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Abstract 12 
The effect of disturbed flow profiles on the endothelium have been studied extensively in 13 
systemic vasculature, but less is known about the response of the blood-brain barrier (BBB) to 14 
these flow regimes. Here we investigate the effect of disturbed flow on the integrity of the BBB 15 
using a three-dimensional, perfusable bifurcation model consisting of a co-culture of endothelial 16 
cells with mural and glial cells. Experimental flow patterns predicted by computational fluid 17 
dynamics mimic in vivo flow regimes, specifically the presence of a recirculation zone 18 
immediately downstream of the bifurcation. Dextran permeability assays and immunostaining 19 
with markers for tight junctions show that barrier disruption is significantly greater in areas of 20 
disturbed flow compared to fully developed regions downstream of the bifurcation. Probing 21 
crosstalk between cell types suggests that disturbed flow causes barrier breakdown 22 
independent of endothelial-mural and endothelial-glial interaction. Overall, disturbed flow-23 
induced disruption of the blood-brain barrier suggests that flow-mediated mechanisms may 24 
contribute to vascular pathologies in the central nervous system. 25 
 26 
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 29 
Introduction  30 
 The pathological response of the endothelium to disturbed flow has been well 31 
documented, but less is known about its effects in the brain where endothelial cells feature tight 32 
junctions that give rise to the blood-brain barrier (BBB) (1-3). As shown in previous studies, 33 
disturbed flow forms primarily at the areas of arterial bifurcations due to the higher Reynolds 34 
number of the blood flow and a tendency to separate from the wall at these locations (4, 5). The 35 
shear stress exerted by disturbed flow is reduced in magnitude and oscillatory due to the 36 
presence of recirculation eddies that form downstream of the separated flow (6, 7). Previous 37 
investigations of systemic vasculature have found evidence that altered shear stress contributes 38 
to vascular dysfunction (8, 9): endothelial cells in both the separation zone and reattachment 39 
point exhibit modified gene expression (10-15). Furthermore, studies demonstrate that the shear 40 
stress profile adjacent to bifurcations destabilizes cell-cell and cell-matrix adhesions (16). In the 41 
brain, disruption of the cell-cell junctions causes breakdown of the BBB, exacerbating the 42 
pathological effects of disturbed flow. Yet the effect of altered shear stress on BBB integrity has 43 
not been interrogated directly.  44 
 There is growing evidence suggesting that the integrity of the BBB is sensitive to the 45 
mechanical stress applied by blood flow. Changes in blood flow have been associated with BBB 46 
disruption in several pathologies including dementia and Alzheimer’s (17), epilepsy (18, 19) and 47 
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in the aftermath of ischemia/reperfusion injury (20). Moreover, in vitro studies have shown that 48 
formation and maintenance of the blood-brain barrier in microvascular models requires 49 
exposure to fluid shear stress (21, 22). However, the integrity of the barrier is crucial not only in 50 
the microvasculature within the brain parenchyma, but also the larger pial and cerebral arteries 51 
in the subarachnoid space (23). In these vessels, the BBB is exposed to higher Reynolds 52 
numbers and therefore there is potential for disturbed flow, especially at arterial bifurcations. 53 
Evidence that the incidences of aneurysms and endothelial dysfunction are higher at 54 
bifurcations in cerebral arteries (24, 25) suggests that altered shear stress may disrupt the BBB 55 
at these locations. Therefore, interrogating the response of the BBB to these flow regimes may 56 
yield insight into the pathogenesis of vascular-related diseases in the brain.  57 

Due to the complexity of the in vivo environment, in vitro models provide helpful tools to 58 
investigate the effects of disturbed flow on the BBB. However, the Reynolds number of fluid 59 
flows that separate from the wall exceeds the flow regimes that are achievable in previously 60 
published vascular models (26, 27). Recent advances in vascular patterning have enabled the 61 
development of in vitro models that can closely mimic in vivo geometries and 62 
microenvironments and facilitate high Reynolds number flow regimes (28). These advances can 63 
build upon previous BBB models that have relied on two-dimensional geometries (29, 30) or 64 
used three-dimensional models that mimic small diameter vessels by co-culturing endothelial 65 
cells with astrocytes or pericytes (22, 31-34). Here, both glial and mural cells are incorporated 66 
into a co-culture model with the endothelium to approximate the vessel architecture that 67 
experiences disturbed flow in vivo, since larger arteries exhibit a prominent mural layer that 68 
supports the augmented pressure differences incurred by higher flow rates. An annulus of 69 
smooth muscle cells surrounds the endothelial lumen, and the annulus itself is surrounded by 70 
an astrocyte-seeded hydrogel, to approximate the arrangement of these cells in vivo (35, 36). 71 
Furthermore, the vessels are patterned within a microfluidic device that is capable of applying 72 
fluid flow with a sufficiently high Reynolds number to separate from the wall of the endothelial 73 
lumen, yielding an experimental setup that can directly interrogate the response of the BBB to 74 
altered shear stress.  75 
 76 
Materials and Methods  77 
i. Microfabrication of microfluidic devices 78 
Polydimethylsiloxane (PDMS) microfluidic devices were manufactured by soft lithography using 79 
a previously described protocol (22). Briefly, SU-8 2025 photoresist (MicroChem) was deposited 80 
on a silicon wafer and exposed to a UV source through a mask with the desired geometry. The 81 
inlet was positioned at an angle of 45 degrees to induce separated flow within the range of 82 
Reynolds numbers appropriate for modeling arterial blood flow (Re = 50-200). PDMS was used 83 
to cast negative and positive molds of the design and to pattern devices on 22mm x 40mm 84 
glass cover slips. The hydrogel reservoir had dimensions of 6.5 x 6.5-mm and a height of 85 
approximately 2-mm. Prior to adding a hydrogel to the device, the reservoir was filled with 5M 86 
sulfuric acid, washed with distilled water, and incubated in dilute type I collagen (20 µg/mL) to 87 
facilitate hydrogel attachment to PDMS (37). The devices were then sterilized using short 88 
wavelength UV prior to channel seeding.  89 
 90 
ii. Cell culture  91 
Normal human astrocytes (NHA) (Lonza) were thawed at passage 5 and cultured for 10 days in 92 
astrocyte growth medium (AGM) (Lonza) prior to seeding in the microfluidic device. Human 93 
Coronary Arterial Smooth Muscle Cells (HCASMC) (Sigma) were also thawed at passage 5 and 94 
cultured in smooth muscle growth medium (Sigma) until confluency, then passaged and 95 
cultured in 6 well plates using smooth muscle cell differentiation medium (Sigma) for 10 days 96 
prior to vessel fabrication. Additionally, human cerebral microvascular endothelial cells 97 
(HCMEC/d3) received at passage 19 (gifted from Dr. Robert Nagele’s laboratory) were cultured 98 
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and expanded on tissue culture plates coated with 1% gelatin in EGM-2 modified with CD lipid 99 
concentrate and HEPES buffer according to a previously described protocol (38). 100 
 101 
iii. In Vitro vessel fabrication  102 
Supplemental Figure 1 provides a visual description of the fabrication process. Briefly, NHA 103 
were seeded at a density of 1 million cells per mL in a 10 mg/mL collagen, 1.33 mg/mL 104 
hyaluronan (HA) and 1 mg/mL Matrigel hydrogel formulation used in a previous study (39). After 105 
injecting the gel directly into the reservoir, an 18-g needle coated with 0.1% Bovine Serum 106 
Album (BSA) (Sigma) was inserted into the device through the 18-g needle guide. After waiting 107 
20 minutes to allow for gel polymerization, the needle was pulled to create a cylindrical void, 108 
and AGM was added through Port 1 to maintain cell viability. HCASMC were then seeded into a 109 
10 mg/mL collagen and 1 mg/mL Matrigel composite hydrogel at a density of 1 million cells per 110 
mL. The AGM was aspirated prior to injection of the hydrogel through Port 3, and a 20-g needle 111 
coated in 0.1% BSA in PBS was inserted inside the void lumen using the 20-g needle guide. 112 
The 20-g needle was then removed, leaving a final cylindrical void and surrounding annulus. 113 
HCMEC/d3 were resuspended in EGM-2 at a density of 5 million per mL. 15 μL of the 114 
HCMEC/d3-containing solution was injected into the channel through Port 1 and incubated for 115 
10 minutes, yielding a seeding density of approximately 150,000 cells per cm2. This process 116 
was repeated for an additional 10 minutes after inverting the device to assure uniform lumen 117 
coverage throughout the channel. Silicone grease was used to close the 18-g needle guide and 118 
Port 2. Port 2 was blocked to increase the length of the recirculation zone along the cell-seeded 119 
channel by effectively closing the non-cell seeded branch of the bifurcation. Devices were left in 120 
static conditions for 2 days submerged in EGM-2 to ensure cell spreading and viability prior to 121 
exposure to flow or static conditions.  A total of 29 vessels were fabricated using this method 122 
(three for flow validation, six for proliferation assays and viability assays, five for 123 
immunohistochemistry, and nine for permeability testing).  124 
 125 
iv. Computational fluid dynamics   126 
A computational fluid dynamics (CFD) model was used to predict the flow fields present in the 127 
3D vessels patterned within the microfluidic devices. Prior to the application of flow, brightfield 128 
images were acquired of the vessels and used to generate a SolidWorks model that was 129 
imported into a commercial finite volume code (Star-CCM+) and discretized by a polyhedral 130 
mesh. The maximum flow rate of the peristaltic pump used in our experiments was 4.5 mL/min, 131 
so the maximum Reynolds number within the vessels was calculated to be 191. Thus, the flow 132 
was laminar in its entirety and there was a sufficient entrance length between Port 1 and the 133 
bifurcation to allow for the flow to become fully developed prior to reaching the bifurcation. 134 
Furthermore, the Reynolds number necessitated inertial terms in the constitutive flow equation: 135 

     𝜌(�⃗� ∙ ∇𝑣) = −∇p + µ∇!𝑣    (1) 136 
  137 
where ρ is the fluid density (kg/𝑚"), �⃗� is the fluid velocity vector (m/s), p is the fluid pressure 138 
(Pa), and μ is the dynamic viscosity (Pa-s). Additional prism layers were defined in the mesh 139 
along the wall boundary to ensure that the near wall effects were adequately resolved. The input 140 
flow rate was applied as a velocity boundary condition at Port 1. The gauge pressure at the 20-g 141 
needle guide was set to zero, since this provided the outlet for the flow. No-slip boundary 142 
conditions were applied at the walls and at Ports 2 and 3 and the 20-g needle guide (locations 143 
blocked with silicone grease) to set the velocity to zero at these boundaries. The simulation was 144 
run until the solution converged using a steady-state solver. 145 
 146 
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Disturbed flow was defined by the disruption of a parabolic velocity profile characteristic of fully 147 
developed flow and the presence of a recirculation eddy caused by the separated flow. In the 148 
computational simulations, the eddy occurred on the near side of the cell-seeded vessel directly 149 
downstream of the bifurcation. The location along the wall where the wall shear stress was 150 
equal to zero was designated as the stagnation point of the flow. The computational model 151 
determined the flow rate that assured the location of the stagnation point was consistent for all 152 
geometries, in order to create a reproducible flow field. 153 
 154 
v. Micro-particle image velocimetry flow validation 155 
Micro-particle image velocimetry (μPIV) was used to validate the CFD model for three 156 
independent channels and to characterize the flow regimes present in these channels. Vessels 157 
were perfused with steady state flow by a syringe pump (Kent Scientific) at the flow rates 158 
determined by the computational model for their individual geometries. These magnitudes 159 
ranged from 4 mL/min to 4.5 mL/min. Polyethylene microspheres labeled with Nile Red (Peak 160 
excitation: 640nm; mean diameter 1.95 μm; Spherotech Inc.) were suspended 1:500 in PBS 161 
containing 0.1% Triton X-100 to prevent bead aggregation and illuminated and visualized with a 162 
dual pulse Nd:YAG laser (125mJ/pulse, 15 Hz, 532 nm; Dantec Dynamics). The pulse width of 163 
the lasers was set to 100 ns and the illumination set at a frequency of 0.1 Hz for two seconds 164 
(20 individual velocity measurements). Particles were visualized with 10x objective on a Nikon 165 
Ti-E inverted microscope, where the focal plane was set to the channel’s midpoint. Images were 166 
captured using a double-frame CCD camera (FlowSense EO, Dantec Dynamics). Velocity 167 
contours were calculated in Dynamic Studio (Dantec Dynamics) using an adaptive PIV 168 
algorithm. Velocity contour plots were generated in MATLAB by taking the mean of the 20 169 
velocity measurements. In order to calculate the shear stress at points along the vessel wall, a 170 
second order polynomial was fit to the velocity in the boundary layer, and the slope of that 171 
function at the wall was calculated.  172 
 173 
vi. Flow control  174 
To apply flow to vessels over a 24-hour timespan, a custom peristaltic pump system was built 175 
using an Arduino-based control system. A peristaltic motor (Welco) was controlled by an 176 
Arduino Uno (Arduino) and a motor board (Ada Fruit). A Sensiron flow sensor was used in-line 177 
of the perfusion system to monitor the applied steady flow rate. System schematics are shown 178 
in Supplemental Figure 2. The code to control the pump was written and compiled in Arduino 179 
IDE (Arduino) using open source libraries available within the IDE (the code is available upon 180 
request). To minimize pulsations in the system, a dampener was placed in series with the 181 
vessel. 182 
 183 
vii. Immunocytochemistry  184 
Four vessels were fabricated using the previously described method. After two days in static 185 
culture following cell-seeding, the vessels were either left in static conditions or perfused for 24 186 
hours. Upon completion of the experiment, vessels were fixed in 4% paraformaldehyde (Alfa 187 
Aesar) for 30 min at room temperature. Following fixation, the top layer of the microfluidic device 188 
was separated using a razor blade, and the hydrogel was then removed from the device. 189 
Immunofluorescence was then performed after blocking in 3% BSA for 30 minutes at room 190 
temperature and incubating overnight at 4 C in a primary antibody for either zonula occludin-1 191 
(ZO1) (1:250, Cell Signaling Technology, Product 8193), claudin-5 (1:250, Invitrogen, Product 192 
35-2500), occludin (1:250 Invitrogen, Product 71-1500), glial fibrillary acidic protein (GFAP) 193 
(1:100, Santa Cruz, Product sc-166481), or alpha smooth muscle cell actin (1:100, 194 
ThermoFisher, Product 41-9760-80). Gels were then washed three times with PBS for 5 195 
minutes and incubated in the appropriate secondary antibody (1:500, Santa Cruz, assorted), 196 
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1:500 Hoechst (Sigma), and FITC-phalloidin (Sigma, Product P5282) for 1h at 37 C. Confocal 197 
stacks were acquired using a Nikon A-1 confocal scanning microscope.  198 
 199 
viii. Permeability testing  200 
Nine vessels were used to quantify the permeability of the vessels following perfusion or static 201 
culture. At the completion of the 24-hr experiment, the microfluidic devices were placed on the 202 
stage of an inverted epifluorescent (Nikon Ti-E) and perfused with 4 kDa FITC-dextran (Sigma) 203 
at a flow rate of 10 μL/min using a linear syringe pump over the span of 10 minutes. This flow 204 
rate was chosen to avoid any flow separation and assure fully developed flow throughout the 205 
channel and to maintain consistency with previously described permeability assays (22). Images 206 
were taken at 30-s intervals and then imported into ImageJ for analysis. The permeability 207 
coefficient was determined using the following equation (40): 208 
                                  𝑃 = #$

#%
&
!'!

                                                                      (2) 209 

Where #$
#%
	is the change in florescent intensity of the region of interest outside the lumen, r is the 210 

lumen radius (472 µm) and I0 is the maximum intensity in the lumen during the test. Permeability 211 
was measured at three separate locations corresponding to fully developed flow, near side wall 212 
disturbed flow (separated flow), and far side disturbed flow (impingement flow) (designated as I, 213 
II, and III). 214 
 215 
ix. Cell proliferation assays  216 
Three additional vessels were constructed for proliferation assays, which were based in part on 217 
a previous study (4). Briefly, vessels were perfused for 12 hours with EGM-2 using the 218 
peristaltic pump and then exposed to 10 µM Bromodeoxyuridine (BrdU) (Alfa Aesar) for the 219 
remaining 12 hours. Devices were then briefly washed in PBS and fixed in 4% v/v 220 
paraformaldehyde for 30-min at room temperature, quickly washed in PBS, and then 221 
permeabilized with 0.2% Triton x100 in PBS for 20 min at room temperature. DNA hydrolysis 222 
was performed by removing the hydrogels from the devices and soaking them in a solution 223 
consisting of 4 units per mL Turbo DNAse (Thermo fisher) and 0.1 mL DNAse Buffer (Thermo 224 
fisher) in PBS for 1 hour at 37C. Gels were washed with PBS then incubated overnight at 4 C 225 
with 0.8 µg/mL PE-labeled anti-BrdU (Biolegend) and 1% BSA in PBS. Gels were then counter 226 
stained with 1 µg per mL Hoechst for 45 minutes at 37C. In ImageJ, thresholding was used to 227 
isolate nuclei prior to using watershedding to isolate individual cells. The ImageJ cell particle 228 
counter was used to count the number of nuclei present at three regions of interest in both the 229 
disturbed (at the stagnation point) and fully developed regions. In the disturbed region, n = 316-230 
432 Hoechst-positive nuclei were counted. In the fully developed region, n = 261-340 nuclei.  231 
 232 
x. Viability assays 233 
Additional vessels were fabricated for viability experiments. Viability was assessed using a 234 
Live/Dead kit (Biotium) consisting of calcein AM (2 µM) and ethidium homodimer (4 µM). 235 
Vessels were again incubated in static conditions for two days prior to application of flow for 24 236 
hours (controls remained in static conditions for those 24 hours), and then removed from the 237 
flow setup, rinsed with PBS, and incubated for 45 minutes in the staining medium prior to 238 
imaging. ImageJ was used to calculate the number of live and dead cells in three different 239 
regions for each vessel (three vessels were used for both flow and static conditions). 240 
 241 
xi. LifeAct transfection  242 
P3 HCASMC cultured in SMC growth medium (Cell Applications) were transfected with RFP 243 
LifeAct lentivirus (Ibidi) at a MOI of 2.5. Following 48 hours of incubation with the virus RFP 244 
positive cells were selected by adding 5 mg/mL Polybrene until only transfected cells remained 245 
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attached to the culture plate. Additionally, HCMEC/D3 cells were incubated with lentiviral 246 
particles containing copGFP using a MOI of 1 overnight. The cells were then washed and 247 
incubated in EGM-2 and exposed to 10 mg/mL puromycin until ~90% of adhered cells 248 
expressed GFP. Transfected cells were then cultured and used for experiments as needed.  249 
 250 
xii. Dynamic mechanical testing 251 

Hydrogels with and without astrocytes were polymerized within the central reservoir of 252 
the microfluidic devices, and then removed after two days in static culture and transferred to a 253 
compression platen for axial dynamic mechanical testing (EZ-SX, Shiamadzu). Due to the fixed 254 
geometry of the microfluidic reservoir, all hydrogels had dimensions of 1-cm width, 1-cm length, 255 
and 1.6-mm height. The hydrogels were compressed at a frequency of 0.5 Hz between 0 and 256 
15% strain in an unconfined configuration. The complex modulus was calculated by the ratio of 257 
the maximum stress and maximum strain. The phase shift between the stress and strain 258 
waveforms was used to determine the loss angle, and consequently the storage and loss 259 
modulus of the hydrogels. Three samples were tested for both cellular and acellular conditions 260 
(six total samples).  261 
 262 
xiii. Astrocyte message level quantification 263 

After perfusion, hydrogels were removed from the microfluidic device and cut into 264 
regions representative of disturbed, impingement, and fully developed regions. mRNA from the 265 
astrocytes was isolated using PicoPure RNA Isolation kits (Thermo Scientific) and reverse 266 
transcribed to cDNA using qScript (Quantabio). Quantitative PCR was then performed with 267 
SYBR Green reagents, with the primers given in Table 1 used to amplify targets. Tests were 268 
conducted in triplicate for each region. 269 

 270 
Primer Forward Sequence Reverse Sequence 

 NONO  GTGTAGCGTCGCCGTTACTC CCTTCATTTTGGCTGCTGGC 
VEGF GACATTGCTGTGCTTTGGGG AAGGGGAGCAGGAAGAGGAT 
HIF1a TGGCAACCTTGGATTGGATGGA CCGTCCCTCAACCTCTCAGT 
GFAP CAAAAGCACCAAAGACGGGG GAGGCTCACTCCCTGTCAAG 

Table 1: Primer sequences for astrocyte qRT-PCR 271 
 272 
Message levels were double normalized to Non-POU domain-containing octamer-binding 273 
protein (NONO) from a collagen-only sample. Relative expression was quantified as 2-ΔΔCT 274 
where CT is cycles to threshold. Data are presented as the averaged fold change of collagen/HA 275 
gels compared to collagen only gels. 276 
 277 
ix. Alignment quantification  278 
Endothelial cell alignment was quantified by transforming the spatial information from the 279 
phalloidin signal into the frequency domain using a fast Fourier transform (FFT) calculated by 280 
ImageJ as described in a previous publication (41). A Gaussian curve was fit to the frequency 281 
data, and the half-width of the curve was calculated for cells exposed to fully developed and 282 
disturbed flow. This process was repeated for three separate 100 x 100-μm sections from a 283 
single immunofluorescence image.  284 
 285 
x. Statistical analysis  286 
The open source statistics package, R, was used to perform all statistical calculations. Pairwise 287 
t-tests were used to compare measurements of permeability coefficients and positive BrdU 288 
staining. Shapiro-Wilk tests were performed prior to the t-tests, and p-values were found to be 289 
greater than 0.05 for all datasets, verifying the normality assumption for the data. Each 290 
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comparison was made for sample numbers greater than or equal to 3, and p < 0.05 was 291 
considered significant. 292 
 293 
Results  294 
i. Fabrication and 295 
characterization of a 3D 296 
in vitro model of a 297 
cerebral bifurcation  298 
 A microfluidic 299 
device was designed to 300 
apply bifurcation flow 301 
profiles to a 3D model 302 
of a cerebral artery, 303 
consisting of an 304 
endothelial intima and a 305 
smooth-muscle 306 
containing media layer 307 
surrounded by 308 
astrocytes. The device 309 
schematic in Figure 1A 310 
indicates the location of 311 
a 944-μm diameter 312 
endothelialized lumen 313 
surrounded by a 314 
smooth muscle cell-315 
containing annulus with 316 
an outer diameter of 1.2 317 
mm in a hydrogel 318 
seeded with astrocytes. 319 
To induce flow 320 
separation, defined as a 321 
disruption of a fully developed boundary layer, the flow inlet and cell-seeded vessel were offset 322 
by 45 degrees.  Figure 1B shows a cross-section at the midpoint of the channel after 3 days in 323 
culture, indicating a confluent monolayer of GFP-positive endothelial cells (hCMEC/D3), an 324 
annulus of LifeAct-RFP expressing smooth muscle cells (hCMASMC), and an outer hydrogel of 325 
glial fibrillary acidic protein (GFAP)-positive astrocytes (NHA). Figure 1C provides a 3D 326 
reconstruction of the co-culture vessel, further verifying the stable stratification of the three cell 327 
types within the model.  328 

Preliminary flow tests in the microfluidic device revealed that astrocytes were needed 329 
within the hydrogel to prevent collapse of channels exposed to high flow rates. Given that 330 
previous studies have demonstrated that embedding astrocytes within collagen/hyaluronan 331 
composite matrices affects their viscoelastic properties (42), we conducted dynamic mechanical 332 
testing of hydrogels with and without astrocytes. The compression testing indicated that 333 
hydrogels seeded with astrocytes featured an increased storage modulus (Fig. 1D,i), decreased 334 
loss modulus (Fig. 1D,ii), and reduced phase angle (Fig. 1D,iii) compared to acellular controls. 335 
This finding is consistent with our previous result that astrocytes alter the mechanical properties 336 
of a constrained collagen/hyaluronan hydrogel by exertion of cell-generated forces on the matrix 337 
(42). Hence, astrocytes were required in the model not only to mimic the glial cells surrounding 338 
cerebral vasculature in vivo, but also to sustain forces exerted by high Reynolds number flow.  339 
 Immunofluorescence using cell type-specific markers verified that the three cell types 340 
retained their phenotype after several days in the co-culture. Figure 1E shows the astrocytes 341 

 
Figure 1. Fabrication of a 3D cerebral bifurcation model. A) Schematic of the microfluidic 
device showing the location of the ports and the needle guides used to create the layered 
cell-seeded vessel, B) Cross-section of the vessel at its midpoint with GFP-labeled 
endothelial cells (green), LifeAct-RFP smooth muscle cells (red), and GFAP-positive 
astrocytes (magenta). scale = 100 µm. The arrow indicates the flow direction. C) 3D 
reconstruction of vessel scale = 100 µm. D) Storage moduli (i), loss moduli (ii), and phase 
angle (iii) of hydrogels seeded with and without astrocytes. (n = 3) E) Astrocytes labeled with 
DAPI (blue), phalloidin (red), and anti-GFAP (green). F) GFP-labeled endothelial cells 
(green) exhibiting ZO-1 at cell-cell junctions (red). G) α-SMA-positive smooth muscle cells. 
Scale bars are 25µm in E, F, and G.  
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within the outer hydrogel: the cells 342 
attached to the extracellular matrix 343 
and exhibited positive staining for 344 
GFAP, a marker of astrocyte 345 
activation. Figure 1F provides an 346 
image of the confluent endothelial 347 
monolayer lining the vessel lumen. 348 
After the application of flow, the 349 
endothelial cells exhibited localization 350 
of zonula occuldin-1 (ZO-1) to the 351 
cell-cell junctions, indicative of tight 352 
junction formation. Finally, the 353 
smooth muscle cells within the 354 
annulus maintained their phenotype, 355 
as evidenced by positive staining for 356 
α-smooth muscle cell actin (α-SMA) 357 
(Fig. 1G).   358 
 359 
ii. Flow characterization within the 360 
microfluidic device  361 
 A 3D computational fluid 362 
dynamics (CFD) model was 363 
constructed to characterize the flow 364 
within the microfluidic device and to 365 
determine the flow rate required to 366 
cause flow separation along the cell-367 
seeded vessel. A brightfield image of 368 
the channel geometry was imported 369 
into SolidWorks, discretized, and 370 
meshed using a commercial CFD code (Star CCM+). The CFD model predicted flow separation 371 
at the near wall of the cell-seeded vessel for an input flow rate of 4 mL/min (Fig. 2A,i). At this 372 
location, the velocity profile was no longer parabolic and a recirculation eddy was present. The 373 
flow reattached to the wall 2.2-mm downstream of the vessel inlet, as evidenced by the onset of 374 
constant wall shear stress and a fully developed velocity profile. Radial velocity plots in the 375 
disturbed (Fig. 2A,ii) and fully developed (Fig. 2A,iii) regions indicated the flow separation 376 
caused by the bifurcation. A velocity contour at the bifurcation (Fig. 2B) further exhibited the 377 
asymmetric flow profile and separation from the near wall of the cell-seeded vessel. 378 
 In order to validate the computational model, microparticle image velocimetry (µPIV) was 379 
used to quantify the velocity profile within the vessel. Flow was applied at the 4-mL/min rate 380 
used in the computational model, and the velocity contour was measured within the cell-seeded 381 
vessel. As Figure 2C indicates, µPIV demonstrated a similar region of separated flow at the inlet 382 
of the cell-seeded vessel as the computational model (Fig. 2B). At four distances from the inlet 383 
of the cell-seeded vessel (x = 0.28 mm, 0.33 mm, 0.55 mm, and 1 mm), the velocity profiles 384 
predicted by the computational model were compared to the measurements from the µPIV 385 
measurements (Fig. 2D-G). The plots indicate close agreement between the predicted velocity 386 
distributions and those measured by µPIV. For most data points, the computational value falls 387 
within one standard deviation of the experimental measurement, with the exception of the 388 
contour at x = 1-mm (Fig. 2G) where the computational model overestimates the velocity 389 
measured experimentally at radial distances varying from 0.2 to 0.5-mm. A possible cause for 390 
this discrepancy is small variations in channel geometry caused by perfusion, since the 391 

 
Figure 2. Flow characterization of the bifurcation.  A,i) Velocity contour 
plot generated with the CFD software using a flow rate of 4 mL/min. A,ii) 
A radial velocity plot in the disturbed region (purple dotted line) and A,iii) 
fully developed region (purple solid line). B) Velocity contour plot within 
the boxed region of panel A. C) Velocity contour plot measured with 
microparticle image velocimetry and processed with a MATLAB code. D) 
Velocity profile along the channel radius at x= 0.18 mm E) x= 0.33mm, F) 
x= 0.55mm and, G) x= 1 mm. Error bars indicate the standard deviation 
between 20 frames. 
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computational model is based on the channel geometry in static conditions. To interrogate the 392 
effect of perfusion on channel geometry, the deformation of the channel walls was measured 393 
during the application of 8 mL/min flow, which was the maximum flow rate applied by the pump, 394 
and found to increase by 0.5 +/- 0.01% on average along the channel length (measured in three 395 
locations for three separate channels). The deformed geometries were then input into the 396 
computational model to determine its effect on predicted velocity distribution at x = 1-mm. As 397 
Supplemental Figure 3 indicates, changes to the wall geometry caused by perfusion do not 398 
substantially alter the 399 
wall shear stress along 400 
the channel, suggesting 401 
that another factor is 402 
likely responsible for the 403 
discrepancy in Figure 404 
2G. Nonetheless, the 405 
maximum velocity and 406 
asymmetry of the 407 
distributions were 408 
consistent between 409 
calculated and 410 
experimental data, 411 
validating the accuracy 412 
of the computational 413 
model. 414 
 415 
iii. Generalized model to 416 
account for geometric 417 
variation   418 
 Having demonstrated the efficacy of the computational model to predict velocity 419 
distributions within the device, additional work was conducted to assure that reproducible flow 420 
profiles could be applied to multiple channels despite small differences in channel geometry 421 
caused by the placement of needles within the hydrogel. Therefore, in order to create a 422 
repeatable system for cell studies, an approach was developed to normalize the flow fields for 423 
varying geometries. Specifically, the computational model was used to determine the flow rate 424 
required to fix the location of the flow stagnation point (where wall shear stress was equal to 425 
zero on the near side wall) at the same distance from the inlet regardless of the channel 426 
geometry. Four parameters were used to describe the channel geometry prior to application of 427 
flow, depicted in Figures 3A and 3B. These parameters provided insight into the position of the 428 
hydrogel within the microfluidic device in order to account for slight differences in the placement 429 
and orientation of the cell-seeded vessels. Parameters A and B indicated the extent to which the 430 
channel was centered within the device, and Parameters C and D described the lateral 431 
placement of the hydrogel. Table 2 summarizes the values of these four parameters for three 432 
different channel geometries (Geometry 1, Geometry 2, and Geometry 3). 433 
 434 

Geometry Parameter A 
(mm) 

Parameter B 
(mm) 

Parameter C 
(mm) 

Parameter D 
(mm) 

1 0.38 0.31 0 0 
2 0.40 0.30 0 0 
3 0.47 0.24 0.1 0 

Table 2: Geometry parameterization of the channels 435 
 436 

 
Figure 3. Generalized model to account for geometric variation: A) Schematic of the 
bifurcation detailing the parameters used to quantify differences in vessel geometry. B) A 
brightfield image indicating the location of these parameters in a sample vessel. C) Wall 
shear stress profiles generated with CFD for three different geometries and flow rates 
varying from 4-4.5mL/min. D-F) comparison plots between the experimental and measured 
wall shear stress (WSS) profiles along a 1.2-mm length of the near wall of the disturbed 
region for geometries 1,2 and 3. Error bars indicate the standard deviation of 20 
measurements. 
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 For the three geometries, the average and standard deviation of the stagnation point 437 
was predicted to occur at 0.543 mm +/- 0.029 mm and the length of the disturbed region was 438 
2.17 mm +/- 0.44 mm for flow rates varying from 4 to 4.5 mL/min. The predicted shear profiles 439 
along the near-side wall of the vessel are shown in Figure 3C. Due to the changes in flow rate, 440 
the average shear stress among the three geometries in the fully developed region downstream 441 
of the bifurcation was 0.835 Pa +/- 0.056 Pa, which is consistent with physiological levels for the 442 
middle cerebral artery (43). µPIV was used to validate the shear stress profiles for the three 443 
geometries along a 1.2-mm-length of the channel adjacent to the bifurcation on the near wall 444 
(Figs. 3D-F). The plots show close agreement between the predicted shear stress distributions 445 
and those measured by µPIV. Importantly, the distributions all indicate substantial recirculation 446 
zones and a similar stagnation point for all three geometries. These results verify that the 447 
stagnation point of the flow can be fixed regardless of small changes to vessel geometry, 448 
allowing for a reproducible flow 449 
environment for studying the endothelial 450 
response in multiple samples.  451 
 452 
iv. Effects of disturbed fluid flow on 453 
endothelial tight junctions and 454 
morphology 455 
Having demonstrated that disturbed flow 456 
could reproducibly be applied to the 457 
vessels despite inconsistencies in 458 
channel geometry, experiments were 459 
conducted to assess the effect of 460 
disturbed flow on the integrity of tight 461 
junctions within the endothelial 462 
monolayer. In vitro vessels were either 463 
exposed to flow for 24-h with flow rates 464 
that caused flow separation at the 465 
location of the bifurcation, or cultured in 466 
static conditions as an additional 467 
control. Imaging of the monolayer 468 
exposed to static conditions revealed 469 
that ZO-1 was not fully localized to cell-470 
cell junctions (Fig. 4A,i-ii). In contrast, 471 
endothelial cells exposed to fully 472 
developed flow exhibited ZO-1 473 
localization to the cell-cell junctions (Fig. 474 
4B,i-ii). In the disturbed region, images 475 
of the endothelium at the stagnation 476 
point indicated a disorganized 477 
monolayer with substantially less ZO-1 staining at the junctions (Fig. 4C,i-ii). FFT analysis 478 
suggested that the cells in the fully developed region were significantly more aligned in the 479 
direction of flow than cells in the disturbed region (Fig. 4D-E). To provide further evidence of 480 
tight junction formation and disruption in these different regions, vessels were also treated with 481 
antibodies for claudin-5 and occludin, two additional markers for the tight junctions characteristic 482 
of the BBB. These images are provided in Supplementary Figure 4. 483 
 484 
v.  Effects of disturbed fluid flow on endothelial cell proliferation and viability  485 

As shown in Figure 4, the endothelium in the disturbed region appeared to have a higher 486 
cell density than the region in the fully developed region downstream of the bifurcation. To 487 

 
Figure 4. Effects of disturbed flow on endothelial cells tight junctions: 
A-C) Composite images of ZO-1 (red), DAPI (blue), and phalloidin 
(green) (i) and with ZO-1 isolated (ii) of the endothelial cells along the 
near side wall in static conditions (A) and in perfused channels at the 
fully developed (B) and stagnation point of the disturbed region (C). 
Scale for A-C: 25 µm D) Gaussian distribution of the actin fibers fitted 
to results of FFT analysis. E) Width at half height of the distributions 
for disturbed and fully developed regions. * p < 0.05. 
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determine whether disturbed flow augmented proliferation in the disturbed region, a BrdU assay 488 
was conducted to compare the number of 489 
cells in S-phase between the disturbed 490 
and fully developed regions. Based on 491 
channel geometries, flow rates were 492 
chosen to match the wall shear stress 493 
distributions used in the 494 
immunofluorescence and permeability 495 
assays and applied for 24-h. After 12-h, 496 
BrdU was added into the perfusing 497 
medium. Imaging of the fully developed 498 
region showed few BrdU-positive nuclei 499 
(Fig. 5A) In contrast, the disturbed region 500 
(Fig. 5A) exhibited an increased number 501 
of BrdU-positive nuclei (and higher 502 
number of nuclei overall) at the location of 503 
the stagnation point of the near wall (Fig. 504 
5B). Quantification of the disturbed and 505 
fully developed regions indicated a 506 
significant increase in the number of 507 
BrdU-positive cells. In the disturbed 508 
region: 65% of cells were in S-phase 509 
compared to only 3% in the fully 510 
developed region (Fig. 5C). This result is 511 
consistent with previous studies that found 512 
increased endothelial proliferation is 513 
associated with barrier breakdown (44). 514 

To verify that endothelial cell viability was not affected by the different flow regimes, a 515 
Live/Dead assay was conducted for static, disturbed,  and fully developed conditions. Across all 516 
conditions, the viability exceeded 92% regardless of the shear stress exerted on the 517 
endothelium. Furthermore, there were no significant differences in the amount of viable cells 518 
between static (Fig. 5D,i), fully developed (Fig. 5D,ii), and disturbed (Fig. 5D,iii).  Figure 5E 519 
provides a summary of the quantified data, indicating no significant difference in viability 520 
between the different flow regimes. These results indicate that although cells in the disturbed 521 
region proliferated at a higher rate, they remained viable during the flow experiments.  522 
 523 
vi. Quantification of vessel permeability and endothelial-mural/endothelial-glial interaction  524 
Permeability testing provided a quantitative means to assess the integrity of the barrier in 525 
response to varying flow regimes. Devices were perfused with dextran to quantify barrier 526 
integrity after 24-h of perfusion. The permeability coefficient was measured at the fully 527 
developed region downstream of the bifurcation (I) and at the near wall (where flow separates) 528 
(II) and far wall (III) adjacent to the bifurcation in the area of disturbed flow. Figure 6A provides 529 
an image of a vessel being perfused with dextran to assess barrier permeability and denotes the 530 
three regions where the permeability was measured. Figure 6B indicates that the permeability is 531 
significantly higher in not only the near wall of the disturbed region (II) compared to the fully 532 
developed region (I), but also at the far wall of the disturbed region (III). At this location, the 533 
vessel wall experiences impingement flow: the shear stress was elevated compared to other 534 
regions of the vessel (1.4 Pa +/- 0.22 Pa) and the shear varied along the axial direction of the 535 
vessel. This result supports previous studies linking impingement flow (45) and high shear 536 
stress (46) to vascular dysfunction in the brain. In order to verify that the increased dextran 537 
transport adjacent to the bifurcation was not due to leakage from the side of the hydrogel, the 538 

 
Figure 5. Effects of disturbed flow on endothelial cell proliferation 
and viability: A-B) DAPI (i) and BrdU (ii) staining of the endothelial 
lumen for fully developed (A) and disturbed (at the stagnation 
point of the near wall) (B) regions. Scale bars = 25µm. C) Percent 
of BrdU-positive nuclei (n=3). *indicates p < 0.05. D) Live (green) / 
Dead (red) assay for cells exposed to static (i), fully developed (ii), 
and disturbed (iii) flow. Scale bars = 100 µm. E) Quantification of 
Live/Dead assay for three different vessels for each condition (n = 
3). N.S indicates no significant difference. 
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gradient of fluorescence intensity was graphed in both the axial and radial direction for the 539 
disturbed region. Supplementary Figure 5 indicates that the fluorescence intensity gradient 540 
along the axial direction is relatively constant compared to the radial direction, suggesting that 541 
the transport of dextran into 542 
the surrounding hydrogel is 543 
primarily through the cells 544 
exposed to disturbed flow. 545 
Overall, these permeability 546 
tests verify the results of the 547 
tight junction staining that 548 
suggest disturbed flow 549 
disrupts barrier function.  550 

  551 
In order to probe 552 

endothelial-mural crosstalk, 553 
permeability tests were 554 
repeated on vessels with 555 
smooth muscle cells removed 556 
from the annulus.  Given the 557 
effect of mural cells on 558 
regulation of vascular tone 559 
(47), lipid absorption (48), 560 
and small GTPase signaling 561 
within endothelial cells (49), 562 
these experiments 563 
interrogated whether smooth 564 
muscle cells also influenced 565 
the response of the BBB to 566 
altered shear stress. Figure 567 
6C indicates that the absence 568 
of smooth muscle cells did 569 
not cause a significant effect in the permeability of the endothelium in the disturbed and fully 570 
developed regions. Additional imaging experiments were conducted to determine if the spatial 571 
organization of the smooth muscle cells varied along the vessel (Fig. 6D). Quantification of the 572 
distance between smooth muscle cell nuclei and the endothelial lumen indicated no significant 573 
difference between disturbed and fully developed regions.  574 

Astrocytes in regions adjacent to the three flow regimes (I: fully developed, II: disturbed, 575 
and III: impinged) were isolated and lysed following application of flow to determine whether 576 
glial cells mediated barrier disruption by undergoing activation or increasing gene expression of 577 
paracrine factors known to cause barrier breakdown. Although gene expression does not 578 
elucidate the underlying mechanisms regulating the response of astrocytes to their 579 
environmental factors, this assay provides insight into whether the flow regime affected the 580 
astrocyte cell response. Message level quantification indicated no significant difference in the 581 
production of GFAP, which is indicative of glial activation, or in the production of paracrine 582 
factors VEGF and HIF1α, which are known to modulate vascular integrity and function. These 583 
results verified that astrocytes surrounding the endothelium exposed to different flow regimes 584 
did not affect barrier integrity by altering their gene expression.  585 
 586 
Discussion  587 

The results presented here contribute to the growing evidence that fluid shear stress 588 
modulates the integrity of the BBB. Whereas a previous study from one of our groups 589 

 

 
 
Figure 6: Effect of disturbed flow on vessel permeability and smooth muscle cell 
and astrocyte interaction. A) An image of dextran perfusion indicating the location 
of permeability measurements: I) Fully developed, II) Disturbed on the near side 
wall (separated flow), III) Disturbed on the far side wall (impingement flow). B) 
Quantification of the permeability constant at these three regions and a static 
control. (n = 3) C) Quantification of permeability coefficients for vessels lacking 
smooth muscle cell incorporation. (n = 3) D) A representative image of smooth 
muscle cell orientation along the endothelialized vessel. E) Relative gene 
expression of GFAP, HIF1alpha, and VEGF of astrocytes isolated from regions 
adjacent to endothelial cells exposed to fully developed (I), disturbed (II), impinged 
flow (III), and static conditions. (n = 3) * indicates p < 0.05. N.S indicates no 
significant difference 
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demonstrated the protective effects of low levels of shear on the BBB (22), here, our findings 590 
indicate that shear stress altered by disturbed flow has the opposite effect. Endothelial cells 591 
within the region of separated flow exhibit altered morphology, increased permeability, and 592 
higher proliferation rates compared to cells in the fully developed flow region downstream of the 593 
bifurcation. Although previous studies have identified similar consequences of disturbed flow in 594 
other parts of the body (50), the current findings show that vasculature in the brain is also 595 
impacted by the altered shear stress exerted by separated flow. Because the barrier function of 596 
brain vasculature is more vital than vasculature in other regions of the body due to the 597 
inflammation caused by the leakage of plasma components into the brain parenchyma, these 598 
results underscore the impact of disturbed blood flow in the brain. Additionally, given that recent 599 
studies (51, 52) have found transcellular breakdown precedes the paracellular transport 600 
measured here, the effect of disturbed flow on the barrier may be even more pronounced than 601 
our experiments indicate. 602 

The results also demonstrate that the cerebral bifurcation model provides a robust 603 
platform to study the response of brain vasculature to complex fluid mechanics. Unlike previous 604 
in vitro models designed to exert disturbed flow on endothelial cells, the current model 605 
preserves the three-dimensionality of the in vivo environment and incorporates both mural and 606 
glial cells in the surrounding hydrogel. Although our results suggest that smooth muscle cells 607 
and astrocytes do not modulate the endothelial response to disturbed flow, these findings do not 608 
contradict previous findings on the importance of endothelial-mural and endothelial-glial 609 
crosstalk. Rather, the results indicate that the endothelium modulates tight junction integrity in 610 
response to fluid shear stress independent of other cell types, which is consistent with a 611 
previous finding that cerebral endothelial cells exposed to shear stress form tight junctions in the 612 
absence of astrocytes (22). Although the model mimics certain aspects of in vivo vasculature 613 
that have yet to be incorporated in vitro, it does not fully recreate the in vivo microenvironment 614 
and focuses on a rather short (24-hour) time frame. There are differences in both the ECM 615 
content (brain tissue contains minimal fibrillar collagen type I) and a lack of cell types including 616 
microglia, pericytes, and macrophages that could affect the specific range and magnitude of 617 
shear stress that causes barrier breakdown in vivo. Furthermore, the current microfluidic device 618 
exhibits a fixed bifurcation geometry, since the inlet is offset by 45 degrees, and thus cannot 619 
mimic the variability present in cerebral bifurcations. Therefore, future work is required to 620 
determine whether barrier function is generally reduced adjacent to bifurcations in the brain or 621 
additional factors known to exacerbate the effects of disturbed flow in systemic vasculature (53) 622 
also exert the same effect on the blood-brain barrier. 623 

However, despite these differences with in vivo vasculature, a particular advantage of 624 
this in vitro model is the use of CFD and µPIV to predict and validate the complex flow fields 625 
generated in the device. These methods are vital to assuring consistency between the varying 626 
channels, since the fabrication of the cell-seeded hydrogels results in small differences in 627 
geometries that affect the flow field. All the geometries tested exhibit a substantial length of flow 628 
separation (~ 2 mm) and a region of recirculating flow. Given the 944-µm diameter of the vessel 629 
and a cell density measured in the BrdU assay of 182,430 cells/cm2 +/- 30,230 cell/cm2 on the 630 
near side of the vessel in the disturbed region, approximately 12,000 cells were exposed to 631 
separated flow, a sufficient number to conduct future gene and protein expression studies. One 632 
potential target for future studies is the effect of disturbed flow on the formation of cerebral 633 
aneurysms. Previous studies have demonstrated that most cerebral aneurysms occur at or near 634 
arterial bifurcations (24). These locations are most susceptible to the formation of recirculation 635 
eddies and separated flow, due to their geometry and the higher Reynolds number of the flow. 636 
The increased incidence at bifurcations is readily apparent in the middle cerebral artery: a 637 
previous study found that 96/100 middle cerebral artery aneurysms occurred at bifurcations or 638 
trifurcations (54). Moreover, factors associated with BBB disruption, specifically MMP9, are also 639 
connected with the formation of cerebral aneurysms (55), further linking barrier breakdown to 640 
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aneurysms. In addition to aneurysm formation, disturbed flow could also contribute to other 641 
vascular dysfunction: a recent study of the effects of inhaled anesthetics on BBB breakdown 642 
found that endothelial damage was localized to vascular bifurcations (25). Overall, the 643 
bifurcation model provides a means to interrogate the role of disturbed flow in the formation and 644 
progression of these pathologies.  645 
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