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Abstract

Endothelial cells (ECs) are the primary cellular constituent of blood vessels that are in direct
contact with hemodynamic forces over the course of a lifetime. Throughout the body, vessels
experience different types of blood flow patterns and rates that alter vascular architecture and
cellular behavior. Because of the complexities of studying blood flow in an intact organism,
particularly during development, modeling of blood flow in vitro has become a powerful technique
for studying hemodynamic dependent signaling mechanisms in ECs. While commercial flow
systems that recirculate fluids exist, many commercially available pumps are peristaltic and best
model pulsatile flow conditions. However, there are many important in vivo situations in which
ECs experience laminar flow conditions, such as along long, straight stretches of the vasculature.
To understand EC function under these situations, it is important to be able to consistently model
laminar flow conditions in vitro. Here, we outline a method to reliably adapt commercially available
peristaltic pumps to reproducibly study laminar flow conditions. Our proof of concept study
focuses on 2-dimensional (2D) models but could be further adapted to 3-dimensional (3D)
environments to better model in vivo scenarios such as organ development. Our studies make
significant inroads into solving technical challenges associated with flow modeling, and allow us
to conduct functional studies towards understanding the mechanistic role of flow forces on

vascular architecture, cellular behavior, and remodeling during a variety of physiological contexts.
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Introduction

Perfusing 2D or 3D cultures of endothelial cells (EC) with fluid is a popular technique to model
the effects of blood flow and shear stress forces on the vasculature [1-16]. In vitro systems have
been built to mimic individual types of flow forces or patterns felt by ECs along different regions
of the vascular tree, including oscillatory, pulsatile, and laminar. Consistent with what is observed
under physiological conditions, ECs cultured in vitro under laminar flow conditions align parallel
to the direction of flow [5, 6, 14-29]. Similarly, ECs experiencing pulsatile or oscillatory flow
conditions remain more haphazardly organized, or with a perpendicular alignment to the flow

direction [5, 6, 14, 15, 17-29].

While significant research has been done to build reliable platforms capable of generating
physiologic levels of laminar versus oscillatory/pulsatile flow forces, systems remain inaccessible
to the broad vascular biology research community for a number of reasons. For many, the price
of a full commercial system capable of altering flow patterns, rates, or flow type prevents use of
this modeling technique. Peristaltic pumps are more cost effective but best suited to mimic
pulsatory/oscillatory flow conditions, due to the design of the pump controlling the flow rates [30].
To account for this, we have adapted and optimized a commercially available, multi-head
peristaltic pump system that has its own controller software [31], to be able to reproducibly perform
laminar flow or pulsatile flow experiments (Fig 1A). Here, we will outline the steps needed to
create pulse dampeners from easy to access supplies, that can attach to a peristaltic pump to
generate laminar flow. Further, we discuss our parameters for eliciting flow responses,
standardization/validation of this pump system, and downstream analysis techniques for studying

cell biology using this platform.

Results
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Generation of dampeners to offset pump pulsation

Addition of a dampener to a peristaltic pump is one way to offset the pulsatile forces generated
by the mechanical properties of the pump. To do this, we utilized easy to access and cost-effective
supplies to custom make small footprint dampeners to attach to any flow system (Fig 1B). To
create the body of the dampener, the barrel of a 10 mL syringe (BD) was cut 12 mm from base of
the barrel. A thin wall polypropylene tube (Beckman) was bonded to the syringe barrel by applying
a thin layer of two-parts urethane adhesive (J-B Weld Company), following the manufacturer
recommendation. Because the internal diameter of the syringe barrel is 13.34 mm and the
external diameter of the polypropylene tube is 14.43 mm, to assemble the dampener body both
parts must be forced together, which along with the adhesive avoids air or liquid leaks. The tubing
connection to the dampener was created with 2.5 cm silicone tube (FisherBrand) inserted directly
to the syringe Luer-Lok tip. At the other end of the silicone tubing, a T-type connector (Nalgene)
was inserted (Fig 1B). Two dampeners are connected to the system, one on the inlet and one on
the outlet side of the system between the pump head and its respective media reservoir. The

dampeners must be vertically oriented to ensure proper function.

The media reservoirs were constructed using 30 mL high density polyethylene (HDPE) bottles
(Nalgene). Two holes 4 mm in diameter were drilled in the caps of the HDPE bottles and two
elbow luer connectors male (ibidi) were bounded to the caps using the two-parts urethane
adhesive described above. At the interior of the cap two pieces of 2 and 4 cm silicone tubing were

attached to the elbow connector as inlet and outlet ports respectively.

Efficacy of the generation of laminar flow was confirmed two ways. The first was done via real-
time visualization of Quantum dots (Qdots) within the circulating media (Videos 1 and 2). As

shown in the videos, without the dampener (Videol) there is a clear rhythmic stopping of the
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91 fluid/Qdots as they transverse the flow chamber (flow is moving left to right across the video). This
92 pulsation is virtually eliminated after addition of dampeners (Video 2). To quantify the
93 effectiveness of the dampeners in offsetting the inherent pulsatile nature of the pump, we installed
94  aliquid flow sensor to the silicone tubing (Sensirion) enabling us to determine directionality of flow
95 (positive flow moving left to right across the sensor, negative if flow is moving right to left across
96 the sensor) and the dynamic liquid flow rates of the system (Fig 2). The sensor was installed
97  before the inlet attachment point of the p-Slide | 4 Luer slide of the flow circuit (Fig 2A). The
98 system was evaluated under the following conditions: 1) the flow system without dampeners,
99  using the original function of the pump (pulsatile, Fig 2A-C); 2) the flow system modified with
100 dampeners installed at the inlet and outlet of the pump head (laminar, Fig 2D-F); and 3) the flow
101  system modified with a commercial dampener (Sensirion) installed before the sensor as is
102  recommended by the manufacturer (laminar, Fig 2G-l). The system was placed under our
103  standard experimental conditions (5% CO, 37°C, and 95% humidity for 24 hours), and 15 second
104  measurements of fluid flow taken at 1 and 24 hours. The two time points were chosen to
105 demonstrate the stability of flow forces across the time frame of experimentation. As shown, the
106  non-modified pump as purchased has a rhythmic pulsation to it (Fig 2B), that can be dramatically
107  off-set by the incorporation of dampeners into the flow circuit (Fig 2E). As a direct comparison,
108 we tested the performance of a commercial dampener, and demonstrate our homemade
109 dampeners were able to out preform a commercial version and suppress pulsation more
110 dramatically (Fig 2E, H). While there is still minimal pulsation within the system, it is reduced
111  approximately 6-fold, and reliably allows us to utilize this system to observe phenotypic
112  differences in endothelial cell behavior in response to variation in type of flow stimuli.

113

114  Validation of cellular behavior in flow assays via live imaging analysis
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115 To confirm that altered cellular behaviors are generated in response to differing flow stimuli from
116  our modified pump system, we set up 2D live imaging assays to longitudinally track cellular motility
117  and alignment over a 24 hour period. Human umbilical vein endothelial cells (HUVECS) or human
118 aortic endothelial cells (HAECs) were grown to confluence (2.5 x 10° cell/slide) on 1mg/ml gelatin
119  coated p-Slide | %4 Luer slides in 1x M199 media supplemented with 20% fetal bovine serum
120 (FBS), 25 ug/mL of Endothelial Cell Growth Supplement (ECGS), 0.01% heparin sodium salt, and
121  1x Antibiotic-Antimycotic at 5% CO,, 37°C, and 95% humidity. The slides were then acclimated
122  to a microscopy system containing a climate-controlled stage top incubator (EVOS M7000) to be
123 cultured under conditions of constant laminar flow, at 12-15 dynes/cm?/sec, or constant pulsatile
124 flow, at 12-15 dynes/cm?/sec and 60 RPM, for 24 hours. To help maintain cell health, at the start
125 of the experiment the rate of flow was stepwise increased 10% every 10 minutes until reaching
126  the desired final experimental flow rate.

127

128  Utilizing a microscope with a stage top incubator allows us to carry out multipoint, time-lapse
129 image acquisition. Images were acquired every 20 minutes for 24 hours to follow dynamic
130 changes in cell shape and alignment over time (Videos 3 and 4, Fig 3A,B). At the end of the
131  experiment, the individual images are assembled into a video file to watch cellular behavior across
132  the full 24 hours of imaging. Angle of alignment (Fig 3C,D), cellular tracking (Fig 3E), and total
133 distance moved/speed of motility (Fig 3F,G) amongst other features can be analyzed from these
134  videos utilizing free ImageJ/Fiji software [32]. Our results show that in response to laminar flow,
135 ECs align to and move against the direction of flow over the 24 hour imaging period (Fig 3D,E,
136  Video 4), while ECs subjected to pulsatile flow largely remain perpendicular to the direction of
137  flow and move in a more haphazard fashion over the 24 hour imaging period (Fig 3C,E, Video
138  3). Under both flow conditions, HUVECs on average move the same total distance and at the

139  same velocity (Fig 3F,G). This behavior mimics what is seen both in vivo and in vitro flow models
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140 [5, 6, 14-29], validating that our system does indeed reliably model flow stimuli to elicit the
141  expected changes in cellular behavior.

142

143  From apractical standpoint, live imaging does not have to be done to utilize this system. If desired,
144  the entire setup can be easily placed in a standard 37°C, 5% CO2, humidified tissue culture
145  incubator. The peristaltic pump we adapted (Flocel [31]) has 4 pressure heads. When doing live
146  imaging, stage top space constraints use of all 4 pumps in tandem. Therefore, we often use the
147  system in a standard incubator to allow conversion of 2 pressure heads to carry laminar flow,
148  while two remain pulsatile to optimize throughput and pair culture conditions within a single
149  experiment. At the end of the experiment, the cells can be collected for biochemical/molecular
150 analysis to determine the downstream molecular impacts of individual flow stimuli: i.e. rinsed with
151 1x PBS and fixed with 4% paraformaldehyde (PFA) for immunostaining applications (discussed
152  below), flushed with TRIZOL for mRNA collection, or lysed in sample buffer for protein collection
153  [28].

154

155 Immunostaining of cultures following flow

156  Using our method, following the termination of flow, alterations in protein localization, cellular
157  signaling, or mRNA composition, among other parameters, can be analyzed in order to interrogate
158 downstream signaling pathways that occur as a consequence of flow. Here, we will outline our
159 immunostaining protocol for the analysis of protein accumulation and localization in response to
160 flow forces.

161

162  After 24 hours of exposure to flow stimuli, the cultured ECs were rapidly rinsed twice with 3 mL
163  1x PBS by flushing the slides using a 3 mL syringe. The cells were fixed in 100 pL of 4%

164  paraformaldehyde (PFA) for at least 4 hours before starting the immunostaining protocol.
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165 Following fixation, the PFA solution is removed from the slides and the cells rinsed three times
166  with ice cold 1x PBS. If desired, the cultures can then be incubated with 100 pL of 0.1% TritonX-
167 100 in 1x PBS (PBST) for 10 minutes at room temperature, to permeabilize the cells and stain for
168 intracellular proteins. Next, the cells are then incubated in 100 uL blocking buffer (1% BSA, 0.3M
169 glycine in 1x PBST) at room temperature for 1 hour. A primary antibody is chosen for the desired
170  protein of interest, and is diluted into 1% BSA/1x PBST for incubation overnight at 4°C. The next
171  morning, the primary antibody is removed, and the cells rinsed with 1x PBST three times to
172  decrease non-specific antibody binding. Secondary antibody is then added at a 1:2000 dilution in
173 1% BSA/1x PBST and the slides incubated for 1 hour at room temperature. Finally, HOECHST
174  dye is added at a 1:5000 dilution and incubated for 30 minutes at room temperature for staining
175  of DNA/nuclei. Three washes with PBST are done at the end of all of the steps to remove excess
176  antibody and decrease non-specific background staining prior to mounting the slides for imaging
177  analysis. Images were acquired utilizing a 20x objective on a Nikon Ti2 inverted microscope.
178

179  As an example (Fig 4), the endothelial cell junctional protein VE-Cadherin was labeled (1:100
180  dilution of primary antibody) and visualized using an Alexa Fluro-488 secondary antibody (1:2000
181  dilution, green). Nuclei (HOECHST) labeling is in blue. As shown, application of flow forces across
182  endothelial cells enhances the accumulation of VE-Cadherin protein at junctions compared to no
183  flow controls (Fig 4A). While, no differences were noted in immunostaining intensity between
184 laminar and pulsatile flow conditions, marked differences in localization of the VE-Cadherin
185  protein were noted (Fig 4B-E).

186

187 Discussion

188 In this work we outline the validation and use of a peristaltic pump system that can be easily

189  modified to concurrently deliver laminar or pulsatile flow to adjacent endothelial cell cultures in a
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190 highly reproducible manner. The system provides a cost-effective, easy to use alternative for labs
191 looking to conduct in vitro flow modeling experiments. Additionally, the platform allows for real
192 time imaging of cellular responses to flow and analysis of behaviors (Fig 3), and following
193  exposure to flow forces, the cells can be utilized for molecular analysis [28] (Fig 4).

194

195 As part of this work, we compared the endogenous function of the peristaltic pump against our
196 lab-built pulse dampeners and a commercial pulse dampener (Fig 2). These studies
197  demonstrated the ability of our lab-built dampeners to generate laminar type flow as compared to
198 the pulsatile nature of the endogenous pump function. Additionally, our dampeners showed
199 improved performance for generation of laminar, non-pulsatile flow forces versus the commercial
200 dampener we tested. The analysis also confirms that our custom-built dampeners are stable
201  across at least 24 hours of assay at the temperature and humidity recommended for endothelial
202  cell culture (Fig 2C,F,l), showing that this system is suitable for use in functional assays.
203  Therefore, modification of a peristaltic pump to include dampeners into the system allows for an
204  affordable and adaptable method to culture cells under laminar and/or pulsatile flow conditions
205 for the reproducible study of shear stress mediated cellular responses in vitro.

206

207  Functionally, the peristaltic pump utilized has 4 pressure heads, allowing for side by side
208  comparison of cellular behavior under pulsatile versus laminar flow conditions. As shown by
209  cellular tracking experiments, cells under pulsatile flow move haphazardly and tend to end up
210 oriented perpendicular to the direction of flow (Fig 3A-C,E; Video 3), while cells under laminar
211  flow rapidly orient parallel to and move against the direction of flow (Fig 3A,B,D,E, Video 4).
212  These phenotypes are consistent with those published in vitro and in vivo under developmental
213  and non-pathogenic flow settings [5, 6, 13-16, 19, 20, 22-27, 29, 31, 33-38], suggesting that this
214  systemis able to generate physiologically relevant flow forces. Finally, we confirm that endothelial

215  cells experiencing flow forces develop stronger junctions, as assessed by increased VE-Cadherin
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216 localization at junctions compared to no flow conditions (Fig 4). While the intensity in staining is
217  not significantly different between cells experiencing pulsatile versus laminar flow, localization of
218 the protein at the junction is differentially oriented (Fig 4C-E). Similar results were described
219  previously in ECs cultures, where disturbed flow regions in a flow chamber exhibited
220 discontinuous VE-Cadherin staining, while in areas where the flow was laminar the VE-Cadherin
221  staining was continuous [39].

222

223  Being able to reliably model physiological flow conditions allows for deeper mechanistic study of
224  EC autonomous biology; however, it also opens up the possibility of identifying flow regulated
225 signals generated in ECs that alter physiology in a non-autonomous fashion. Embryonic and fetal
226  hematopoietic stem cells (HSCs) and vascular mural cells (MCs) are two primary examples of this
227  phenomenon. HSC development is dependent on blood flow via cell-intrinsic NO signaling [40].
228 HSC development via the Yes-activated protein (YAP) is also dependent on the mechanical
229  forces of blood flow, as shown by Lundin et al. using induced pluripotent stem cells grown in
230  microfluidic culture devices [41]. Beyond initial specification, HSCs extravasate into circulation
231 and seed developmental niches where they complete their developmental program (reviewed by
232  Horton et al. [42]). During this process, the HSCs are exposed to multiple vascular environments
233  experiencing a variety of mechanical stresses; these stresses trigger signaling events in vascular
234  cells which may play a role in determining ultimate hematopoietic cell fate, among other
235 physiological processes. While there has been tremendous progress in understanding the effects
236  of extracellular forces on HSC differentiation, our understanding of how these forces interface
237  with the vascular niche to signal to HSCs traversing blood vessels has been limited by technical
238 challenges.

239

240  Similarly, we have recently shown that differential sensing of blood flow forces can alter mural cell

241  (MC) biology during development [43, 44]. Arteries are known to acquire much greater numbers

10
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242  of MCs than veins across development, and elevated mechanical forces felt by the arterial
243  vasculature is predicted to be a key driver in this process. However, how these forces are sensed
244 by ECs and subsequently communicated to MCs is still an active area of investigation. The
245  transcription factor KIf2 is well known to play an essential role in vascular development in
246  response to forces generated by blood flow [35, 36, 45-53]. In zebrafish and mice, during early
247  vascular development the expression of klf2a/KIf2 is significantly higher in veins compared with
248  expression in the dorsal aorta (DA), where the blood flow is pulsatory due to the DAs direct
249  connection to the heart [34, 43, 44]. We recently demonstrated that in kif2a deficient zebrafish,
250 there is a significant increase in association of MCs to the CV compared to wildtype siblings,
251  suggesting that KIf2 might serve as a direct or indirect transcriptional repressor for MC recruitment
252  cues[43]. Thisis just one example of the natural anatomical adaptations that result as a response
253  tothe different types of flow forces experienced by vasculature during development or in disease.
254  Therefore, the development of a low cost and easy to use device to model blood flow forces, such
255  as the one described in this manuscript, has the potential to greatly expand our understanding of

256  the physiological effects of EC intrinsic and extrinsic signaling events.

11
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Materials and Methods:

Product

Vendor Catalogue number

Supplies required to assemble the dampeners and flow system

Elbow Luer Connector Male ibidi 10802
T-type connector Nalgene 6151-0125
Traceable™ Silicone Pump Tubing FisherBrand 15-078271
u-Slide | °4 Luer ibidi 80176
Plastic Bonder JBweld 50133H
10 mL Syringe Luer-Lok Tip Becton Dickinson (BD) 302995
3 mL Syringe Becton Dickinson (BD) 309656
Thinwall Polypropylene Tubes Beckman 331372
30 mL HDPE Bottles Nalgene 2104-0001
Peristaltic pump and controller software Flocel WPX1
Supplies required to evaluate effect of dampeners
Qdot 655 ITK organic quantum dots Invitrogen Q217721MP
Liquid Flow Sensor Sensirion SLF3S-1300F
Liquid Flow Pulsation Damping Kit Sensirion 403-LFPDKIT
Reagents for Immunostaining
Paraformaldehyde Sigma-Aldrich P6148
Triton X-100 Sigma-Aldrich T9284
Bovine Serum Albumin (BSA) Sigma-Aldrich A7030
Goat IgG- anti-hVE-Cadhering R&D Systems AF938
Alexa Fluro-488 donkey anti-goat Invitrogen A11055
Hoechst 34580 Sigma-Aldrich 63493
Supplies for Cell Culture
HUVEC-XL, Human Umbilical Vein Lonza 001911027
Endothelial Cells
Gelatin Type B Fisher Chemicals G7-500
1x M199 Gibco 11043-023
Heparin sodium salt Sigma-Aldrich H3393-50KU
Antibiotic-Antimycotic (100x) Gibco 15240-062
Endothelial Cell Growth Supplement EMD Milliopore 02-102
Fetal Bovine Serum (FBS) Gibco 16140-071
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265 Figures:

Abello, et al., Figure 1
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267 Fig 1. Adaptations to a peristaltic pump to deliver laminar flow. A) Picture of the flow system
268  setup, including the 4 head peristaltic pump, dampeners, reservoirs, and slides. B) Left panel
269 shows the schematic representation of a peristaltic pump’ head including the positions of the
270  dampeners. The right panel is a schematic representation of how to assemble the dampeners.
271
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Abello, et al., Figure 2
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Fig 2. Quantifying the effect of dampeners in off-setting pump pulsation. A flow sensor was
purchased to quantifiably measure the effects of dampeners in off-setting peristaltic pump
pulsation. The flow sensor was placed directly prior to the flow chamber to ensure a representative
measurement of flow forces felt by the endothelial cells in the culture. A) Schematic diagram of
the flow circuit and placement of the flow sensor to measure flow forces generated by the original,
non-modified peristaltic pump. B) Pulse traces collected across 1500 msec of pump function,
demonstrating marked pulsation of the fluid that is being flowed across the endothelial cell

monolayer. C) Average maximum and minimum flow forces generated by the endogenous
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283  function of the peristaltic pump at 1 and 24 hours of culture. D) Schematic diagram of the modified
284  laminar flow circuit, including placement of our custom inlet/outlet dampeners and the flow sensor
285 to measure forces generated by off-setting the pulsation coming out of the peristaltic pump. E)
286  Pulse traces collected across 1500 msec of pump function, demonstrating laminar flow (i.e. 6-fold
287  suppression of fluid pulsation) across the endothelial cell monolayer. F) Average maximum and
288  minimum flow forces generated by the modified, laminar function of the peristaltic pump at 1 and
289 24 hours of culture. G) Schematic diagram of the modified laminar flow circuit, including
290 placement of a commercial dampener and the flow sensor to measure forces generated by off-
291  setting the pulsation coming out of the peristaltic pump. H) Pulse traces collected across 1500
292  msec of pump function, demonstrating mild suppression of fluid pulsation across the endothelial
293  cell monolayer. However, as shown, our dampeners suppressed pulsation to a much higher
294  degree (commercial 1.4-fold from peristaltic; lab-built 6-fold from peristaltic). ) Average maximum
295  and minimum flow forces generated after commercial dampener modifications of the peristaltic
296  pump at 1 and 24 hours of culture. The box plots are graphed showing the median versus the first
297  and third quartiles of the data (the middle, top, and bottom lines of the box respectively). The
298  whiskers demonstrate the spread of data within 1.5x above and below the interquartile range. All
299 data points (averages from individual pumps) are shown as discrete dots, with outliers shown

300 above or below the whiskers.
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Fig 3. Phenotypic characterization of pulsatile versus laminar flow conditions. A) A cartoon
of the cell alignment expected under pulsatile and laminar flow conditions (i.e. with and without
dampeners). B) Microscopy images show HUVEC alignment under pulsatile versus laminar flow
conditions at 0 and 24 hours as imaged utilizing our stage top incubated microscope system. C,D)

Distribution angles of HUVECSs, showing the orientation of the cell’s longest axis relative to the
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direction of flow at 0 hours (grey) and after 24 hours (orange/blue) of pulsatile (C) versus laminar
(D) flow. Cuboidal or symmetrical cells at 0 hours were measured as 90° to the direction of flow.
E) Representative cell tracks of HUVECSs across the 24 hour period of pulsatile (top) or laminar
(bottom) flow. Arrow heads represents the direction of cellular movement, circles represent the
starting point of individual cells. F,G) Average distance traveled (F) and average velocity (G,
calculated based off of the average distance travelled over time) shown for pulsatile versus
laminar flow over the 24 hour period of treatment. The box plots are graphed showing the median
versus the first and third quartiles of the data (the middle, top, and bottom lines of the box
respectively). The whiskers demonstrate the spread of data within 1.5x above and below the
interquartile range. All data points (individual cells) are shown as discrete dots, with outliers shown

above or below the whiskers.
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322 Fig 4. Immunostaining the EC junctional marker, VE-Cadherin, under varying flow
323  conditions. A) Quantification of VE-Cadherin staining intensity at the endothelial cell junction.
324  Black bar shows the no flow condition, orange bar shows staining intensity following exposure to
325 pulsatile flow (original pump function), and the blue bar shows staining intensity following
326  exposure to laminar flow (condition with dampeners). The box plots are graphed showing the
327  median versus the first and third quartiles of the data (the middle, top, and bottom lines of the box
328  respectively). The whiskers demonstrate the spread of data within 1.5x above and below the
329 interquartile range. All data points (average intensity from individual images) are shown as
330 individual dots, with outliers shown above or below the whiskers. p-values are indicated above
331 statistically significant datasets and were generated using one-way ANOVA. B) Representative
332  microscopy images of cells immunostained for VE-Cadherin (green) and nuclei (blue) under no
333  flow, pulsatile flow, or laminar flow conditions. C-E) Zoomed in imaged of the white boxes shown
334 in B, showing changes in localization and intensity of VE-Cadherin staining depending on flow

335  forces applied to the endothelial cell monolayer.
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33 Supporting information

337  Video 1. Visualization of Qdots under pulsatile flow conditions without dampeners. Qdots
338  were diluted 1:1000 in full culture media and flowed across the imaging slides for visualization in
339 real-time. The video demonstrates Qdot movement under pulsatile flow conditions (the standard
340  pump function without the pulse dampeners present) and a constant pump speed.

341

342  Video 2. Visualization of Qdots under laminar flow conditions with dampeners. Qdots were
343  diluted 1:1000 in full culture media and flowed across the imaging slides for visualization in real-
344  time. The video demonstrates Qdot movement with dampeners located at the inlet and outlet
345  ports of the pump head to generate laminar flow at a constant pump speed.

346

347  Video 3. Visualization of HUVECs under pulsatile flow conditions (without dampeners).
348  Human umbilical vein endothelial cells (HUVECs) were cultured on a p-Slide | %4 Luer slide (2.5
349  x 10° cell/slide) in full culture media. The video shows a 24 hour time lapse sequence, with images
350 acquired at 20 minute intervals. The cells were cultured under pulsatile flow conditions (the
351 standard pump function without the pulse dampeners present) and a constant pump speed.

352

353 Video 4. Visualization of HUVECs under laminar flow conditions (utilizing dampeners).
354  Human umbilical vein endothelial cells (HUVECSs) were cultured on a u-Slide | 4 Luer slide (2.5
355  x 10° cell/slide) in full culture media. The video shows a 24 hour time lapse sequence, with images
356 acquired at 20 minute intervals. The cells were cultured under laminar flow conditions—i.e.
357 dampeners located at the inlet and outlet ports of the pump head to generate laminar flow at a

358  constant pump speed.
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