs will be valuable in preclinical studies to determine
the efficacy of drugs for the central nervous system that rely on vascular delivery(109). Moreover,
modification of the current experimental design could be used to study the progression of
neurodegenerative diseases that are characterized by BBB dysfunction(5-10). Lastly, future
mechanistic studies can be performed in this platform to elucidate the cellular mechanics of

interstitial flow-mediated microvessel function.
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Figure 1. Interstitial flow characterization in MFD. A) Image of MFD from AIM Biotech
(Singapore). Second image shows enhanced view of yellow square. B) Images showing the
sideview of reservoir volumes used for static and flow culture. For static and flow conditions,
culture medium was added to produce a hydrostatic pressure difference of 0 and 1.5 mmH,O,
respectively. Orange arrow indicates direction of interstitial flow of culture medium across the
hydrogel channel. Yellow dashed lines identify reservoir volume heights. C) Fluorescence time-
lapse images of Oregon Green 70kDa dextran solution (green) flowing through cell-free fibrin gels
under static and flow conditions at 0, 90, and 180 seconds. Green arrow indicates direction of flow
of dextran solution. White dashed lines outline microposts. Scale bars indicate 200 um. D, E)
Graph of dextran solution velocity (D) and flow rate (E) measured at pressure differences from 0
to 1.5 mmHZO. The data show mean value, error bars £ SEM, n = 4. F, G) Graph of simulated

interstitial flow velocity (F) and flow rate (G) experienced over 9 hours during flow (1.5 mmH,0)

conditions.
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Figure 2. BEC angiogenesis in MFD. A) Illustration of the protocol to study BEC angiogenesis.
On Day 0, PCs (red) and ACs (purple) were suspended in a fibrin matrix in the hydrogel channel
and BECs (green) were side-seeded at the hydrogel-liquid interface of one fluidic channel. Cells
were cultured in EGM-2 (+VEGF, +Aprotinin) under static or flow conditions for one week. B)
Fluorescence images of BECs (EGFP, green) extending angiogenic sprouts into the fibrin hydrogel
under static and flow conditions on Day 1, 3, and 7. PCs and ACs were not labeled. Scale bars
indicate 100 um. C) Fluorescence images of BEC (EGFP, green) angiogenic sprouts supported by
PCs (NG-2, red) and ACs (GFAP, purple) grown under static and flow conditions on Day 7.
Yellow dashed lines indicate distance at which the sprout diameter was measured. Scale bars
indicate 200 um. B, C) Blue arrows indicate direction of interstitial flow. White dashed lines
outline microposts. D, E) Graph of the number of sprouts (D) and the average sprout length (E)
observed for BECs-EGFP with PCs and ACs under static and flow conditions on Day 1, 3, and 7.
F) Graph of the average sprout diameter observed for BECs-EGFP with PCs and ACs under static
and flow conditions on Day 7. D-F) The data show mean value, error bars + SEM, n =3, ns p >
0.05, ** p <0.01, *** p <0.001, **** p <0.0001.
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Figure 3. Brain MVN formation in MFD. A) Illustration of the protocol to study BEC
vasculogenesis. On Day 0, BECs (red), PCs (purple), and ACs (green) were suspended in a fibrin
matrix in the hydrogel channel. Cells were cultured in EGM-2 (+VEGF, +Aprotinin) under static
or flow conditions for three days. On Day 3, BECs were side-seeded in both fluidic channels. Cells
were then cultured in EGM-2 (+Aprotinin) under static or flow conditions until either Day 8 or 14.
B) Fluorescence images of BECs (tdTomato, red) forming MVNs under static and flow conditions
on Day 2 and 8. PCs and ACs were labeled with NG-2 (purple) and GFAP (green), respectively,
on Day 8. Blue arrow indicates direction of interstitial flow induced during flow condition. Scale
bars indicate 200 um. C) Maximum intensity projection of fluorescence confocal image of BECs
(tdTomato, red) side-seeded in the fluidic channel on Day 8. Image shows the cross-sectional view
of'the X-Y and Z-Y planes. B, C) White dashed lines outline microposts. D) Confocal fluorescence
images BECs (tdTomato, red) expressing ZO-1 (green) under static and flow conditions on Day 8.
C, D) Scale bars indicate 50 pm.
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Figure 4. Microsphere perfusion assay. A) Fluorescence images of microsphere (green) perfusion
experiment for microvessels (tdTomato, red) cultured under static and flow conditions. Culture
medium with and without microspheres was added to the high-pressure and low-pressure fluidic
channels, respectively, to create a hydrostatic pressure difference of 0.75 mmH,O. B) Maximum

intensity projection of fluorescence time-lapse images (30 seconds) of microspheres (green)
flowing through microvessels (tdTomato, red) formed under static and flow conditions. White and
yellow arrows indicate open lumen with and without egress for microspheres, respectively. Yellow
triangles point to microspheres that have leaked into the fibrin gel. Original time-lapse videos for
static and flow sample are presented as Supp. Vid. 1 and 2, respectively. A, B) Green arrows
indicate direction of microsphere solution flow during perfusion experiment. White dashed lines
outline microposts. Scale bars indicate 200 um. C, D) Graph of microsphere velocity (C) and
microvessel shear stress (D) experienced by MVNs formed under static and flow conditions with
a pressure difference of 0.75 mmH, O. The data show mean value, error bars + SEM, microsphere

velocity and microvessel shear stress values (n = 20) were measured from one sample per culture
condition, ****p <(.0001.
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Figure 5. MVN mogphology and longevityy quantification. A) Maximum intensity projection of
fluorescence confocal images of microvessels (tdTomato, red) cultured under static and flow
conditions for 8 days. PCs and ACs were not labeled. B-F) Graphs comparing the vessel area (B),
number of branches (C), average branch length (D), average branch diameter (E), and number of
vessel segments (F) between MVNs cultured under static and flow conditions. G) Fluorescence
confocal images of microvessels (EGFP, green) cultured under static and flow conditions for 8 and
14 days. Images show the maximum intensity projection of the X-Y plane and the cross-section of
the Y-Z plane at the yellow dashed line. PCs and ACs were not labeled. H-J) Graphs comparing
the vessel area (H), average branch diameter (I), and the number of vessel segments (J) between
Day 8 and Day 14 for MVNs cultured under static and flow conditions. A, H) Blue arrows indicate
direction of interstitial flow. Scale bars indicate 100 um. B-F, H-J) The data show mean value,
error bars + SEM, n =6, ns p > 0.05, * p <0.05, ** p <0.01, *** p <0.001, **** p<0.0001.

38

Page 38 of 51



Page 39 of 51

Lab on a Chip

A Static Flowl

L
@
5
=
B

Hoechst/ GFAP / NG-2 / tdTomato

Astrocyte Coverage (%)

Static Flow Static Flow
E 404 ns F — 14+ ns
E
w 357 [—l £ 124 ,_I
2 30 I s : 1
53 = 5§ 10
= D 254 3%
a = = c 84
£ 2 20 2%
S + 154 W 6
2% 5§ 4
|_0|_ 104 [ g
5 E 24
0- 0-
Static Flow Static Flow

Figure 6. PC and AC microvessel coverage quantification. A) Maximum intensity projection of
fluorescence confocal images of MVNs, comprised of BECs (tdTomato, red), PCs (NG-2, purple),
and ACs (GFAP, green), formed under static and flow conditions on Day 8. Bottom two images
show merged signals with cell nuclei (Hoechst, blue). Scale bars indicate 100 um. B) Expanded
view of white square. Images show the maximum intensity projection of the X-Y plane and the
cross-section of the X-Z plane at the yellow dashed line. White triangles point to nuclei (Hoechst,
blue) of cells that do not express tdTomato (red), NG-2 (purple), or GFAP (green). White and
yellow arrows highlight NG-2+ PC and GFAP+ AC contact with microvessels, respectively. Scale
bars indicate 50 um. A, B) Blue arrows indicate direction of interstitial flow. C, D) Graph of the
PC (C) and AC (D) coverage as a percentage of the total microvessel area measured for samples
with BECs-tdT, PCs, and ACs cultured under static and flow conditions. E, F) Graphs of the
number of GFAP+ nuclei (E) and the total length of astrocytic process extensions (F) measured
for samples with BECs-tdT, PCs, and ACs cultured under static and flow conditions (per area). C-
F) The data show mean value, error bars + SEM, n =6, ns p > 0.05, * p < 0.05.
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Figure 7. Immunocytochemistry analysis of BEC proteins. A, B, C) Fluorescence confocal images
of microvessels (tdTomato, red) cultured under static and flow conditions stained for ZO-1 (A,
green), collagen IV (B, purple), and laminin (C, green) on Day 8. Images show the maximum
intensity projection of the X-Y plane and the cross-section of the X-Z plane at the yellow dashed
line. Blue arrow indicates direction of interstitial flow. Scale bars indicate 50 um. D) Graph of
fluorescence intensity of ZO-1, collagen IV, and laminin identified on microvessels cultured under
static and flow conditions. Total fluorescence intensity was normalized to the vessel area and
presented relative to the static condition mean. The data show mean value, error bars + SEM, n =
6, ns p > 0.05, *** p <0.001.
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Figure 8. Dextran permeability assay. A) Fluorescence time-lapse confocal images of microvessels
(EGFP, green) cultured under static and flow conditions perfused with Texas Red 70 kDa dextran
(red) at 0 and 150 seconds. Images show the X-Y plane and the cross-section of the Z-Y plane at
the yellow dashed line. Blue arrow indicates direction of interstitial flow. White dashed lines
outline microposts. Scale bars indicate 50 um. B) Graph of the permeability coefficient of 70kDa
dextran for microvessels cultured under static and flow conditions. The data show mean value,
error bars + SEM, n =9, *** p <(.001.
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Table 1. Hydrostatic Pressure Differences

Pressure Difference | Volume of dextran solution in Volume of EGM-2 in
(mmH,0) high-pressure reservoirs (uL) | low-pressure reservoirs (nL)
0 60 60
0.375 65 55
0.75 70 50
1.125 75 45
1.5 80 40
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