
Journal of Visualized Experiments
 

Standardized and Scalable Assay to Study Perfused 3D Angiogenic Sprouting of iPSC-
Derived Endothelial Cells In Vitro

--Manuscript Draft--
 

Article Type: Methods Article - JoVE Produced Video

Manuscript Number: JoVE59678R2

Full Title: Standardized and Scalable Assay to Study Perfused 3D Angiogenic Sprouting of iPSC-
Derived Endothelial Cells In Vitro

Keywords: Microfluidics, 3D cell culture, induced pluripotent stem cells, vascular biology,
endothelial cells, angiogenesis, angiogenic sprouting, gradients, phenotypic screening

Corresponding Author: Vincent van Duinen
LACDR
Leiden, Zuid-Holland NETHERLANDS

Corresponding Author's Institution: LACDR

Corresponding Author E-Mail: vvanduinen@lumc.nl

Order of Authors: Vincent van Duinen

Wendy Stam

Viola Borgdorff

Arie Reijerkerk

Valeria Orlova

Paul Vulto

Thomas Hankemeier

Anton Jan van Zonneveld

Additional Information:

Question Response

Please indicate whether this article will be
Standard Access or Open Access.

Open Access (US$4,200)

Please indicate the city, state/province,
and country where this article will be
filmed. Please do not use abbreviations.

Leiden, the Netherlands

Powered by Editorial Manager® and ProduXion Manager® from Aries Systems Corporation



   

TITLE: 1 
Standardized and Scalable Assay to Study Perfused 3D Angiogenic Sprouting of iPSC-Derived Endothelial 2 
Cells In Vitro 3 
 4 
AUTHORS AND AFFILIATIONS: 5 
Vincent van Duinen1,2, Wendy Stam1, Viola Borgdorff3, Arie Reijerkerk3, Valeria Orlova4, Paul 6 
Vulto5, Thomas Hankemeier2, Anton Jan van Zonneveld1 7 
 8 
1Department of Internal Medicine (Nephrology) and the Einthoven Laboratory for Vascular and 9 
Regenerative Medicine, Leiden University Medical Center, Leiden, The Netherlands 10 
2Leiden University, Division of Systems Biomedicine and Pharmacology, department of Analytical 11 
BioSciences and Metabolomics, Leiden, The Netherlands 12 
3Ncardia, Leiden, The Netherlands 13 
4Department of Anatomy and Embryology, Leiden University Medical Center, Leiden, The 14 
Netherlands 15 
5Mimetas, Leiden, The Netherlands 16 
 17 
Email addresses of co-authors: 18 
Wendy Stam   (w.stam@lumc.nl) 19 
Viola Borgdorff  (viola.borgdorff@ncardia.com) 20 
Arie Reijerkerk   (arie.reijerkerk@ncardia.com)  21 
Valeria Orlova   (v.orlova@lumc.nl) 22 
Paul Vulto   (p.vulto@mimetas.com) 23 
Thomas Hankemeier  (hankermeier@lacdr.leidenuniv.nl) 24 
Anton Jan van Zonneveld (a.j.van_zonneveld@lumc.nl) 25 
 26 
Corresponding author: 27 
Vincent van Duinen  (vvanduinen@lumc.nl) 28 
 29 
KEYWORDS: 30 
3D cell culture, microfluidics, in vitro, human induced pluripotent stem cells, endothelial cells, 31 
angiogenesis, gradients, high-throughput screening, assay development 32 
 33 
SUMMARY: 34 
This method describes the culture of iPSC-derived endothelial cells as 40 perfused 3D 35 
microvessels in a standardized microfluidic platform. This platform enables the study of gradient-36 
driven angiogenic sprouting in 3D, including anastomosis and stabilization of the angiogenic 37 
sprouts in a scalable and high-throughput manner. 38 
  39 
ABSTRACT: 40 
Pre-clinical drug research of vascular diseases requires in vitro models of vasculature that are 41 
amendable to high-throughput screening. However, current in vitro screening models that have 42 
sufficient throughput only have limited physiological relevance, which hinders the translation of 43 
findings from in vitro to in vivo. On the other hand, microfluidic cell culture platforms have shown 44 
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unparalleled physiological relevancy in vitro, but often lack the required throughput, scalability 45 
and standardization. We demonstrate a robust platform to study angiogenesis of endothelial 46 
cells derived from human induced pluripotent stem cells (iPSC-ECs) in a physiological relevant 47 
cellular microenvironment, including perfusion and gradients. The iPSC-ECs are cultured as 40 48 
perfused 3D microvessels against a patterned collagen-1 scaffold. Upon the application of a 49 
gradient of angiogenic factors, important hallmarks of angiogenesis can be studied, including the 50 
differentiation into tip- and stalk cell and the formation of perfusable lumen. Perfusion with 51 
fluorescent tracer dyes enables the study of permeability during and after anastomosis of the 52 
angiogenic sprouts. In conclusion, this method shows the feasibility of iPSC-derived ECs in a 53 
standardized and scalable 3D angiogenic assay that combines physiological relevant culture 54 
conditions in a platform that has the required robustness and scalability to be integrated within 55 
the drug screening infrastructure.  56 
 57 
INTRODUCTION: 58 
In vitro models play a fundamental role in the discovery and validation of new drug targets of 59 
vascular diseases. However, current in vitro screening models that have sufficient throughput 60 
only have limited physiological relevance1, which hinders the translation of findings from in vitro 61 
to in vivo. Thus, to advance pre-clinical vascular drug research, improved in vitro models of 62 
vasculature are necessary that combine high-throughput screening with a physiologically 63 
relevant 3D cellular micro-environment.  64 
 65 
Within the last decade, significant progress has been made to increase the physiological 66 
relevance of in vitro models of vasculature. Instead of culturing endothelial cells on flat surfaces 67 
such as tissue-culture plastics, endothelial cells can be embedded in 3D scaffolds, such as fibrin 68 
and collagen gels2. Within these matrices, the endothelial cells show a more physiologically 69 
relevant phenotype associated with matrix degradation and lumen formation. However, these 70 
models only demonstrate a subset of the many processes that occur during angiogenic sprouting 71 
as important cues from the cellular microenvironment are still lacking.  72 
 73 
Microfluidic cell culture platforms are uniquely suited to further increase the physiological 74 
relevance of in vitro models of vasculature. For example, endothelial cells can be exposed to 75 
shear stress, which is an important biomechanical stimulus for vasculature. Also, the possibility 76 
to spatially control fluids within microfluidics allows the formation of biomolecular gradients3-6. 77 
Such gradients play an important role in vivo during the formation and patterning during 78 
angiogenesis. However, while microfluidic cell culture platforms have shown unparalleled 79 
physiological relevancy over traditional 2D and 3D cell culture methods, they often lack the 80 
necessary throughput, scalability and standardization that is required for drug screening7. Also, 81 
many of these platforms are not commercially available and require the end-users to 82 
microfabricate their devices prior to use8. This not only requires manufacturing apparatus and 83 
technical knowledge, but also limits the level of quality control and negatively affects 84 
reproducibility9.  85 
 86 
To date, primary human endothelial cells remain the most widely used cell source to model 87 
angiogenesis in vitro10. However, primary human cells have a number of limitations that hinder 88 



   

their routine application in screening approaches. First, there is a limited possibility to scale up 89 
and expand primary cell-derived cultures. Thus, for large scale experiment, batches from 90 
different donors need to be used, which result in genomic differences and batch-to-batch 91 
variations. Second, after a few passages, primary endothelial cells generally lose relevant 92 
properties when cultured in vitro11,12.  93 
 94 
Endothelial cells derived from human induced pluripotent stem cells (iPSC) are a promising 95 
alternative: they resemble primary cells, but with a more stable genotype that is also amenable 96 
to precise genome editing. Furthermore, iPSCs are able to self-renew and thus can be expanded 97 
in nearly unlimited quantities, which make iPSC-derived cells an attractive alternative to primary 98 
cells for usage within in vitro screening models13.  99 
 100 
Here, we describe a method to culture endothelial cells as perfusable 3D microvessels in a 101 
standardized, high-throughput microfluidic cell culture platform. Perfusion is applied by placing 102 
the device on a rocker platform, which ensures robust operation and increases the scalability of 103 
the assay. As the microvessels are continuously perfused and exposed to a gradient of angiogenic 104 
factors, angiogenic sprouting is studied in a more physiological relevant cellular 105 
microenvironment. While the protocol is compatible with many different sources of (primary) 106 
endothelial cells14,15, we focused on using human iPSC-derived ECs in order to increase the 107 
standardization of this assay and to facilitate its integration within vascular drug research. 108 
 109 
PROTOCOL: 110 
 111 
1. Device preparation 112 
 113 
1.1. Transfer the microfluidic 384-well plate to a sterile laminar-flow hood. 114 
 115 
1.2. Remove the lid and add 50 µL of water or phosphate-buffered saline (PBS) to each of the 40 116 
observation wells (Figure 1b, well B2) using a multichannel or repeating pipette. 117 
  118 
NOTE: The protocol can be paused here. Leave the plate with the lid on in the sterile culture 119 
cabinet at room temperature (RT). 120 
  121 
2. Prepare gel and coating 122 
 123 
2.1. Prepare 2.5 mL of 10 µg/mL fibronectin (FN) coating solution. Dilute 25 µL of 1 mg/mL 124 
fibronectin stock solution in 2.5 mL of Dulbecco’s PBS (dPBS, calcium and magnesium free). Place 125 
the solution in the water bath at 37 °C till use. 126 
 127 
2.2. Prepare 100 µL of collagen-1 solution. Add 10 µL of HEPES (1 M) to 10 µL of NaHCO3 (37 g/L) 128 
and mix by pipetting. Place the tube on ice and add 80 µL of collagen-1 (5 mg/mL) to yield a 129 
neutralized collagen-1 concentration of 4 mg/mL. Use a pipette to mix carefully and avoid the 130 
formation of bubbles. 131 
 132 



   

2.3. Add 1.5 µL of collagen-1 solution (4 mg/mL) to the gel inlet of each microfluidic unit (Figure 133 
1b, well B1). Make sure the droplet of gel is placed in the middle of each well in order for the gel 134 
to enter the channel (see Figure 2a). 135 
 136 
NOTE: Phaseguides prevent filling of the adjacent channels and enables gel patterning. Correct 137 
gel loading can be confirmed under a brightfield microscope by observing the meniscus formation 138 
through the ‘observation window’ (well B2) or by flipping the plate upside down. If the gel did 139 
not completely fill the channel, an additional droplet of 1 µL can be added.  140 
 141 
2.4. Place the microfluidic plate in an incubator (37 °C, 5% CO2) for 10 min to polymerize collagen-142 
1.  143 
 144 
NOTE: Timing of the polymerization is crucial; due to the low volumes used in microfluidics, 145 
evaporation can already be observed after 15 min of incubation, which results in gel collapse or 146 
shrinkage. 147 
 148 
2.5. Take the plate out of the incubator and transfer to a sterile laminar-flow hood. 149 
 150 
2.6. Add 50 µL of 10 µg/mL FN coating solution to the inlet well of the top perfusion channel of 151 
each microfluidic unit (Figure 1b, well A1). Press the pipette tip against the side of the well for 152 
correct filling of the well without trapping air bubbles (see Figure 2b). The channel should fill, and 153 
the liquid should pin on the outlet (well C1) without filling the outlet well. 154 
 155 
2.7. Place the plate in the incubator (37 °C, 5% CO2) for at least 2 days.  156 
 157 
NOTE: The protocol can be paused here, as the collagen-1 gel together with the coating mixture 158 
is stable for at least 5 days in the incubator. If the coating mixture is refreshed, longer periods 159 
could be possible, but this has not been tested. Crucial is the level of FN-coating, as this prevents 160 
the dehydration of the collagen-1 gel.  161 
 162 
3. Cell seeding/microvessel culture 163 
 164 
3.1. Add 5 mL of fetal calf serum and 2.5 mL of pen/strep to 500 mL of basal endothelial cell 165 
culture medium and filter sterilize using a bottle top filter with 0.22 µm pore size. This medium 166 
is now referred to as basal medium.  167 
 168 
3.2. Prepare vascular growth medium: Add 3 µL of 50 µg/mL vascular endothelial growth factor 169 
(VEGF) and 2 µL of 20 µg/mL basic fibroblast growth factors (bFGF) to 5 mL of basal medium.  170 
 171 
3.3. Thaw the frozen iPSC-ECs rapidly (<1 min) in a 37 °C water bath and transfer to a 15 mL tube 172 
and dilute in 10 mL of basal medium. 173 
 174 
3.4. Count the cells. 175 
 176 



   

NOTE: A single vial contains 1 million cells in 0.5 mL with >90% viability.  177 
 178 
3.5. Centrifuge the tube at 100 x g for 5 min. Aspirate supernatant without disturbing the cell 179 
pellet and resuspend in basal medium to yield a concentration of 2 x 107 cells/mL. 180 
 181 
3.6. Transfer the microfluidic 384-well plate from the incubator to a sterile laminar-flow hood. 182 
 183 
3.7. Aspirate FN-coating solution from the perfusion inlet (well A1). Add 25 µL of basal medium 184 
in the inlet wells (well A1). 185 
  186 
3.8. Add a 1 µL droplet of cell suspension to each top perfusion outlet well (Figure 1b, well C1). 187 
The droplet should flatten in a few seconds (see Figure 3a,b for an illustration of this ‘passive 188 
pumping’ method).  189 
 190 
NOTE: Check under a microscope whether the seeding is homogeneous. If not, add another 1 µL 191 
in the outlet and wait till the droplet flattens.  192 
 193 
3.9. Incubate the microfluidic well-plate for 1 h at 37 °C, 5% CO2. After this, the cells should have 194 
adhered. If not, wait another 30 min. 195 
 196 
3.10. Remove the basal medium from the top perfusion inlet wells (Figure 1b, well A1). Add warm 197 
vessel culture medium in the top perfusion inlet and outlet (Figure 1b, wells A1 and A3). Place 198 
the plate on the rocker platform (set on 7° angle, 8 min rocking interval) in the incubator (37 °C, 199 
5% CO2). 200 
 201 
3.11. Image the plate using a brightfield microscope with automated stage at day 1 and 2 post-202 
seeding to confirm cell viability. After 2 days, a confluent monolayer should have formed against 203 
the collagen-1 scaffold.  204 
 205 
NOTE: If the channels do not appear to be equally confluent, the microvessels can be cultured 206 
for an additional 24 h.  207 
 208 
4. Study angiogenic sprouting including tip- and stalk cell formation 209 
 210 
4.1. Prepare 4.5 mL of angiogenic sprouting medium by supplementing basal medium with 4.5 211 
µL of VEGF (10 µg/mL stock), 4.5 µL of phorbol 12-myristate-13-acetate (PMA) (20 µg/mL stock), 212 
and 2.25 µL of sphingosine-1-phosphate (S1P) (1 mM stock).  213 
 214 
4.2. Prepare 8.5 mL of vessel growth medium (basal medium supplemented with 30 ng/mL VEGF 215 
and 20 ng/mL bFGF). 216 
 217 
4.3. Aspirate medium from the wells and add 50 µL of fresh vessel culture medium in the top 218 
perfusion inlet and outlet wells and gel inlet and outlet wells (Figure 1b, wells A1, A3, B1 and B3). 219 
 220 



   

4.4. Add 50 µL of angiogenic sprout mixture to each of the bottom perfusion channel inlet and 221 
outlet wells (Figure 1b, wells C1 and C3).  222 
 223 
4.5. Place the device back in the incubator (37 °C, 5% CO2) on the rocker platform in order to 224 
form a gradient of angiogenic growth factors.  225 
 226 
4.6. Image 1 day and 2 days after addition of the angiogenic growth factors using a brightfield 227 
microscope with automated stage.  228 
 229 
Note: Continue culturing the microvessels to study anastomosis (go to section 5) or fix and stain 230 
the microvessels to quantify sprouting length and morphology at day 2 and day 6 (go to section 231 
6).  232 
 233 
5. Study anastomosis and sprout stabilization 234 
 235 
5.1. Image using a brightfield microscope with automated stage.  236 
 237 
5.2. Add 1 µL of fluorescently labeled albumin (0.5 mg/mL) to the top perfusion inlet (Figure 1b, 238 
well A1) and mix using a 50 µL pipette.  239 
 240 
5.3. Transfer the plate to a fluorescent microscope with automated stage and incubator set at 37 241 
°C. Set microscope at 10x objective and correct exposure settings (e.g., tetramethylrhodamine 242 
[TRITC]-channel, 20 ms exposure). Acquire time-lapse images every minute for 10 min.  243 
 244 
5.4. Remove the plate from the microscope and transfer the plate to a sterile laminar-flow hood. 245 
 246 
5.5. Remove all medium from the wells and replace both the vessel culture medium and 247 
angiogenic sprouting medium in the corresponding wells (see steps 4.3 and 4.4).  248 
 249 
5.6. Place the device back into the incubator (37 °C, 5% CO2) to continue angiogenic sprouting. 250 
 251 
5.7. Repeat steps 5.1−5.6 to study the permeability at day 6. 252 
 253 
6. Fixation, staining and imaging 254 
 255 
6.1. Aspirate all culture media from all the wells.  256 
 257 
NOTE: Residual medium or liquids in the microfluidic channels does not influence the fixation due 258 
to its low volume of 1−2 µL. 259 
 260 
6.2. Add 25 µL of 4% paraformaldehyde (PFA) in PBS to all the perfusion inlet (Figure 1b, A1 and 261 
C1) and outlet wells (Figure 1b, A3 and C3). Incubate for 10 min at RT. Place the device under a 262 
slight angle (± 5°) to induce flow (e.g., by placing one side of the plate on a lid). 263 
 264 



   

6.3. Aspirate PFA from the wells. Wash all the perfusion inlets and outlets twice with 50 µL of 265 
Hank’s balanced salt solution (HBSS). Aspirate HBSS from wells. 266 
 267 
6.4. Permeabilize at RT for 10 min by adding 50 µL of 0.2% nonionic surfactant to all the perfusion 268 
inlets and outlets. 269 
 270 
6.5. Aspirate the nonionic surfactant from wells. Wash the perfusion channels twice by adding 271 
50 µL of HBSS to all perfusion inlet and outlet wells. Aspirate HBSS from wells.  272 
 273 
6.6. Stain the nuclei using Hoechst (1:2000) and F-actin using phalloidin (1:200) in HBSS. Prepare 274 
2.2 mL for 40 units, and add 25 µL to each perfusion inlet and outlet well. Place the plate under 275 
a slight angle and incubate at RT for at least 30 min.  276 
 277 
6.7. Wash twice with 50 µL of HBSS in all the perfusion inlets and outlets. 278 
  279 
6.8. Directly image using a fluorescent microscope with automated stage or store the plate 280 
protected from light at 4 °C for later use. 281 
 282 
REPRESENTATIVE RESULTS: 283 
The microfluidic 3D cell culture platform consists of 40 perfused microfluidic units (Figure 1a,b), 284 
which is used to study angiogenic sprouting of perfused microvessels against a patterned 285 
collagen-1 gel (Figure 1c). These microvessels are continuously perfused and exposed to a 286 
gradient of angiogenic growth factors (Figure 3a-d). The angiogenic sprouts can be either studied 287 
2 days after gradient exposure or cultured for more than 5 days after gradient exposure to study 288 
anastomosis and sprout stabilization (see timeline, Figure 1d). 289 
 290 
Seeding the iPSC-ECs using the passive pumping method should result in homogenous seeding 291 
densities (Figure 4a,b). Culture under continuous perfusion resulted in confluent microvessels in 292 
2 days, with the cells completely lining the circumference of the microfluidic channel and the 293 
formation of a confluent monolayer against the patterned collagen-1 gel.  294 
 295 
Exposure to a gradient of angiogenic factors resulted in directional angiogenic sprouting of the 296 
microvessels within the patterned collagen-1 gel (Figure 5a-g). Clear tip cell formation and 297 
invasion into the collagen-1 gel was visible 24 h after addition of the angiogenic gradient, while 298 
stalk cells including lumen formation were visible after 48 h (Figure 5a).  299 
 300 
After fixation and staining, the capillary network can be visualized using phalloidin to stain F-actin 301 
and using Hoechst 33342 to stain the nucleus (Figure 5b,c). These sprouts can be quantified (e.g., 302 
shape and length14). Without addition of growth factors, no invasion into the collagen-1 gel 303 
should be observed (Figure 5d). Confocal imaging was used to determine the sprout diameter 304 
and to confirm lumen formation (Figure 5e-g).  305 
 306 
The sprouts continue to grow towards the direction of the gradient and reach the opposite 307 
perfusion channel within 3−4 days after addition of angiogenic growth factors. This results in 308 



   

remodeling of the vascular network, with a clear reduction in the number of angiogenic sprouts 309 
(Figure 6a). Lumen formation was assessed by perfusion of the vascular network with 310 
fluorescently labeled macromolecules (e.g., albumin or dextrans). Perfusing the microvessels 311 
with 0.5 mg/mL labeled albumin before and after anastomosis revealed a clear difference in 312 
sprout permeability after 10 min (Figure 6b-e), which suggests that the capillaries stabilize and 313 
mature after anastomosis.  314 
 315 
FIGURE AND TABLE LEGENDS: 316 
 317 
Figure 1: Microfluidic cell culture protocol for iPSC-derived microvessels. (a) The bottom of the 318 
microfluidic cell culture device is shown displaying the 40 microfluidic units that are integrated 319 
underneath the 384-well plate. Larger view displays one of the 40 microfluidic units. (b) Each 320 
microfluidic unit is positioned underneath 9 wells with 3 inlet wells and 3 outlet wells. The 321 
microfluidic channels are separated by ridges (‘phaseguides’), which enable the patterning of 322 
hydrogels in the central channel (‘gel channel’) while there is still contact with the adjacent 323 
channels (‘perfusion channels’). (c) Method to culture a perfused microvessel within the 324 
microfluidic device, which is used to study gradient driven angiogenic sprouting through a 325 
patterned collagen-1 matrix. (d) Timeline for studying angiogenic sprouting and/or anastomosis. 326 
This figure has been modified from van Duinen et al.14. 327 
 328 
Figure 2: Loading procedures for gel and medium. (a) Examples of correct and incorrect gel 329 
deposition. Correct filing results in a patterned collagen-1 gel in the middle channel, which is 330 
subsequently polymerized. (b) Examples of correct and incorrect filling of the wells. Wells are 331 
filled in the order of 1−4 to prevent air-bubble trapping within the microfluidic channels.  332 
 333 
Figure 3: Continuous hydrostatic pressure driven flow and gradient stabilization. (a) Hydrostatic 334 
pressure differences between wells result in passive levelling and flow within the microfluidic 335 
channels. (b) Placing the device on a rocker platform set at 7° and 8 min cycle time results in 336 
continuous, bi-directional perfusion within the microfluidic channels. (c) Gradients are formed by 337 
introducing two different concentrations within the wells, which are continuously refreshed by 338 
passive leveling. (d) Gradient visualization using fluorescein isothiocyanate (FITC)-dextran. Bi-339 
directional flow stabilizes the gradient up till 3 days. Scale bar = 200 µm. This figure has been 340 
modified from van Duinen et al.14. 341 
 342 
Figure 4: Passive pumping method for cell seeding. (a) Passive pumping is driven by pressure 343 
differences that are caused by differences in surface tension. This results in a flow from the 344 
droplet (high internal pressure) towards the reservoir (low internal pressure). (b) Time lapse of a 345 
droplet (gray outline) that is placed on top of the inlet (white outline) of the microfluidic channel 346 
(blue outline). Right after addition (Figure 4b, i), the droplet on top of the inlet shrinks (Figure 347 
4b, ii: 1 s after addition; iv: 2 s after addition), which results in a flow towards the outlet. This 348 
continues until the droplet meniscus is pinned by the inlet (Figure 4b, iv). Scale bar = 400 µm. 349 
 350 
Figure 5: Robust 3D sprouting of iPSC-EC microvessels. (a) Sprouting of iPSC-EC over time. 351 
Microvessels were grown for 48 h (right) and then stimulated with an angiogenic cocktail 352 



   

containing 50 ng/mL VEGF, 500 nM S1P, and 2 ng/mL PMA. The first tip-cells that invade the 353 
collagen-1 scaffold (middle) are visible 24 h after exposure. The first lumens are visible (arrows) 354 
48 h after exposure (right) while the tip-cells have migrated further in the direction of the 355 
gradient. (b) Array of 15 microvessels that were stimulated with VEGF, S1P and PMA for 2 days 356 
and stained for F-actin (yellow) and nuclei (blue). Scale bar = 200 µm. (c) Stimulated microvessel 357 
(positive control). (d) Unstimulated microvessel (negative control). (e) The maximum projection 358 
of a single capillary within the gel. (f) Same as (g) but focused on the middle. Dotted line indicates 359 
the position of the orthogonal view in panel g. Scale bars (a-d: 200 µm; e-g: 20 µm). 360 
 361 
Figure 6: Visualization of angiogenic sprout permeability before and after anastomosis. (a) 362 
Anastomosis with basal channel triggers pruning and maturation of angiogenic sprouts. Closeup 363 
of capillary bed at 2, 4, 6 and 7 days after stimulation with angiogenic growth factors. 364 
(b) Angiogenic sprouts after 2 days after addition of angiogenic growth factors. Angiogenic 365 
sprouts are formed within gel, but are not yet connected to the bottom perfusion channel. (c) 366 
Perfusion of the microvessel with 0.5 mg/mL albumin-Alexa 555 solution. Fluorescent images 367 
obtained at 0 and 10 min. (d,e) Same as in panels b and c, but after 7 days of stimulation. Sprouts 368 
are connected to the other side and formed a confluent microvessel in the basal perfusion 369 
channel. Scale bars = 100 µm. 370 
 371 
Table 1: Troubleshooting common errors.  372 
 373 
DISCUSSION: 374 
This method describes the culture of 40 perfusable endothelial microvessels within a robust and 375 
scalable microfluidic cell culture platform. Compared to traditional 2D and 3D cell culture 376 
methods, this method shows how a physiological relevant cellular microenvironment that 377 
includes gradients and continuous perfusion can be combined with 3D cell culture with adequate 378 
throughput for screening purposes.  379 
 380 
One of the major advantages over comparable microfluidic assays is that this method does not 381 
rely on pumps for perfusion but uses a rocker platform to induce continuous perfusion in all 382 
microfluidic units simultaneously. This ensures that the assay is robust and scalable: plates can 383 
be stacked on a rocker platform. Importantly, all microfluidic units remain individually 384 
addressable, which allows this method to be implemented within drug screening including the 385 
generation of a dose-response curve. Furthermore, without a pump, imaging and medium 386 
replacement is far simpler with less risk of (cross)-contamination.  387 
 388 
Another advantage of this method is usage of a standardized, pre-manufactured platform, while 389 
comparable microfluidic cell culture platforms need to be fabricated by the end-users. This 390 
availability facilitates the adoption of this assay among other academic and pharmaceutical 391 
research groups, leading to standardization. Also, unlike microfluidic prototypes, the 384-well 392 
plate interface ensures compatibility with the current lab equipment (e.g., aspirators, plate 393 
handlers and multichannel pipettes), facilitating the integration within the current screening 394 
infrastructure.  395 
 396 



   

There are several critical steps in performing this assay. The collagen-1 gel should completely fill 397 
the gel channel. During gel loading, this filling can be observed by inspecting the microfluidic 398 
channels either through the observation window (Figure 2a) or by flipping the plate upside down 399 
(as shown in Figure 1a). While filling, the collagen gel should remain in the center channel, 400 
without flowing into adjacent perfusion channels. We noticed that the quality of the collagen-1 401 
gel is crucial for proper assay performance. Collagen-1 batches with too high viscosity will lead 402 
to incomplete filling of the gel channel. After 10 min of polymerization at 37 °C, the gel should be 403 
homogenous and clear. If collagen-1 is not stored properly (e.g., due to fluctuating temperatures 404 
in the fridge), collagen will polymerize within the channels with clearly visible fiber formation. 405 
This can result in invasion of the ECs into the gel without addition of angiogenic factors, but 406 
without proper lumen development.  407 
 408 
When the cells are seeded, the fibronectin coating solution is removed from the wells, leaving 409 
only the microfluidic channels filled with coating solution. Aspiration of the coating solution from 410 
microfluidic channels could cause gel disruption or gel aspiration. The cell suspension needs to 411 
replace/displace this coating solution. This works best when the cell suspension is seeded using 412 
the passive pumping method, as directly pipetting the cell suspension into the channels show 413 
less reproducible seeding densities.  414 
 415 
As the microvessels form a stable monolayer against the gel, these small differences only result 416 
in different times needed for reaching confluency. Thus, the assay start point is determined by 417 
confluency rather than culture time. If necessary, the culturing time can be extended until a clear 418 
monolayer has been formed against the gel.  419 
 420 
Within the wells, air bubbles can be trapped by incorrect filling of the wells (see Figure 2b). These 421 
air bubbles will restrict the flow of medium, even when the device is placed on a rocker platform, 422 
and result in collapse of the microvessel and improper gradient formation. Pressing the pipette 423 
tip against the side wall of the wells will increase the success of completely filling the well. If an 424 
air bubble is trapped within the wells, it can be removed by gently inserting a sterile pipette tip 425 
into the glass bottom. Air bubbles can also occur within the microfluidic channels. When medium 426 
has been removed from the wells, evaporation of medium is noticeable from the microfluidic 427 
channels after 30 min (due to the microliter volumes within the channels). Thus, medium changes 428 
are preferably performed as quick as possible. When medium is added in a channel with 429 
evaporated medium, air bubbles will be trapped within the microfluidic channels. These air 430 
bubbles within the microfluidic channels can be removed manually by placing a P20 pipette 431 
directly on either the inlet or outlet and forcing medium through the microfluidics from the 432 
opposite well. Successful removal of the air bubbles results in a small but noticeable decrease in 433 
volume in the other well. Table 1 lists common errors and how to troubleshoot them. 434 
 435 
The lack of a pump is a limitation when continuous imaging is required, as the rocker platform 436 
limits the user to image at sequential time intervals. Furthermore, the perfusion of medium in 437 
this platform consists of bi-directional flow with low levels of shear stress, while vasculature in 438 
vivo is exposed to unidirectional flow with higher levels of shear stress. While we do not observe 439 
negative effects of the bi-directional flow with regards to the angiogenic sprouting, flow is an 440 



   

important biomechanical stimulus and preferably controlled. However, while there are 441 
commercially available pump setups, interfacing with the 384-well plate remains challenging and 442 
pump setups severely hamper the scalability of this assay.  443 
 444 
The possibility to use iPSC-ECs to study angiogenic sprouting opens up new opportunities in 445 
disease modeling and drug research. In contrast to primary ECs, these cells can be generated in 446 
nearly limitless quantities with a stable genotype and by using genome editing techniques, cells 447 
can be generated that including gene knockouts and knock-ins. However, as the protocols to 448 
differentiate ECs from iPSC are relatively new, it is still unclear what leads to iPSC-ECs that best 449 
reflect primary ECs and which subtypes of EC are or can be generated. Also, there are still 450 
remaining questions regarding their relevancy. For example, do iPSC-ECs still exhibit the plasticity 451 
that is typical for endothelial cells? And to what degree do iPSC-derived cells respond to and 452 
interact with their cellular microenvironment? The standardized platform presented here could 453 
be used to answer some of these questions in order to further validate the usage of iPSC-derived 454 
ECs in vitro. 455 
 456 
The most straight-forward future direction for this assay will be the integration of other cell types 457 
that play an important role during angiogenesis, such as pericytes and macrophages. This will 458 
facilitate the ability to study the role of macrophages during anastomosis between sprouts or the 459 
adherence of pericytes after capillary formation. Also, it is possible to culture various other cell 460 
types within or against an extracellular matrix (e.g., we have shown the culture of neurons and 461 
various epithelial structures such as proximal tubules and small intestines), which can be 462 
combined with the vascular beds generated using this method. Finally, it will be interesting to 463 
study angiogenic sprouting in synthetic hydrogels, as their defined composition further increases 464 
the standardization of the assay and allows tuning of stiffness and binding motives that affect 465 
cell-matrix interactions.  466 
 467 
In conclusion, this method shows the feasibility of iPSC-derived ECs in a standardized and scalable 468 
3D angiogenic assay that combines physiological relevant culture conditions in a platform that 469 
has the required robustness and scalability to be integrated within the drug screening 470 
infrastructure.  471 
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Problem Cause

Collagen-1 droplet is not placed on top of

the inlet

Volume of collagen-1 is too low

Collagen-1 is too viscous

Collagen-1 flows into perfusion 

channels

Collagen-1 is pipetted directly into the

inlet of gel channel 

Collagen-1 is not stored properly

NaHCO3 and HEPES are not mixed well

before adding collagen-1

Droplet adheres to side of the well

Growth factors are not added or aliquots

are not stored properly

Air bubble blocks perfusion/ gradient

formation

Volume differences between wells

Plate not placed on rocker platform/rocker

platform turned off

No perfusion possible due to presence of

air bubbles

No lumens are formed, cells 

migrate as single cells

Angiogenic sprouting mixture was added

before a monolayer was formed

Major variation in sprouting 

density
Differences in cell densities after seeding

Collagen-1 does not enter or 

fill the channel completely

Collagen-1 is not clear/fiber 

formation

Droplet does not shrink using 

passive pumping method

No sprouting is observed

Cells not viable
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Solution

Carefully place the droplet on top of the

inlet from the gel channel

Use 1.5 µL of the gel to fill the channel

completely

Use another batch of collagen-1

Carefully place the droplet on top of the

inlet from the gel channel

Store collagen-1 at 4 °C, do not freeze

Carefully mix the NaHCO3 and HEPES by

pipetting before adding the collagen-1

Aspirate droplet and add new droplet

on top of the inlet

Make sure the outlet well is filled with

at least 20 µL of medium

Prepare fresh angiogenic sprouting

medium

Remove air bubbles using a P20 or P200

pipette

Volumes in all wells need to be equal in

order to form a linear gradient

Make sure rocker platform is on and has

the right cycle time/angle (8 min/7°)

Remove air bubbles using a P20 or P200

pipette

Wait an additional 24 h before adding

the angiogenic growth factors

Check if cell density is homogenous and

comparable between microfluidic units.

Add another droplet of cell suspension

if necessary



Name of Material/Equipment Company Catalog Number Comments/Description
0.2-10 μL Electronic repeater pipette Sigma Z654566-1EA 

1 M HEPES Gibco 15630-056

3-lane OrganoPlate Mimetas  4003-400B

4% PFA in PBS Alfa Aesar J61899

Basal culture medium NCardia

Collagen-1 Cultrex 3447-020-01

Combitips Advanced Biopur 2.5 mL VWR 613-2071

dPBS Gibco 14190-094

Eppendorf Repeater M4 pieptte VWR 613-2890

Fibronectin Sigma-Aldrich F4759-1MG 1 mg/mL in milliQ water

HBSS Gibco 14025-050

Hoechst Molecular Probes H3569 10 mg/mL solution in water

iPSC-derived endothelial cells NCardia

NaHCO3 Sigma S5761 37 g/L in milliQ water

OrganoPlate Perfusion Rocker Mini Mimetas Rocker platform used to provide flow

Pen/Strep Sigma P4333

Phalloidin Sigma P1951 1 mg/mL in DMSO

PMA Focus-Biomolecules 10-2165 2 μg/mL in PBS containing 0.1% DMSO

S1P Ecehelon Biosciences S-2000 1 mM in methanol containing 1% acetic acid

TRITC-albumin Invitrogen A34786

VEGF Peprotech 450-32-10 50 μg/mL in water containing 0.1% BSA
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ŽĨ� sŝƐƵĂůŝǌĞĚ� �ǆƉĞƌŝŵĞŶƚƐ͖� ͞DĂƚĞƌŝĂůƐ͟�ŵĞĂŶƐ� ƚŚĞ� �ƌƚŝĐůĞ�
ĂŶĚ�ͬ�Žƌ�ƚŚĞ�sŝĚĞŽ͖�͞WĂƌƚŝĞƐ͟ ŵĞĂŶƐ�ƚŚĞ��ƵƚŚŽƌ�ĂŶĚ�:Žs�͖�
͞sŝĚĞŽ͟�ŵĞĂŶƐ�ĂŶǇ�ǀŝĚĞŽ;ƐͿ�ŵĂĚĞ�ďǇ�ƚŚĞ��ƵƚŚŽƌ͕�ĂůŽŶĞ�Žƌ�
ŝŶ� ĐŽŶũƵŶĐƚŝŽŶ� ǁŝƚŚ� ĂŶǇ� ŽƚŚĞƌ� ƉĂƌƚŝĞƐ͕� Žƌ� ďǇ� :Žs�� Žƌ� ŝƚƐ�
ĂĨĨŝůŝĂƚĞƐ�Žƌ�ĂŐĞŶƚƐ͕�ŝŶĚŝǀŝĚƵĂůůǇ�Žƌ�ŝŶ�ĐŽůůĂďŽƌĂƚŝŽŶ�ǁŝƚŚ�ƚŚĞ�
�ƵƚŚŽƌ�Žƌ�ĂŶǇ�ŽƚŚĞƌ�ƉĂƌƚŝĞƐ͕�ŝŶĐŽƌƉŽƌĂƚŝŶŐ�Ăůů�Žƌ�ĂŶǇ�ƉŽƌƚŝŽŶ�

ŽĨ� ƚŚĞ� �ƌƚŝĐůĞ͕� ĂŶĚ� ŝŶ� ǁŚŝĐŚ� ƚŚĞ� �ƵƚŚŽƌ�ŵĂǇ� Žƌ�ŵĂǇ� ŶŽƚ�
ĂƉƉĞĂƌ͘
Ϯ͘ �ĂĐŬŐƌŽƵŶĚ͘ dŚĞ��ƵƚŚŽƌ͕�ǁŚŽ�ŝƐ�ƚŚĞ�ĂƵƚŚŽƌ�ŽĨ�ƚŚĞ�
�ƌƚŝĐůĞ͕�ŝŶ�ŽƌĚĞƌ�ƚŽ�ĞŶƐƵƌĞ�ƚŚĞ�ĚŝƐƐĞŵŝŶĂƚŝŽŶ�ĂŶĚ�ƉƌŽƚĞĐƚŝŽŶ�
ŽĨ�ƚŚĞ��ƌƚŝĐůĞ͕�ĚĞƐŝƌĞƐ�ƚŽ�ŚĂǀĞ�ƚŚĞ�:Žs��ƉƵďůŝƐŚ�ƚŚĞ��ƌƚŝĐůĞ�
ĂŶĚ� ĐƌĞĂƚĞ� ĂŶĚ� ƚƌĂŶƐŵŝƚ� ǀŝĚĞŽƐ� ďĂƐĞĚ� ŽŶ� ƚŚĞ� �ƌƚŝĐůĞ͘ /Ŷ�
ĨƵƌƚŚĞƌĂŶĐĞ�ŽĨ�ƐƵĐŚ�ŐŽĂůƐ͕�ƚŚĞ�WĂƌƚŝĞƐ�ĚĞƐŝƌĞ�ƚŽ�ŵĞŵŽƌŝĂůŝǌĞ�
ŝŶ�ƚŚŝƐ��ŐƌĞĞŵĞŶƚ�ƚŚĞ�ƌĞƐƉĞĐƚŝǀĞ�ƌŝŐŚƚƐ�ŽĨ�ĞĂĐŚ�WĂƌƚǇ�ŝŶ�ĂŶĚ�
ƚŽ�ƚŚĞ��ƌƚŝĐůĞ�ĂŶĚ�ƚŚĞ�sŝĚĞŽ͘
ϯ͘ 'ƌĂŶƚ�ŽĨ�ZŝŐŚƚƐ�ŝŶ��ƌƚŝĐůĞ͘ /Ŷ�ĐŽŶƐŝĚĞƌĂƚŝŽŶ�ŽĨ�:Žs��
ĂŐƌĞĞŝŶŐ�ƚŽ�ƉƵďůŝƐŚ�ƚŚĞ��ƌƚŝĐůĞ͕�ƚŚĞ��ƵƚŚŽƌ�ŚĞƌĞďǇ�ŐƌĂŶƚƐ�ƚŽ�
:Žs�͕� ƐƵďũĞĐƚ� ƚŽ� ^ĞĐƚŝŽŶƐ� ϰ ĂŶĚ� ϳ ďĞůŽǁ͕� ƚŚĞ� ĞǆĐůƵƐŝǀĞ͕�
ƌŽǇĂůƚǇͲĨƌĞĞ͕�ƉĞƌƉĞƚƵĂů�;ĨŽƌ�ƚŚĞ�ĨƵůů�ƚĞƌŵ�ŽĨ�ĐŽƉǇƌŝŐŚƚ�ŝŶ�ƚŚĞ�
�ƌƚŝĐůĞ͕� ŝŶĐůƵĚŝŶŐ� ĂŶǇ� ĞǆƚĞŶƐŝŽŶƐ� ƚŚĞƌĞƚŽͿ� ůŝĐĞŶƐĞ� ;ĂͿ� ƚŽ�
ƉƵďůŝƐŚ͕�ƌĞƉƌŽĚƵĐĞ͕�ĚŝƐƚƌŝďƵƚĞ͕�ĚŝƐƉůĂǇ�ĂŶĚ�ƐƚŽƌĞ�ƚŚĞ��ƌƚŝĐůĞ�
ŝŶ� Ăůů� ĨŽƌŵƐ͕� ĨŽƌŵĂƚƐ� ĂŶĚ� ŵĞĚŝĂ� ǁŚĞƚŚĞƌ� ŶŽǁ� ŬŶŽǁŶ� Žƌ�
ŚĞƌĞĂĨƚĞƌ�ĚĞǀĞůŽƉĞĚ�;ŝŶĐůƵĚŝŶŐ�ǁŝƚŚŽƵƚ�ůŝŵŝƚĂƚŝŽŶ�ŝŶ�ƉƌŝŶƚ͕�
ĚŝŐŝƚĂů� ĂŶĚ� ĞůĞĐƚƌŽŶŝĐ� ĨŽƌŵͿ� ƚŚƌŽƵŐŚŽƵƚ� ƚŚĞ� ǁŽƌůĚ͕� ;ďͿ� ƚŽ�
ƚƌĂŶƐůĂƚĞ� ƚŚĞ� �ƌƚŝĐůĞ� ŝŶƚŽ� ŽƚŚĞƌ� ůĂŶŐƵĂŐĞƐ͕� ĐƌĞĂƚĞ�
ĂĚĂƉƚĂƚŝŽŶƐ͕�ƐƵŵŵĂƌŝĞƐ�Žƌ�ĞǆƚƌĂĐƚƐ�ŽĨ�ƚŚĞ��ƌƚŝĐůĞ�Žƌ�ŽƚŚĞƌ�
�ĞƌŝǀĂƚŝǀĞ�tŽƌŬƐ�;ŝŶĐůƵĚŝŶŐ͕�ǁŝƚŚŽƵƚ�ůŝŵŝƚĂƚŝŽŶ͕�ƚŚĞ�sŝĚĞŽͿ�
Žƌ��ŽůůĞĐƚŝǀĞ�tŽƌŬƐ�ďĂƐĞĚ�ŽŶ�Ăůů�Žƌ�ĂŶǇ�ƉŽƌƚŝŽŶ�ŽĨ�ƚŚĞ��ƌƚŝĐůĞ�
ĂŶĚ�ĞǆĞƌĐŝƐĞ�Ăůů�ŽĨ�ƚŚĞ�ƌŝŐŚƚƐ�ƐĞƚ�ĨŽƌƚŚ�ŝŶ�;ĂͿ�ĂďŽǀĞ�ŝŶ�ƐƵĐŚ�
ƚƌĂŶƐůĂƚŝŽŶƐ͕� ĂĚĂƉƚĂƚŝŽŶƐ͕� ƐƵŵŵĂƌŝĞƐ͕� ĞǆƚƌĂĐƚƐ͕� �ĞƌŝǀĂƚŝǀĞ�
tŽƌŬƐ�Žƌ��ŽůůĞĐƚŝǀĞ�tŽƌŬƐ�ĂŶĚ;ĐͿ�ƚŽ�ůŝĐĞŶƐĞ�ŽƚŚĞƌƐ�ƚŽ�ĚŽ�ĂŶǇ�
Žƌ�Ăůů�ŽĨ�ƚŚĞ�ĂďŽǀĞ͘ dŚĞ�ĨŽƌĞŐŽŝŶŐ�ƌŝŐŚƚƐ�ŵĂǇ�ďĞ�ĞǆĞƌĐŝƐĞĚ�ŝŶ�
Ăůů�ŵĞĚŝĂ� ĂŶĚ� ĨŽƌŵĂƚƐ͕�ǁŚĞƚŚĞƌ� ŶŽǁ� ŬŶŽǁŶ�Žƌ� ŚĞƌĞĂĨƚĞƌ�
ĚĞǀŝƐĞĚ͕�ĂŶĚ�ŝŶĐůƵĚĞ�ƚŚĞ�ƌŝŐŚƚ�ƚŽ�ŵĂŬĞ�ƐƵĐŚ�ŵŽĚŝĨŝĐĂƚŝŽŶƐ�
ĂƐ�ĂƌĞ�ƚĞĐŚŶŝĐĂůůǇ�ŶĞĐĞƐƐĂƌǇ�ƚŽ�ĞǆĞƌĐŝƐĞ�ƚŚĞ�ƌŝŐŚƚƐ�ŝŶ�ŽƚŚĞƌ�
ŵĞĚŝĂ� ĂŶĚ� ĨŽƌŵĂƚƐ͘ /Ĩ� ƚŚĞ� ͞KƉĞŶ� �ĐĐĞƐƐ͟� ďŽǆ� ŚĂƐ� ďĞĞŶ�
ĐŚĞĐŬĞĚ�ŝŶ�/ƚĞŵ�ϭ ĂďŽǀĞ͕�:Žs��ĂŶĚ�ƚŚĞ��ƵƚŚŽƌ�ŚĞƌĞďǇ�ŐƌĂŶƚ�
ƚŽ�ƚŚĞ�ƉƵďůŝĐ�Ăůů�ƐƵĐŚ�ƌŝŐŚƚƐ�ŝŶ�ƚŚĞ��ƌƚŝĐůĞ�ĂƐ�ƉƌŽǀŝĚĞĚ�ŝŶ͕�ďƵƚ�
ƐƵďũĞĐƚ�ƚŽ�Ăůů�ůŝŵŝƚĂƚŝŽŶƐ�ĂŶĚ�ƌĞƋƵŝƌĞŵĞŶƚƐ�ƐĞƚ�ĨŽƌƚŚ�ŝŶ͕�ƚŚĞ�
�Z��>ŝĐĞŶƐĞ͘
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ϲϭϮϱϰϮ͘ϲ &Žƌ�ƋƵĞƐƚŝŽŶƐ͕�ƉůĞĂƐĞ�ĐŽŶƚĂĐƚ�ƵƐ�Ăƚ ƐƵďŵŝƐƐŝŽŶƐΛũŽǀĞ͘ĐŽŵ�Žƌ�нϭ͘ϲϭϳ͘ϵϰϱ͘ϵϬϱϭ͘

ϰ͘ ZĞƚĞŶƚŝŽŶ� ŽĨ� ZŝŐŚƚƐ� ŝŶ� �ƌƚŝĐůĞ͘ EŽƚǁŝƚŚƐƚĂŶĚŝŶŐ�
ƚŚĞ�ĞǆĐůƵƐŝǀĞ�ůŝĐĞŶƐĞ�ŐƌĂŶƚĞĚ�ƚŽ�:Žs��ŝŶ�̂ ĞĐƚŝŽŶ�ϯ�ĂďŽǀĞ͕�ƚŚĞ�
�ƵƚŚŽƌ� ƐŚĂůů͕� ǁŝƚŚ� ƌĞƐƉĞĐƚ� ƚŽ� ƚŚĞ� �ƌƚŝĐůĞ͕� ƌĞƚĂŝŶ� ƚŚĞ� ŶŽŶͲ
ĞǆĐůƵƐŝǀĞ�ƌŝŐŚƚ�ƚŽ�ƵƐĞ�Ăůů�Žƌ�ƉĂƌƚ�ŽĨ�ƚŚĞ��ƌƚŝĐůĞ�ĨŽƌ�ƚŚĞ�ŶŽŶͲ
ĐŽŵŵĞƌĐŝĂů� ƉƵƌƉŽƐĞ� ŽĨ� ŐŝǀŝŶŐ� ůĞĐƚƵƌĞƐ͕� ƉƌĞƐĞŶƚĂƚŝŽŶƐ� Žƌ�
ƚĞĂĐŚŝŶŐ�ĐůĂƐƐĞƐ͕�ĂŶĚ� ƚŽ�ƉŽƐƚ�Ă�ĐŽƉǇ�ŽĨ� ƚŚĞ��ƌƚŝĐůĞ�ŽŶ� ƚŚĞ�
/ŶƐƚŝƚƵƚŝŽŶ͛Ɛ�ǁĞďƐŝƚĞ� Žƌ� ƚŚĞ��ƵƚŚŽƌ͛Ɛ� ƉĞƌƐŽŶĂů�ǁĞďƐŝƚĞ͕� ŝŶ�
ĞĂĐŚ� ĐĂƐĞ� ƉƌŽǀŝĚĞĚ� ƚŚĂƚ� Ă� ůŝŶŬ� ƚŽ� ƚŚĞ��ƌƚŝĐůĞ� ŽŶ� ƚŚĞ� :Žs��
ǁĞďƐŝƚĞ� ŝƐ� ƉƌŽǀŝĚĞĚ�ĂŶĚ� ŶŽƚŝĐĞ� ŽĨ� :Žs�͛Ɛ� ĐŽƉǇƌŝŐŚƚ� ŝŶ� ƚŚĞ�
�ƌƚŝĐůĞ� ŝƐ� ŝŶĐůƵĚĞĚ͘ �ůů� ŶŽŶͲĐŽƉǇƌŝŐŚƚ� ŝŶƚĞůůĞĐƚƵĂů� ƉƌŽƉĞƌƚǇ�
ƌŝŐŚƚƐ� ŝŶ� ĂŶĚ� ƚŽ� ƚŚĞ� �ƌƚŝĐůĞ͕� ƐƵĐŚ� ĂƐ� ƉĂƚĞŶƚ� ƌŝŐŚƚƐ͕� ƐŚĂůů�
ƌĞŵĂŝŶ�ǁŝƚŚ�ƚŚĞ��ƵƚŚŽƌ͘
ϱ͘ 'ƌĂŶƚ�ŽĨ�ZŝŐŚƚƐ�ŝŶ sŝĚĞŽ�ʹ ^ƚĂŶĚĂƌĚ��ĐĐĞƐƐ͘ dŚŝƐ�
^ĞĐƚŝŽŶ� ϱ ĂƉƉůŝĞƐ� ŝĨ� ƚŚĞ� ͞^ƚĂŶĚĂƌĚ� �ĐĐĞƐƐ͟� ďŽǆ� ŚĂƐ� ďĞĞŶ�
ĐŚĞĐŬĞĚ�ŝŶ�/ƚĞŵ�ϭ ĂďŽǀĞ�Žƌ�ŝĨ�ŶŽ�ďŽǆ�ŚĂƐ�ďĞĞŶ�ĐŚĞĐŬĞĚ�ŝŶ�
/ƚĞŵ�ϭ ĂďŽǀĞ͘ /Ŷ�ĐŽŶƐŝĚĞƌĂƚŝŽŶ�ŽĨ�:Žs� ĂŐƌĞĞŝŶŐ�ƚŽ�ƉƌŽĚƵĐĞ͕�
ĚŝƐƉůĂǇ� Žƌ� ŽƚŚĞƌǁŝƐĞ� ĂƐƐŝƐƚ� ǁŝƚŚ� ƚŚĞ� sŝĚĞŽ͕� ƚŚĞ� �ƵƚŚŽƌ�
ŚĞƌĞďǇ�ĂĐŬŶŽǁůĞĚŐĞƐ�ĂŶĚ�ĂŐƌĞĞƐ�ƚŚĂƚ͕�^ƵďũĞĐƚ�ƚŽ�^ĞĐƚŝŽŶ�ϳ
ďĞůŽǁ͕�:Žs��ŝƐ�ĂŶĚ�ƐŚĂůů�ďĞ�ƚŚĞ�ƐŽůĞ�ĂŶĚ�ĞǆĐůƵƐŝǀĞ�ŽǁŶĞƌ�ŽĨ�
Ăůů� ƌŝŐŚƚƐ� ŽĨ� ĂŶǇ� ŶĂƚƵƌĞ͕� ŝŶĐůƵĚŝŶŐ͕� ǁŝƚŚŽƵƚ� ůŝŵŝƚĂƚŝŽŶ͕� Ăůů�
ĐŽƉǇƌŝŐŚƚƐ͕�ŝŶ�ĂŶĚ�ƚŽ�ƚŚĞ�sŝĚĞŽ͘ dŽ�ƚŚĞ�ĞǆƚĞŶƚ�ƚŚĂƚ͕�ďǇ�ůĂǁ͕�
ƚŚĞ��ƵƚŚŽƌ�ŝƐ�ĚĞĞŵĞĚ͕�ŶŽǁ�Žƌ�Ăƚ�ĂŶǇ�ƚŝŵĞ�ŝŶ�ƚŚĞ�ĨƵƚƵƌĞ͕�ƚŽ�
ŚĂǀĞ�ĂŶǇ�ƌŝŐŚƚƐ�ŽĨ�ĂŶǇ�ŶĂƚƵƌĞ�ŝŶ�Žƌ�ƚŽ�ƚŚĞ�sŝĚĞŽ͕�ƚŚĞ��ƵƚŚŽƌ�
ŚĞƌĞďǇ�ĚŝƐĐůĂŝŵƐ�Ăůů�ƐƵĐŚ�ƌŝŐŚƚƐ�ĂŶĚ�ƚƌĂŶƐĨĞƌƐ�Ăůů�ƐƵĐŚ�ƌŝŐŚƚƐ�
ƚŽ�:Žs�͘
ϲ͘ 'ƌĂŶƚ� ŽĨ� ZŝŐŚƚƐ� ŝŶ� sŝĚĞŽ� ʹ KƉĞŶ� �ĐĐĞƐƐ͘ dŚŝƐ�
^ĞĐƚŝŽŶ�ϲ ĂƉƉůŝĞƐ�ŽŶůǇ� ŝĨ� ƚŚĞ�͞KƉĞŶ��ĐĐĞƐƐ͟�ďŽǆ�ŚĂƐ�ďĞĞŶ�
ĐŚĞĐŬĞĚ�ŝŶ�/ƚĞŵ�ϭ ĂďŽǀĞ͘ /Ŷ�ĐŽŶƐŝĚĞƌĂƚŝŽŶ�ŽĨ�:Žs��ĂŐƌĞĞŝŶŐ�
ƚŽ�ƉƌŽĚƵĐĞ͕�ĚŝƐƉůĂǇ�Žƌ�ŽƚŚĞƌǁŝƐĞ�ĂƐƐŝƐƚ�ǁŝƚŚ�ƚŚĞ�sŝĚĞŽ͕�ƚŚĞ�
�ƵƚŚŽƌ�ŚĞƌĞďǇ�ŐƌĂŶƚƐ�ƚŽ�:Žs�͕�ƐƵďũĞĐƚ�ƚŽ�^ĞĐƚŝŽŶ�ϳ ďĞůŽǁ͕�
ƚŚĞ�ĞǆĐůƵƐŝǀĞ͕� ƌŽǇĂůƚǇͲĨƌĞĞ͕�ƉĞƌƉĞƚƵĂů� ;ĨŽƌ� ƚŚĞ� ĨƵůů� ƚĞƌŵ�ŽĨ�
ĐŽƉǇƌŝŐŚƚ� ŝŶ� ƚŚĞ��ƌƚŝĐůĞ͕� ŝŶĐůƵĚŝŶŐ�ĂŶǇ�ĞǆƚĞŶƐŝŽŶƐ� ƚŚĞƌĞƚŽͿ�
ůŝĐĞŶƐĞ� ;ĂͿ� ƚŽ� ƉƵďůŝƐŚ͕� ƌĞƉƌŽĚƵĐĞ͕� ĚŝƐƚƌŝďƵƚĞ͕� ĚŝƐƉůĂǇ� ĂŶĚ�
ƐƚŽƌĞ� ƚŚĞ�sŝĚĞŽ� ŝŶ� Ăůů� ĨŽƌŵƐ͕� ĨŽƌŵĂƚƐ� ĂŶĚ�ŵĞĚŝĂ�ǁŚĞƚŚĞƌ�
ŶŽǁ� ŬŶŽǁŶ� Žƌ� ŚĞƌĞĂĨƚĞƌ� ĚĞǀĞůŽƉĞĚ� ;ŝŶĐůƵĚŝŶŐ� ǁŝƚŚŽƵƚ�
ůŝŵŝƚĂƚŝŽŶ�ŝŶ�ƉƌŝŶƚ͕�ĚŝŐŝƚĂů�ĂŶĚ�ĞůĞĐƚƌŽŶŝĐ�ĨŽƌŵͿ�ƚŚƌŽƵŐŚŽƵƚ�
ƚŚĞ�ǁŽƌůĚ͕�;ďͿ�ƚŽ�ƚƌĂŶƐůĂƚĞ�ƚŚĞ�sŝĚĞŽ�ŝŶƚŽ�ŽƚŚĞƌ�ůĂŶŐƵĂŐĞƐ͕�
ĐƌĞĂƚĞ�ĂĚĂƉƚĂƚŝŽŶƐ͕�ƐƵŵŵĂƌŝĞƐ�Žƌ�ĞǆƚƌĂĐƚƐ�ŽĨ�ƚŚĞ�sŝĚĞŽ�Žƌ�
ŽƚŚĞƌ��ĞƌŝǀĂƚŝǀĞ�tŽƌŬƐ�Žƌ �ŽůůĞĐƚŝǀĞ�tŽƌŬƐ�ďĂƐĞĚ�ŽŶ�Ăůů�Žƌ�
ĂŶǇ�ƉŽƌƚŝŽŶ�ŽĨ�ƚŚĞ�sŝĚĞŽ�ĂŶĚ�ĞǆĞƌĐŝƐĞ�Ăůů�ŽĨ� ƚŚĞ�ƌŝŐŚƚƐ�ƐĞƚ�
ĨŽƌƚŚ� ŝŶ� ;ĂͿ� ĂďŽǀĞ� ŝŶ� ƐƵĐŚ� ƚƌĂŶƐůĂƚŝŽŶƐ͕� ĂĚĂƉƚĂƚŝŽŶƐ͕�
ƐƵŵŵĂƌŝĞƐ͕�ĞǆƚƌĂĐƚƐ͕��ĞƌŝǀĂƚŝǀĞ�tŽƌŬƐ�Žƌ��ŽůůĞĐƚŝǀĞ�tŽƌŬƐ�
ĂŶĚ�;ĐͿ�ƚŽ�ůŝĐĞŶƐĞ�ŽƚŚĞƌƐ�ƚŽ�ĚŽ�ĂŶǇ�Žƌ�Ăůů�ŽĨ�ƚŚĞ�ĂďŽǀĞ͘ dŚĞ�
ĨŽƌĞŐŽŝŶŐ�ƌŝŐŚƚƐ�ŵĂǇ�ďĞ�ĞǆĞƌĐŝƐĞĚ�ŝŶ�Ăůů�ŵĞĚŝĂ�ĂŶĚ�ĨŽƌŵĂƚƐ͕�
ǁŚĞƚŚĞƌ�ŶŽǁ�ŬŶŽǁŶ�Žƌ�ŚĞƌĞĂĨƚĞƌ�ĚĞǀŝƐĞĚ͕�ĂŶĚ�ŝŶĐůƵĚĞ�ƚŚĞ�
ƌŝŐŚƚ� ƚŽ� ŵĂŬĞ� ƐƵĐŚ� ŵŽĚŝĨŝĐĂƚŝŽŶƐ� ĂƐ� ĂƌĞ� ƚĞĐŚŶŝĐĂůůǇ�
ŶĞĐĞƐƐĂƌǇ�ƚŽ�ĞǆĞƌĐŝƐĞ�ƚŚĞ�ƌŝŐŚƚƐ�ŝŶ�ŽƚŚĞƌ�ŵĞĚŝĂ�ĂŶĚ�ĨŽƌŵĂƚƐ͘�
&Žƌ�ĂŶǇ�sŝĚĞŽ�ƚŽ ǁŚŝĐŚ�ƚŚŝƐ�̂ ĞĐƚŝŽŶ�ϲ ŝƐ�ĂƉƉůŝĐĂďůĞ͕�:Žs��ĂŶĚ�
ƚŚĞ��ƵƚŚŽƌ�ŚĞƌĞďǇ�ŐƌĂŶƚ�ƚŽ�ƚŚĞ�ƉƵďůŝĐ�Ăůů�ƐƵĐŚ�ƌŝŐŚƚƐ�ŝŶ�ƚŚĞ�
sŝĚĞŽ� ĂƐ� ƉƌŽǀŝĚĞĚ� ŝŶ͕� ďƵƚ� ƐƵďũĞĐƚ� ƚŽ� Ăůů� ůŝŵŝƚĂƚŝŽŶƐ� ĂŶĚ�
ƌĞƋƵŝƌĞŵĞŶƚƐ�ƐĞƚ�ĨŽƌƚŚ�ŝŶ͕�ƚŚĞ��Z��>ŝĐĞŶƐĞ͘
ϳ͘ 'ŽǀĞƌŶŵĞŶƚ��ŵƉůŽǇĞĞƐ͘ /Ĩ�ƚŚĞ��ƵƚŚŽƌ�ŝƐ�Ă�hŶŝƚĞĚ�
^ƚĂƚĞƐ�ŐŽǀĞƌŶŵĞŶƚ�ĞŵƉůŽǇĞĞ�ĂŶĚ�ƚŚĞ��ƌƚŝĐůĞ�ǁĂƐ�ƉƌĞƉĂƌĞĚ�
ŝŶ� ƚŚĞ� ĐŽƵƌƐĞ� ŽĨ� ŚŝƐ� Žƌ� ŚĞƌ� ĚƵƚŝĞƐ� ĂƐ� Ă� hŶŝƚĞĚ� ^ƚĂƚĞƐ�
ŐŽǀĞƌŶŵĞŶƚ�ĞŵƉůŽǇĞĞ͕�ĂƐ� ŝŶĚŝĐĂƚĞĚ� ŝŶ� /ƚĞŵ�Ϯ ĂďŽǀĞ͕�ĂŶĚ�
ĂŶǇ� ŽĨ� ƚŚĞ� ůŝĐĞŶƐĞƐ� Žƌ� ŐƌĂŶƚƐ� ŐƌĂŶƚĞĚ� ďǇ� ƚŚĞ� �ƵƚŚŽƌ�
ŚĞƌĞƵŶĚĞƌ�ĞǆĐĞĞĚ�ƚŚĞ�ƐĐŽƉĞ�ŽĨ�ƚŚĞ�ϭϳ�h͘^͘�͘�ϰϬϯ͕�ƚŚĞŶ�ƚŚĞ�
ƌŝŐŚƚƐ�ŐƌĂŶƚĞĚ�ŚĞƌĞƵŶĚĞƌ�ƐŚĂůů�ďĞ�ůŝŵŝƚĞĚ�ƚŽ�ƚŚĞ�ŵĂǆŝŵƵŵ�

ƌŝŐŚƚƐ� ƉĞƌŵŝƚƚĞĚ� ƵŶĚĞƌ� ƐƵĐŚ� ƐƚĂƚƵƚĞ͘ /Ŷ� ƐƵĐŚ� ĐĂƐĞ͕� Ăůů�
ƉƌŽǀŝƐŝŽŶƐ� ĐŽŶƚĂŝŶĞĚ� ŚĞƌĞŝŶ� ƚŚĂƚ� ĂƌĞ� ŶŽƚ� ŝŶ� ĐŽŶĨůŝĐƚ� ǁŝƚŚ�
ƐƵĐŚ� ƐƚĂƚƵƚĞ� ƐŚĂůů� ƌĞŵĂŝŶ� ŝŶ� ĨƵůů� ĨŽƌĐĞ� ĂŶĚ� ĞĨĨĞĐƚ͕� ĂŶĚ� Ăůů�
ƉƌŽǀŝƐŝŽŶƐ� ĐŽŶƚĂŝŶĞĚ� ŚĞƌĞŝŶ� ƚŚĂƚ� ĚŽ� ƐŽ� ĐŽŶĨůŝĐƚ� ƐŚĂůů� ďĞ�
ĚĞĞŵĞĚ� ƚŽ� ďĞ� ĂŵĞŶĚĞĚ� ƐŽ� ĂƐ� ƚŽ� ƉƌŽǀŝĚĞ� ƚŽ� :Žs�� ƚŚĞ�
ŵĂǆŝŵƵŵ�ƌŝŐŚƚƐ�ƉĞƌŵŝƐƐŝďůĞ�ǁŝƚŚŝŶ�ƐƵĐŚ�ƐƚĂƚƵƚĞ͘
ϴ͘ WƌŽƚĞĐƚŝŽŶ�ŽĨ�ƚŚĞ�tŽƌŬ͘ dŚĞ��ƵƚŚŽƌ;ƐͿ�ĂƵƚŚŽƌŝǌĞ�
:Žs��ƚŽ�ƚĂŬĞ�ƐƚĞƉƐ�ŝŶ�ƚŚĞ��ƵƚŚŽƌ;ƐͿ�ŶĂŵĞ�ĂŶĚ�ŽŶ�ƚŚĞŝƌ�ďĞŚĂůĨ
ŝĨ� :Žs�� ďĞůŝĞǀĞƐ� ƐŽŵĞ� ƚŚŝƌĚ� ƉĂƌƚǇ� ĐŽƵůĚ� ďĞ� ŝŶĨƌŝŶŐŝŶŐ� Žƌ�
ŵŝŐŚƚ� ŝŶĨƌŝŶŐĞ�ƚŚĞ�ĐŽƉǇƌŝŐŚƚ�ŽĨ�ĞŝƚŚĞƌ�ƚŚĞ��ƵƚŚŽƌ͛Ɛ��ƌƚŝĐůĞ�
ĂŶĚͬŽƌ�sŝĚĞŽ͘
ϵ͘ >ŝŬĞŶĞƐƐ͕�WƌŝǀĂĐǇ͕�WĞƌƐŽŶĂůŝƚǇ͘ dŚĞ��ƵƚŚŽƌ�ŚĞƌĞďǇ�
ŐƌĂŶƚƐ� :Žs�� ƚŚĞ� ƌŝŐŚƚ� ƚŽ� ƵƐĞ� ƚŚĞ� �ƵƚŚŽƌ͛Ɛ� ŶĂŵĞ͕� ǀŽŝĐĞ͕�
ůŝŬĞŶĞƐƐ͕� ƉŝĐƚƵƌĞ͕� ƉŚŽƚŽŐƌĂƉŚ͕� ŝŵĂŐĞ͕� ďŝŽŐƌĂƉŚǇ� ĂŶĚ�
ƉĞƌĨŽƌŵĂŶĐĞ� ŝŶ� ĂŶǇ� ǁĂǇ͕� ĐŽŵŵĞƌĐŝĂů� Žƌ� ŽƚŚĞƌǁŝƐĞ͕� ŝŶ�
ĐŽŶŶĞĐƚŝŽŶ�ǁŝƚŚ�ƚŚĞ�DĂƚĞƌŝĂůƐ�ĂŶĚ�ƚŚĞ�ƐĂůĞ͕�ƉƌŽŵŽƚŝŽŶ�ĂŶĚ�
ĚŝƐƚƌŝďƵƚŝŽŶ�ƚŚĞƌĞŽĨ͘�dŚĞ��ƵƚŚŽƌ�ŚĞƌĞďǇ�ǁĂŝǀĞƐ�ĂŶǇ�ĂŶĚ�Ăůů�
ƌŝŐŚƚƐ�ŚĞ�Žƌ�ƐŚĞ�ŵĂǇ�ŚĂǀĞ͕�ƌĞůĂƚŝŶŐ�ƚŽ�ŚŝƐ�Žƌ�ŚĞƌ�ĂƉƉĞĂƌĂŶĐĞ�
ŝŶ�ƚŚĞ�sŝĚĞŽ�Žƌ�ŽƚŚĞƌǁŝƐĞ�ƌĞůĂƚŝŶŐ�ƚŽ�ƚŚĞ�DĂƚĞƌŝĂůƐ͕�ƵŶĚĞƌ�
Ăůů�ĂƉƉůŝĐĂďůĞ�ƉƌŝǀĂĐǇ͕�ůŝŬĞŶĞƐƐ͕�ƉĞƌƐŽŶĂůŝƚǇ�Žƌ�ƐŝŵŝůĂƌ�ůĂǁƐ͘
ϭϬ͘ �ƵƚŚŽƌ�tĂƌƌĂŶƚŝĞƐ͘ dŚĞ� �ƵƚŚŽƌ� ƌĞƉƌĞƐĞŶƚƐ� ĂŶĚ�
ǁĂƌƌĂŶƚƐ� ƚŚĂƚ� ƚŚĞ� �ƌƚŝĐůĞ� ŝƐ� ŽƌŝŐŝŶĂů͕� ƚŚĂƚ� ŝƚ� ŚĂƐ� ŶŽƚ� ďĞĞŶ�
ƉƵďůŝƐŚĞĚ͕� ƚŚĂƚ� ƚŚĞ� ĐŽƉǇƌŝŐŚƚ� ŝŶƚĞƌĞƐƚ� ŝƐ� ŽǁŶĞĚ� ďǇ� ƚŚĞ�
�ƵƚŚŽƌ�;Žƌ͕�ŝĨ�ŵŽƌĞ�ƚŚĂŶ�ŽŶĞ�ĂƵƚŚŽƌ�ŝƐ�ůŝƐƚĞĚ�Ăƚ�ƚŚĞ�ďĞŐŝŶŶŝŶŐ�
ŽĨ�ƚŚŝƐ��ŐƌĞĞŵĞŶƚ͕�ďǇ�ƐƵĐŚ�ĂƵƚŚŽƌƐ�ĐŽůůĞĐƚŝǀĞůǇͿ�ĂŶĚ�ŚĂƐ�ŶŽƚ�
ďĞĞŶ� ĂƐƐŝŐŶĞĚ͕� ůŝĐĞŶƐĞĚ͕� Žƌ� ŽƚŚĞƌǁŝƐĞ� ƚƌĂŶƐĨĞƌƌĞĚ� ƚŽ� ĂŶǇ�
ŽƚŚĞƌ�ƉĂƌƚǇ͘�dŚĞ��ƵƚŚŽƌ�ƌĞƉƌĞƐĞŶƚƐ�ĂŶĚ�ǁĂƌƌĂŶƚƐ�ƚŚĂƚ�ƚŚĞ�
ĂƵƚŚŽƌ;ƐͿ� ůŝƐƚĞĚ�Ăƚ�ƚŚĞ�ƚŽƉ�ŽĨ�ƚŚŝƐ��ŐƌĞĞŵĞŶƚ�ĂƌĞ�ƚŚĞ�ŽŶůǇ�
ĂƵƚŚŽƌƐ�ŽĨ�ƚŚĞ�DĂƚĞƌŝĂůƐ͘�/Ĩ�ŵŽƌĞ�ƚŚĂŶ�ŽŶĞ�ĂƵƚŚŽƌ�ŝƐ�ůŝƐƚĞĚ�
Ăƚ�ƚŚĞ�ƚŽƉ�ŽĨ�ƚŚŝƐ��ŐƌĞĞŵĞŶƚ�ĂŶĚ�ŝĨ�ĂŶǇ�ƐƵĐŚ�ĂƵƚŚŽƌ�ŚĂƐ�ŶŽƚ�
ĞŶƚĞƌĞĚ� ŝŶƚŽ� Ă� ƐĞƉĂƌĂƚĞ� �ƌƚŝĐůĞ� ĂŶĚ� sŝĚĞŽ� >ŝĐĞŶƐĞ�
�ŐƌĞĞŵĞŶƚ�ǁŝƚŚ�:Žs��ƌĞůĂƚŝŶŐ�ƚŽ�ƚŚĞ�DĂƚĞƌŝĂůƐ͕�ƚŚĞ��ƵƚŚŽƌ�
ƌĞƉƌĞƐĞŶƚƐ� ĂŶĚ� ǁĂƌƌĂŶƚƐ� ƚŚĂƚ� ƚŚĞ� �ƵƚŚŽƌ� ŚĂƐ� ďĞĞŶ�
ĂƵƚŚŽƌŝǌĞĚ�ďǇ�ĞĂĐŚ�ŽĨ�ƚŚĞ�ŽƚŚĞƌ�ƐƵĐŚ�ĂƵƚŚŽƌƐ�ƚŽ�ĞǆĞĐƵƚĞ�ƚŚŝƐ�
�ŐƌĞĞŵĞŶƚ�ŽŶ�ŚŝƐ�Žƌ�ŚĞƌ�ďĞŚĂůĨ�ĂŶĚ�ƚŽ�ďŝŶĚ�Śŝŵ�Žƌ�ŚĞƌ�ǁŝƚŚ�
ƌĞƐƉĞĐƚ�ƚŽ�ƚŚĞ�ƚĞƌŵƐ�ŽĨ�ƚŚŝƐ��ŐƌĞĞŵĞŶƚ�ĂƐ ŝĨ�ĞĂĐŚ�ŽĨ�ƚŚĞŵ�
ŚĂĚ�ďĞĞŶ�Ă�ƉĂƌƚǇ�ŚĞƌĞƚŽ�ĂƐ�ĂŶ��ƵƚŚŽƌ͘�dŚĞ��ƵƚŚŽƌ�ǁĂƌƌĂŶƚƐ�
ƚŚĂƚ� ƚŚĞ� ƵƐĞ͕� ƌĞƉƌŽĚƵĐƚŝŽŶ͕� ĚŝƐƚƌŝďƵƚŝŽŶ͕� ƉƵďůŝĐ� Žƌ� ƉƌŝǀĂƚĞ�
ƉĞƌĨŽƌŵĂŶĐĞ�Žƌ�ĚŝƐƉůĂǇ͕� ĂŶĚͬŽƌ�ŵŽĚŝĨŝĐĂƚŝŽŶ�ŽĨ� Ăůů�Žƌ� ĂŶǇ�
ƉŽƌƚŝŽŶ� ŽĨ� ƚŚĞ� DĂƚĞƌŝĂůƐ� ĚŽĞƐ� ŶŽƚ� ĂŶĚ� ǁŝůů� ŶŽƚ� ǀŝŽůĂƚĞ͕�
ŝŶĨƌŝŶŐĞ� ĂŶĚͬŽƌ� ŵŝƐĂƉƉƌŽƉƌŝĂƚĞ� ƚŚĞ� ƉĂƚĞŶƚ͕� ƚƌĂĚĞŵĂƌŬ͕�
ŝŶƚĞůůĞĐƚƵĂů�ƉƌŽƉĞƌƚǇ�Žƌ�ŽƚŚĞƌ�ƌŝŐŚƚƐ�ŽĨ�ĂŶǇ�ƚŚŝƌĚ�ƉĂƌƚǇ͘�dŚĞ�
�ƵƚŚŽƌ� ƌĞƉƌĞƐĞŶƚƐ� ĂŶĚ� ǁĂƌƌĂŶƚƐ� ƚŚĂƚ� ŝƚ� ŚĂƐ� ĂŶĚ� ǁŝůů�
ĐŽŶƚŝŶƵĞ�ƚŽ�ĐŽŵƉůǇ�ǁŝƚŚ�Ăůů�ŐŽǀĞƌŶŵĞŶƚ͕� ŝŶƐƚŝƚƵƚŝŽŶĂů�ĂŶĚ�
ŽƚŚĞƌ� ƌĞŐƵůĂƚŝŽŶƐ͕� ŝŶĐůƵĚŝŶŐ͕� ǁŝƚŚŽƵƚ ůŝŵŝƚĂƚŝŽŶ� Ăůů�
ŝŶƐƚŝƚƵƚŝŽŶĂů͕� ůĂďŽƌĂƚŽƌǇ͕� ŚŽƐƉŝƚĂů͕� ĞƚŚŝĐĂů͕� ŚƵŵĂŶ� ĂŶĚ�
ĂŶŝŵĂů�ƚƌĞĂƚŵĞŶƚ͕�ƉƌŝǀĂĐǇ͕�ĂŶĚ�Ăůů�ŽƚŚĞƌ�ƌƵůĞƐ͕�ƌĞŐƵůĂƚŝŽŶƐ͕�
ůĂǁƐ͕�ƉƌŽĐĞĚƵƌĞƐ�Žƌ�ŐƵŝĚĞůŝŶĞƐ͕�ĂƉƉůŝĐĂďůĞ�ƚŽ�ƚŚĞ�DĂƚĞƌŝĂůƐ͕�
ĂŶĚ�ƚŚĂƚ�Ăůů�ƌĞƐĞĂƌĐŚ�ŝŶǀŽůǀŝŶŐ�ŚƵŵĂŶ�ĂŶĚ�ĂŶŝŵĂů�ƐƵďũĞĐƚƐ�
ŚĂƐ� ďĞĞŶ� ĂƉƉƌŽǀĞĚ� ďǇ� ƚŚĞ� �ƵƚŚŽƌΖƐ� ƌĞůĞǀĂŶƚ� ŝŶƐƚŝƚƵƚŝŽŶĂů�
ƌĞǀŝĞǁ�ďŽĂƌĚ͘
ϭϭ͘ :Žs�� �ŝƐĐƌĞƚŝŽŶ͘ /Ĩ� ƚŚĞ� �ƵƚŚŽƌ� ƌĞƋƵĞƐƚƐ� ƚŚĞ�
ĂƐƐŝƐƚĂŶĐĞ�ŽĨ� :Žs�� ŝŶ�ƉƌŽĚƵĐŝŶŐ� ƚŚĞ�sŝĚĞŽ� ŝŶ� ƚŚĞ��ƵƚŚŽƌ͛Ɛ�
ĨĂĐŝůŝƚǇ͕�ƚŚĞ��ƵƚŚŽƌ�ƐŚĂůů�ĞŶƐƵƌĞ�ƚŚĂƚ�ƚŚĞ�ƉƌĞƐĞŶĐĞ�ŽĨ�:Žs��
ĞŵƉůŽǇĞĞƐ͕� ĂŐĞŶƚƐ� Žƌ� ŝŶĚĞƉĞŶĚĞŶƚ� ĐŽŶƚƌĂĐƚŽƌƐ� ŝƐ� ŝŶ�
ĂĐĐŽƌĚĂŶĐĞ�ǁŝƚŚ� ƚŚĞ� ƌĞůĞǀĂŶƚ� ƌĞŐƵůĂƚŝŽŶƐ� ŽĨ� ƚŚĞ� �ƵƚŚŽƌΖƐ�
ŝŶƐƚŝƚƵƚŝŽŶ͘� /Ĩ� ŵŽƌĞ� ƚŚĂŶ� ŽŶĞ� ĂƵƚŚŽƌ� ŝƐ� ůŝƐƚĞĚ� Ăƚ� ƚŚĞ�
ďĞŐŝŶŶŝŶŐ� ŽĨ� ƚŚŝƐ� �ŐƌĞĞŵĞŶƚ͕� :Žs�� ŵĂǇ͕� ŝŶ� ŝƚƐ� ƐŽůĞ�



�Zd/�>���E��s/��K�>/��E^���'Z��D�Ed

ϲϭϮϱϰϮ͘ϲ &Žƌ�ƋƵĞƐƚŝŽŶƐ͕�ƉůĞĂƐĞ�ĐŽŶƚĂĐƚ�ƵƐ�Ăƚ ƐƵďŵŝƐƐŝŽŶƐΛũŽǀĞ͘ĐŽŵ�Žƌ�нϭ͘ϲϭϳ͘ϵϰϱ͘ϵϬϱϭ͘

ĚŝƐĐƌĞƚŝŽŶ͕� ĞůĞĐƚ� ŶŽƚ� ƚĂŬĞ� ĂŶǇ� ĂĐƚŝŽŶ� ǁŝƚŚ� ƌĞƐƉĞĐƚ� ƚŽ� ƚŚĞ�
�ƌƚŝĐůĞ�ƵŶƚŝů�ƐƵĐŚ�ƚŝŵĞ�ĂƐ�ŝƚ�ŚĂƐ�ƌĞĐĞŝǀĞĚ�ĐŽŵƉůĞƚĞ͕�ĞǆĞĐƵƚĞĚ�
�ƌƚŝĐůĞ� ĂŶĚ� sŝĚĞŽ� >ŝĐĞŶƐĞ� �ŐƌĞĞŵĞŶƚƐ� ĨƌŽŵ� ĞĂĐŚ� ƐƵĐŚ�
ĂƵƚŚŽƌ͘� :Žs�� ƌĞƐĞƌǀĞƐ� ƚŚĞ� ƌŝŐŚƚ͕� ŝŶ� ŝƚƐ� ĂďƐŽůƵƚĞ� ĂŶĚ� ƐŽůĞ�
ĚŝƐĐƌĞƚŝŽŶ� ĂŶĚ� ǁŝƚŚŽƵƚ� ŐŝǀŝŶŐ� ĂŶǇ� ƌĞĂƐŽŶ� ƚŚĞƌĞĨŽƌĞ͕� ƚŽ�
ĂĐĐĞƉƚ�Žƌ�ĚĞĐůŝŶĞ�ĂŶǇ�ǁŽƌŬ�ƐƵďŵŝƚƚĞĚ�ƚŽ�:Žs�͘�:Žs��ĂŶĚ�ŝƚƐ�
ĞŵƉůŽǇĞĞƐ͕�ĂŐĞŶƚƐ�ĂŶĚ�ŝŶĚĞƉĞŶĚĞŶƚ�ĐŽŶƚƌĂĐƚŽƌƐ�ƐŚĂůů�ŚĂǀĞ�
ĨƵůů͕�ƵŶĨĞƚƚĞƌĞĚ�ĂĐĐĞƐƐ�ƚŽ�ƚŚĞ�ĨĂĐŝůŝƚŝĞƐ�ŽĨ�ƚŚĞ��ƵƚŚŽƌ�Žƌ�ŽĨ�
ƚŚĞ� �ƵƚŚŽƌ͛Ɛ� ŝŶƐƚŝƚƵƚŝŽŶ� ĂƐ� ŶĞĐĞƐƐĂƌǇ� ƚŽ�ŵĂŬĞ� ƚŚĞ� sŝĚĞŽ͕�
ǁŚĞƚŚĞƌ�ĂĐƚƵĂůůǇ�ƉƵďůŝƐŚĞĚ�Žƌ�ŶŽƚ͘�:Žs��ŚĂƐ�ƐŽůĞ�ĚŝƐĐƌĞƚŝŽŶ�
ĂƐ ƚŽ�ƚŚĞ�ŵĞƚŚŽĚ�ŽĨ�ŵĂŬŝŶŐ�ĂŶĚ�ƉƵďůŝƐŚŝŶŐ�ƚŚĞ�DĂƚĞƌŝĂůƐ͕�
ŝŶĐůƵĚŝŶŐ͕� ǁŝƚŚŽƵƚ� ůŝŵŝƚĂƚŝŽŶ͕� ƚŽ� Ăůů� ĚĞĐŝƐŝŽŶƐ� ƌĞŐĂƌĚŝŶŐ�
ĞĚŝƚŝŶŐ͕� ůŝŐŚƚŝŶŐ͕� ĨŝůŵŝŶŐ͕� ƚŝŵŝŶŐ� ŽĨ� ƉƵďůŝĐĂƚŝŽŶ͕� ŝĨ� ĂŶǇ͕�
ůĞŶŐƚŚ͕�ƋƵĂůŝƚǇ͕�ĐŽŶƚĞŶƚ�ĂŶĚ�ƚŚĞ�ůŝŬĞ͘�
ϭϮ͘ /ŶĚĞŵŶŝĨŝĐĂƚŝŽŶ͘ dŚĞ��ƵƚŚŽƌ�ĂŐƌĞĞƐ�ƚŽ�ŝŶĚĞŵŶŝĨǇ�
:Žs��ĂŶĚͬŽƌ�ŝƚƐ�ƐƵĐĐĞƐƐŽƌƐ�ĂŶĚ�ĂƐƐŝŐŶƐ�ĨƌŽŵ�ĂŶĚ�ĂŐĂŝŶƐƚ�ĂŶǇ�
ĂŶĚ� Ăůů� ĐůĂŝŵƐ͕� ĐŽƐƚƐ͕� ĂŶĚ� ĞǆƉĞŶƐĞƐ͕� ŝŶĐůƵĚŝŶŐ� ĂƚƚŽƌŶĞǇ͛Ɛ�
ĨĞĞƐ͕� ĂƌŝƐŝŶŐ� ŽƵƚ� ŽĨ� ĂŶǇ� ďƌĞĂĐŚ� ŽĨ� ĂŶǇ� ǁĂƌƌĂŶƚǇ� Žƌ� ŽƚŚĞƌ�
ƌĞƉƌĞƐĞŶƚĂƚŝŽŶƐ� ĐŽŶƚĂŝŶĞĚ� ŚĞƌĞŝŶ͘� dŚĞ� �ƵƚŚŽƌ� ĨƵƌƚŚĞƌ�
ĂŐƌĞĞƐ� ƚŽ� ŝŶĚĞŵŶŝĨǇ� ĂŶĚ� ŚŽůĚ� ŚĂƌŵůĞƐƐ� :Žs�� ĨƌŽŵ� ĂŶĚ�
ĂŐĂŝŶƐƚ� ĂŶǇ� ĂŶĚ� Ăůů� ĐůĂŝŵƐ͕� ĐŽƐƚƐ͕� ĂŶĚ� ĞǆƉĞŶƐĞƐ͕� ŝŶĐůƵĚŝŶŐ�
ĂƚƚŽƌŶĞǇ͛Ɛ�ĨĞĞƐ͕�ƌĞƐƵůƚŝŶŐ�ĨƌŽŵ�ƚŚĞ�ďƌĞĂĐŚ�ďǇ�ƚŚĞ��ƵƚŚŽƌ�ŽĨ�
ĂŶǇ� ƌĞƉƌĞƐĞŶƚĂƚŝŽŶ�Žƌ�ǁĂƌƌĂŶƚǇ� ĐŽŶƚĂŝŶĞĚ�ŚĞƌĞŝŶ�Žƌ� ĨƌŽŵ�
ĂůůĞŐĂƚŝŽŶƐ�Žƌ�ŝŶƐƚĂŶĐĞƐ�ŽĨ�ǀŝŽůĂƚŝŽŶ�ŽĨ�ŝŶƚĞůůĞĐƚƵĂů ƉƌŽƉĞƌƚǇ�
ƌŝŐŚƚƐ͕�ĚĂŵĂŐĞ�ƚŽ�ƚŚĞ��ƵƚŚŽƌ͛Ɛ�Žƌ�ƚŚĞ��ƵƚŚŽƌ͛Ɛ�ŝŶƐƚŝƚƵƚŝŽŶ͛Ɛ�
ĨĂĐŝůŝƚŝĞƐ͕� ĨƌĂƵĚ͕� ůŝďĞů͕� ĚĞĨĂŵĂƚŝŽŶ͕� ƌĞƐĞĂƌĐŚ͕� ĞƋƵŝƉŵĞŶƚ͕�
ĞǆƉĞƌŝŵĞŶƚƐ͕�ƉƌŽƉĞƌƚǇ�ĚĂŵĂŐĞ͕�ƉĞƌƐŽŶĂů� ŝŶũƵƌǇ͕�ǀŝŽůĂƚŝŽŶƐ�
ŽĨ� ŝŶƐƚŝƚƵƚŝŽŶĂů͕� ůĂďŽƌĂƚŽƌǇ͕� ŚŽƐƉŝƚĂů͕� ĞƚŚŝĐĂů͕� ŚƵŵĂŶ� ĂŶĚ�
ĂŶŝŵĂů�ƚƌĞĂƚŵĞŶƚ͕�ƉƌŝǀĂĐǇ�Žƌ�ŽƚŚĞƌ�ƌƵůĞƐ͕�ƌĞŐƵůĂƚŝŽŶƐ͕�ůĂǁƐ͕�
ƉƌŽĐĞĚƵƌĞƐ� Žƌ� ŐƵŝĚĞůŝŶĞƐ͕� ůŝĂďŝůŝƚŝĞƐ� ĂŶĚ� ŽƚŚĞƌ� ůŽƐƐĞƐ� Žƌ�
ĚĂŵĂŐĞƐ�ƌĞůĂƚĞĚ�ŝŶ�ĂŶǇ�ǁĂǇ�ƚŽ�ƚŚĞ�ƐƵďŵŝƐƐŝŽŶ�ŽĨ�ǁŽƌŬ�ƚŽ�
:Žs�͕�ŵĂŬŝŶŐ�ŽĨ�ǀŝĚĞŽƐ�ďǇ� :Žs�͕�Žƌ�ƉƵďůŝĐĂƚŝŽŶ� ŝŶ� :Žs��Žƌ�
ĞůƐĞǁŚĞƌĞ�ďǇ�:Žs�͘�dŚĞ��ƵƚŚŽƌ�ƐŚĂůů�ďĞ�ƌĞƐƉŽŶƐŝďůĞ�ĨŽƌ͕�ĂŶĚ�
ƐŚĂůů�ŚŽůĚ�:Žs��ŚĂƌŵůĞƐƐ�ĨƌŽŵ͕�ĚĂŵĂŐĞƐ�ĐĂƵƐĞĚ�ďǇ�ůĂĐŬ�ŽĨ�
ƐƚĞƌŝůŝǌĂƚŝŽŶ͕�ůĂĐŬ�ŽĨ�ĐůĞĂŶůŝŶĞƐƐ�Žƌ�ďǇ�ĐŽŶƚĂŵŝŶĂƚŝŽŶ�ĚƵĞ�ƚŽ�

ƚŚĞ� ŵĂŬŝŶŐ� ŽĨ� Ă� ǀŝĚĞŽ� ďǇ� :Žs�� ŝƚƐ� ĞŵƉůŽǇĞĞƐ͕� ĂŐĞŶƚƐ� Žƌ�
ŝŶĚĞƉĞŶĚĞŶƚ� ĐŽŶƚƌĂĐƚŽƌƐ͘� �ůů� ƐƚĞƌŝůŝǌĂƚŝŽŶ͕� ĐůĞĂŶůŝŶĞƐƐ� Žƌ�
ĚĞĐŽŶƚĂŵŝŶĂƚŝŽŶ� ƉƌŽĐĞĚƵƌĞƐ� ƐŚĂůů� ďĞ� ƐŽůĞůǇ� ƚŚĞ�
ƌĞƐƉŽŶƐŝďŝůŝƚǇ�ŽĨ�ƚŚĞ��ƵƚŚŽƌ�ĂŶĚ�ƐŚĂůů�ďĞ�ƵŶĚĞƌƚĂŬĞŶ�Ăƚ�ƚŚĞ�
�ƵƚŚŽƌ͛Ɛ� ĞǆƉĞŶƐĞ͘� �ůů� ŝŶĚĞŵŶŝĨŝĐĂƚŝŽŶƐ� ƉƌŽǀŝĚĞĚ� ŚĞƌĞŝŶ�
ƐŚĂůů�ŝŶĐůƵĚĞ�:Žs�͛Ɛ�ĂƚƚŽƌŶĞǇ͛Ɛ�ĨĞĞƐ�ĂŶĚ�ĐŽƐƚƐ�ƌĞůĂƚĞĚ�ƚŽ�ƐĂŝĚ�
ůŽƐƐĞƐ� Žƌ� ĚĂŵĂŐĞƐ͘� ^ƵĐŚ� ŝŶĚĞŵŶŝĨŝĐĂƚŝŽŶ� ĂŶĚ� ŚŽůĚŝŶŐ�
ŚĂƌŵůĞƐƐ�ƐŚĂůů�ŝŶĐůƵĚĞ�ƐƵĐŚ�ůŽƐƐĞƐ�Žƌ�ĚĂŵĂŐĞƐ�ŝŶĐƵƌƌĞĚ�ďǇ͕�
Žƌ� ŝŶ� ĐŽŶŶĞĐƚŝŽŶ� ǁŝƚŚ͕� ĂĐƚƐ� Žƌ� ŽŵŝƐƐŝŽŶƐ� ŽĨ� :Žs�͕� ŝƚƐ�
ĞŵƉůŽǇĞĞƐ͕�ĂŐĞŶƚƐ�Žƌ�ŝŶĚĞƉĞŶĚĞŶƚ�ĐŽŶƚƌĂĐƚŽƌƐ͘
ϭϯ͘ &ĞĞƐ͘ dŽ�ĐŽǀĞƌ�ƚŚĞ�ĐŽƐƚ� ŝŶĐƵƌƌĞĚ�ĨŽƌ�ƉƵďůŝĐĂƚŝŽŶ͕�
:Žs�� ŵƵƐƚ� ƌĞĐĞŝǀĞ� ƉĂǇŵĞŶƚ� ďĞĨŽƌĞ� ƉƌŽĚƵĐƚŝŽŶ� ĂŶĚ�
ƉƵďůŝĐĂƚŝŽŶ�ŽĨ�ƚŚĞ�DĂƚĞƌŝĂůƐ͘�WĂǇŵĞŶƚ�ŝƐ�ĚƵĞ�ŝŶ�Ϯϭ�ĚĂǇƐ�ŽĨ�
ŝŶǀŽŝĐĞ͘� ^ŚŽƵůĚ� ƚŚĞ�DĂƚĞƌŝĂůƐ�ŶŽƚ�ďĞ�ƉƵďůŝƐŚĞĚ�ĚƵĞ� ƚŽ�ĂŶ�
ĞĚŝƚŽƌŝĂů� Žƌ� ƉƌŽĚƵĐƚŝŽŶ� ĚĞĐŝƐŝŽŶ͕� ƚŚĞƐĞ� ĨƵŶĚƐ� ǁŝůů� ďĞ�
ƌĞƚƵƌŶĞĚ�ƚŽ�ƚŚĞ��ƵƚŚŽƌ͘�tŝƚŚĚƌĂǁĂů�ďǇ�ƚŚĞ��ƵƚŚŽƌ�ŽĨ�ĂŶǇ�
ƐƵďŵŝƚƚĞĚ�DĂƚĞƌŝĂůƐ� ĂĨƚĞƌ� ĨŝŶĂů� ƉĞĞƌ� ƌĞǀŝĞǁ� ĂƉƉƌŽǀĂů� ǁŝůů�
ƌĞƐƵůƚ�ŝŶ�Ă�h^Ψϭ͕ϮϬϬ�ĨĞĞ�ƚŽ�ĐŽǀĞƌ�ƉƌĞͲƉƌŽĚƵĐƚŝŽŶ�ĞǆƉĞŶƐĞƐ�
ŝŶĐƵƌƌĞĚ� ďǇ� :Žs�͘� /Ĩ� ƉĂǇŵĞŶƚ� ŝƐ� ŶŽƚ� ƌĞĐĞŝǀĞĚ� ďǇ� ƚŚĞ�
ĐŽŵƉůĞƚŝŽŶ� ŽĨ� ĨŝůŵŝŶŐ͕� ƉƌŽĚƵĐƚŝŽŶ� ĂŶĚ� ƉƵďůŝĐĂƚŝŽŶ� ŽĨ� ƚŚĞ�
DĂƚĞƌŝĂůƐ�ǁŝůů�ďĞ�ƐƵƐƉĞŶĚĞĚ�ƵŶƚŝů�ƉĂǇŵĞŶƚ�ŝƐ�ƌĞĐĞŝǀĞĚ͘
ϭϰ͘ dƌĂŶƐĨĞƌ͕�'ŽǀĞƌŶŝŶŐ�>Ăǁ͘ dŚŝƐ��ŐƌĞĞŵĞŶƚ�ŵĂǇ�ďĞ�
ĂƐƐŝŐŶĞĚ�ďǇ�:Žs��ĂŶĚ�ƐŚĂůů� ŝŶƵƌĞ�ƚŽ�ƚŚĞ�ďĞŶĞĨŝƚƐ�ŽĨ�ĂŶǇ�ŽĨ�
:Žs�͛Ɛ� ƐƵĐĐĞƐƐŽƌƐ� ĂŶĚ�ĂƐƐŝŐŶĞĞƐ͘� dŚŝƐ��ŐƌĞĞŵĞŶƚ� ƐŚĂůů� ďĞ�
ŐŽǀĞƌŶĞĚ� ĂŶĚ� ĐŽŶƐƚƌƵĞĚ� ďǇ� ƚŚĞ� ŝŶƚĞƌŶĂů� ůĂǁƐ� ŽĨ� ƚŚĞ�
�ŽŵŵŽŶǁĞĂůƚŚ�ŽĨ�DĂƐƐĂĐŚƵƐĞƚƚƐ�ǁŝƚŚŽƵƚ�ŐŝǀŝŶŐ�ĞĨĨĞĐƚ�ƚŽ�
ĂŶǇ� ĐŽŶĨůŝĐƚ� ŽĨ� ůĂǁ�ƉƌŽǀŝƐŝŽŶ� ƚŚĞƌĞƵŶĚĞƌ͘� dŚŝƐ� �ŐƌĞĞŵĞŶƚ�
ŵĂǇ� ďĞ� ĞǆĞĐƵƚĞĚ� ŝŶ� ĐŽƵŶƚĞƌƉĂƌƚƐ͕� ĞĂĐŚ� ŽĨ�ǁŚŝĐŚ� ƐŚĂůů� ďĞ�
ĚĞĞŵĞĚ� ĂŶ� ŽƌŝŐŝŶĂů͕� ďƵƚ� Ăůů� ŽĨ� ǁŚŝĐŚ� ƚŽŐĞƚŚĞƌ� ƐŚĂůů� ďĞ�
ĚĞĞŵĞĚ�ƚŽ�ŵĞ�ŽŶĞ�ĂŶĚ�ƚŚĞ�ƐĂŵĞ�ĂŐƌĞĞŵĞŶƚ͘���ƐŝŐŶĞĚ�ĐŽƉǇ�
ŽĨ� ƚŚŝƐ� �ŐƌĞĞŵĞŶƚ� ĚĞůŝǀĞƌĞĚ� ďǇ� ĨĂĐƐŝŵŝůĞ͕� ĞͲŵĂŝů� Žƌ� ŽƚŚĞƌ�
ŵĞĂŶƐ�ŽĨ�ĞůĞĐƚƌŽŶŝĐ�ƚƌĂŶƐŵŝƐƐŝŽŶ�ƐŚĂůů�ďĞ�ĚĞĞŵĞĚ�ƚŽ�ŚĂǀĞ�
ƚŚĞ�ƐĂŵĞ�ůĞŐĂů�ĞĨĨĞĐƚ�ĂƐ�ĚĞůŝǀĞƌǇ�ŽĨ�ĂŶ�ŽƌŝŐŝŶĂů�ƐŝŐŶĞĚ�ĐŽƉǇ�
ŽĨ�ƚŚŝƐ��ŐƌĞĞŵĞŶƚ͘

��ƐŝŐŶĞĚ�ĐŽƉǇ�ŽĨ�ƚŚŝƐ�ĚŽĐƵŵĞŶƚ�ŵƵƐƚ�ďĞ�ƐĞŶƚ�ǁŝƚŚ�Ăůů ŶĞǁ�ƐƵďŵŝƐƐŝŽŶƐ͘�KŶůǇ�ŽŶĞ��ŐƌĞĞŵĞŶƚ ŝƐ ƌĞƋƵŝƌĞĚ�ƉĞƌ�ƐƵďŵŝƐƐŝŽŶ͘

�KZZ�^WKE�/E'��hd,KZ
EĂŵĞ͗��

�ĞƉĂƌƚŵĞŶƚ͗��

/ŶƐƚŝƚƵƚŝŽŶ͗�

dŝƚůĞ͗��

^ŝŐŶĂƚƵƌĞ͗� �ĂƚĞ͗�

WůĞĂƐĞ�ƐƵďŵŝƚ�Ă�ƐŝŐŶĞĚ ĂŶĚ�ĚĂƚĞĚ ĐŽƉǇ�ŽĨ�ƚŚŝƐ�ůŝĐĞŶƐĞ�ďǇ�ŽŶĞ�ŽĨ�ƚŚĞ�ĨŽůůŽǁŝŶŐ�ƚŚƌĞĞ�ŵĞƚŚŽĚƐ͗
ϭ͘ hƉůŽĂĚ�ĂŶ�ĞůĞĐƚƌŽŶŝĐ ǀĞƌƐŝŽŶ�ŽŶ�ƚŚĞ�:Žs��ƐƵďŵŝƐƐŝŽŶ�ƐŝƚĞ
Ϯ͘ &Ăǆ�ƚŚĞ�ĚŽĐƵŵĞŶƚ�ƚŽ�нϭ͘ϴϲϲ͘ϯϴϭ͘ϮϮϯϲ
ϯ͘ DĂŝů�ƚŚĞ�ĚŽĐƵŵĞŶƚ�ƚŽ�:Žs��ͬ��ƚƚŶ͗�:Žs���ĚŝƚŽƌŝĂů�ͬ�ϭ��ůĞǁŝĨĞ��ĞŶƚĞƌ�ηϮϬϬ�ͬ��ĂŵďƌŝĚŐĞ͕�D��ϬϮϭϰϬ



Dear Editor, 
 
We thank you and the reviewers for the time and effort that they have spent on our manuscript. We 
found the comments and suggestions very helpful and have revised the manuscript accordingly. 
Please, find our responses to each comment below. 
 
Editorial comments: 
Changes to be made by the author(s) regarding the manuscript: 
1. Please take this opportunity to thoroughly proofread the manuscript to ensure that there are no 
spelling or grammar issues. The JoVE editor will not copy-edit your manuscript and any errors in the 
submitted revision may be present in the published version. 

Done 
 
2. Please obtain explicit copyright permission to reuse any figures from a previous publication. 
Explicit permission can be expressed in the form of a letter from the editor or a link to the editorial 
policy that allows re-prints. Please upload this information as a .doc or .docx file to your Editorial 
Manager account. The Figure must be cited appropriately in the Figure Legend, i.e. “This figure has 
been modified from [citation].” 

The figure is based on an article that is distributed under the terms of the Creative Commons 
Attribution 4.0 International License (http://creativecommons.org/licenses/by/4.0/), which permits 
unrestricted use, distribution, and reproduction in any medium. We added a citation to source in the 
figure legend.  

3. Figure 2: Please change the time unit “hr” to “h”. 

Done 

4. Title: Please avoid the use of abbreviations. 

We changed the title from  

“Standardized method to study 3D angiogenic sprouting of perfused hiPSC-derived endothelial 
microvessels in vitro” 

 to  

“Standardized and scalable assay to study perfused 3D angiogenic sprouting of iPSC-derived 
endothelial cells in vitro”,  

as the abbreviation iPSC-derived endothelial cells is, in our opinion, unambiguous in the field of 
biomedical research. 

5. Affiliations: Please provide an email address for each author. 

See email addressed below. How will this be published in the article as there is usually only a single 
corresponding author? 

vvanduinen@lumc.nl w.stam@lumc.nl, viola.borgdorff@ncardia.com, arie.reijerkerk@ncardia.com, 
v.orlova@lumc.nl, p.vulto@mimetas.com, hankermeier@lacdr.leidenuniv.nl, 
a.j.van_zonneveld@lumc.nl 

Rebuttal Letter Click here to access/download;Rebuttal Letter;Editorial and
reviewer comments final.docx
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6. Summary: Please shorten it to no more than 50 words. 

Done 

7. Please define all abbreviations before use. 

Done 

8. Please add more details to your protocol steps. There should be enough detail in each step to 
supplement the actions seen in the video so that viewers can easily replicate the protocol. Please 
ensure you answer the “how” question, i.e., how is the step performed? Alternatively, add 
references to published material specifying how to perform the protocol action. See examples 
below. 

We added more details throughout the protocol. 

9. Please reference Figure 1 in relevant steps so the readers know where to add different 
solutions/media. 

10. 1.1: How many wells are in the plate? 

Added in the figure caption and in the text 

11. 1.2: How many observation wells? 

Added in the figure caption and in the text 

12. 1.3: Is the plate kept in a sterile cell culture cabinet? For how long? 

We added the following note: 

“Note: the protocol can be paused here for up to 24 h. Leave the plate in the sterile culture cabinet 
at room temperature”.  

13. 2.1: Please describe how to mix well, pipetting or vortexing? 

2.1 changed to 2.2: Added ‘mix by pipetting’ in this step 

14. 2.3: What volume of coating solution is needed? What is dPBS? 

Added step 2.1 in which the readers prepares the FN-stock solution first, as this needs to be placed 
in a water bath.  

“2.1 Prepare 2.5 mL of a 10 µg/mL fibronectin (FN) coating solution. Dilute 25 µL a 1 mg/mL 
fibronectin stock solution in 2.5 mL dulbecco’s PBS (dPBS, calcium and magnesium free). Place in the 
waterbath at 37 ℃ till use.” 

15. 2.4: The top channel inlet and outlet of what? Please clarify. Referencing Figure 1 here may be 
helpful. 

Added references to the corresponding well numbers shown in figure 1. 

16. 2.5: What device? 



Changed to ‘plate’, as we refer to the microfluidic microtiterplate in this case.  

17. 3.8: Please specify the incubation temperature. 

Added (37 ℃, 5% CO2) to all the incubation steps done in the incubator 

18. 3.9: What volume of medium is added? Please specify. 

Added 

19. 3.10: What are the temperature and rocking speed? 

Added 

20. 3.11: What is used to image? 

Added the type of microscope and imaging settings  

21. 4.5: How to refresh the growth factors? 

 Added the following sentence:  “by aspirating all culture media from the wells and adding fresh 
medium including growth factors.” 

22. 5.1: How to test the permeability? 

Removed this step (as this is just a repetition of the title of this part), and start with the first step to 
perform this part of the experiment.  

23. Please remove all commercial language from your manuscript and use generic terms instead: 
Repeater, Ncardia, 

Changed  

24. Representative Results: The paragraph text should refer to all of the figures. However for figures 
showing the experimental set-up, please reference them in the Protocol. 

Done 

25. Please reference all the figures in the manuscript text. 

Done 

26. References: Please do not abbreviate journal titles. 

Changed references to Jove style format without abbreviations 

27. Table of Materials: Please use SI abbreviations for all units (L, mL, µL). Please remove trademark 
(™) and registered (®) symbols. Please use the period symbol (.) for the decimal separator. Please 
sort the items in alphabetical order according to the name of material/equipment. 

Done 

28. Please remain neutral in tone when discussing commercial products. The accompanying video 
cannot become an advertisement.  



We are aware of this, and we do discuss the limitations of the products in the discussion section. We 
hope this is sufficient to give the reader and viewer a unbiased impression of the method and we 
would like to stress that the aim of this work is the fact that we see this work as a unique 
combination of using a standardized cell source in a standardized cell culture platform, without 
focusing on the commercial availability. To avoid any confusion, we changed the following 
sentences: 

 “Both the platform as well as the endothelial cells differentiated from human induced pluripotent 
stem cells are commercially available, which enables the adoption across research groups and 
accelerates its implementation within drug research.” 

To: 

“The possibility to use iPSC-ECs in a standardized microfluidic cell culture platform will enable the 
adoption across research groups and accelerates its implementation within drug research.” 

Reviewers' comments: 
 
Reviewer #1: 
 
Standardized method to study 3D angiogenic sprouting of perfused hiPSC-derived endothelial 
microvessels in vitro 
 
Van Duinen et al. present a protocol for high-throughput monitoring of angiogenesis from hiPSC-EC 
derived microvessels into a collagen 1 matrix triggered by a cocktail of angiogenic factors. The 
protocol is described in the appropriate depth to execute the experiments. Although, the described 
system is directed into a more physiological setting than other systems, it is still far away from 
processes occurring in the body. The system is mainly challenged by the bi-directional flow and the 
absence of other cell types e.g. pericytes in the culture. The authors mention these limitations in the 
discussion, but should therefore also phrase their statements in the summary more carefully. 
Moreover, the intervention with an inhibitor of angiogenesis as a proof of concept study would add 
more meaning to the presented protocol. 

We appreciate the reviewer’s very important comment about the limitations of this system. In 
comparison with other widely used angiogenic sprouting models in vitro (e.g. fibrin bead assay, tube 
formation assay), we conclude that this model offer increased physiological relevance by the 
integration of gradients and flow. Nonetheless, like any in vitro system, this is of course an 
simplification of processes that occur in vivo. We understand that the summary might give the 
impression that this system is used to study the effect of flow, while this is not the case. Thus, we 
changed “under physiological relevant culture conditions including the presence of gradients of 
growth factors and application of perfusion flow”, to  “gradient-driven angiogenic sprouting in 3D, 
including anastomosis and stabilization of the angiogenic sprouts”, as this, in our opinion, better 
reflects the unique advantages of this assay compared to other in vitro assays.  

Points which need to be addressed are the following: 
 
Title: 
Actually, the connection between hiPSC-derived endothelial cells that then give raise to microvessels 
is a bit unclear in the title and needs clarification. 

We thank the reviewer for this suggestion and changed ‘microvessels’ to ‘endothelial cells’, thus the 
title now is: “Standardized and scalable assay to study perfused 3D angiogenic sprouting of iPSC-



derived endothelial cells in vitro” 
 
Introduction 
Page2, line 88: The authors have to add here, that the iPSC-derived EC also have drawbacks 
(reproducibility of differentiation from iPSC; iPSC-EC have an endothelial phenotype, but it is not 
known how comparable this is to native endothelial cells and to which type of). 

We agree that this are the current questions that need to be answered with regards to using cells 
that are derived from iPSCs. We feel that only the rationale to use iPSC-ECs should be mentioned in 
the introduction, while the issues and drawbacks should be discussed in the discussion section of the 
paper. Thus, we added a paragraph of iPSC-EC to discuss these limitations. Although we think that 
this method will aid a better understanding of iPSC-ECs, the scope of this method is the generation 
of angiogenic sprouts from iPSC-ECs. 

The section we added in the discussion:  

“The possibility to differentiate ECs from iPSCs in nearly limitless quantities, these cells will be a 
valuable addition to study angiogenesis in a standardized platform using a standardized cell source. 
However, as the possibility to differentiate cells from iPSC is a relatively new discovery, it is still 
unclear to what extent these cells reflect primary ECs. For example, do iPSC-ECs still exhibit the 
plasticity that is typical for endothelial cells? And to what degree do iPSC-derived cells respond and 
interact to their cellular microenvironment? This platform could be used to answer some of those 
remaining questions in order to further validate the usage of iPSC-derived ECs in such in vitro 
models” 

Protocol 
2.4: Please label top channel inlet and outlet in the corresponding figure. 

We have added the well nomenclature as described in Fig 1b throughout the protocol to help the 
readers well we refer to. (Well ‘A1, C1, etc. etc.)  

3.4: Please explain what means 2E7 cells/mL. 

We changed this to 2×107 
 (scientific notation) 

3.6: Please label top channel inlet and outlet in the corresponding figure. 

We have added this to Fig 1b  

3.9: TI and TO are introduced, but are not shown in the figure. Is it the same as top channel inlet? 
Please clarify. 

We understand that TI-TO could cause confusion (as Top in this case refers to a channel that is 
adjacent, not above the gel channel), thus we removed the TI-TO references and changed this to 
refer to the well positions. (Well ‘A1, C1, etc. etc.) 

3.10: The rocker platform is set to which speed? Please add. 

Added to the description 

4.1: Please introduce the abbreviations PMA and S1P. 

Included 



5.4: The additional information can be put in a normal sentence without brackets. 

Done 

6.3: Please introduce the abbreviation HBSS. 

Done 
 
Representative Results 
First of all, it would be necessary to show the reproducibility of the method also by measurements of 
cord number, number of sprouts, and thickness of the sprouts throughout several experiments on 
one plate. 

We agree with the referee that the reproducibility of this assay is important. However, we feel that 
quantification of the sprouting is outside of the scope of this manuscript, and we have described this 
in our previously published manuscript for the readers interested in the quantification. Furthermore, 
we demonstrate a low variability between different wells within the plate (Fig 2b). 
 
What it actually the final thickness of the gel? How 3D is the setup? As no side views or stacks are 
presented, an estimation of the final height is not possible. Please add this information. Moreover, it 
is not really explained how the Phaseguides work, what is quite important to understand the system. 
You can find the information on the homepage of the company but for better understanding this 
information needs to be added. It is also not clear, if the system is open on top or if there is a cover 
in the area of the channels? Please add the information. 

We understand the reviewers concerns regarding the lack of information about the geometry and 
design, and agree that phaseguides are an important and unique part of the system. We included 
more details about the height and system in Figure 1b and would like to include an 3D animation in 
our final video to clearly illustrate the geometry of the device. Also, we have added a figure 2a to 
illustrate how phaseguides assist in gel stabilization/patterning and show examples of correct and 
incorrect gel loading   

Page 6, line 208: How fast is the reduction of sprouts? How does the vessel system look like at a later 
time point? Please provide pictures! 

We included more pictures and timepoints to illustrate the retraction of the vessels in Figure 3.  
 
Figure 1 
page 6, line 211: Must read hiPSC-EC-derived microvessels 
page 6, line 212: Must read: …..cell culture device is shown displaying….. 
b: The picture with the wells is a bit confusing. Should this show that the microfluidic device is just in 
the bottom of the plate? Please clarify! 

Indeed this part of the illustration is to show that the microfluidics is integrated underneath the 384-
wells plate and we added this to the caption for Fig 1a: “The bottom of the microfluidic cell culture 
device is shown displaying the 40 microfluidic units that are integrated underneath the 384-well 
plate” 

c: subfigure 3: Shouldn't the ECs cover the whole vessel as in subfigure 4? Or should this 
demonstrate the growth phase of the ECs? Please clarify. 



This indeed demonstrates the growth phase of ECs, as they attach to the bottom first, before they 
grow at the sides/top of the channel to form a complete microvessel. We added an explanation of 
this growth phase in the representative results  

Figure 2 
a: Add scale bar information even when it is depicted in the picture. In the picture, it is hard to read. 
b: Page 6, line 222:"….first lumen are visible…." How can you see this from 2D pictures? Please 
explain. In addition, it would be better to add a frame to each of the 15 pictures for better 
orientation. 

We have added a border to the montage of 15 images to help the reader in discriminating the 
different images. In our experience, lumen formation is observed as two close straight parallel lines 
(cell borders). Without a lumen, the cell bodies are visible as a single straight lines. We have added 
arrows to show an example of these lumen.  

c: Scale bar information missing. Please add. 

Added 
 
Figure 3 
a: PMA missing in the angiogenic cocktail? Please check.  

We are aware that the growth factor combination is different than the data in the previously shown 
pictures. PMA is included in the protocol as this promotes the lumen formation of primary ECs, but 
we have found that this is not required for the sprouting of iPSC-EC. However, our previous work 
with primary ECs did require PMA for robust sprouting, so for compatibility reasons, we included 
PMA in the protocol. We have updated the figure legend to avoid confusion.  

b, d: I assume that i and ii represent 0 and 10 min. Please add this information. 

We have included information about these time points in the figure 

d: Scale bar not visible. Please add. 

We have included the scale bar in the figure 

As the images are acquired by confocal microscopy it should be possible to provide stacks to 
demonstrate the presence of TRITC-albumin in the lumen, also with a co-staining for ECs. Please 
provide this information. 

Yes, it is indeed possible to acquire Z-stacks, but we preferred not to do this due to phototoxicity 
issues. Thus, the images shown are wide-field images. We also changed the protocol accordingly, as 
any widefield fluorescent microscope with automated stage is sufficient for imaging.   
 
The authors mentioned that the vessel system starts to retract in prolonged cultures. Is 7 days (c) 
such a long culture already? Please explain. 

In this case, prolonged refers to additional culture time after the onset of angiogenesis. While 4 days 
is sufficient to study angiogenesis, the culture time extended to study the effect of perfusion on the 
capillary network. We rephrased this to extended culture.  
 
Critical steps 
Cell Seeding 



Page 3 line 287: How long can the culture of ECs be extended in the microfluidic device without 
stimulus? Please add. 
 
The amount of growth culture media present in the wells in sufficient to culture the cells for up to 3 
days without media refreshment. Generally, 2 days is already sufficient for a confluent monolayer 
against the gel, but thus the culture time can be extended for another 24 h if not.  We specified this 
24 h period in the text.  

  



Reviewer #2: 
 
Using the commercially available MIMETAS product and combining iPSC cells from NCardia, the 
authors developed a high-throughput angiogenic sprouting experimental platform. Since this paper 
is very similar in scope and content to a recently published paper in Angiogenesis, it will need major 
revisions to makes sure it is significantly different from previously published work. 

We thank the reviewer for his/her helpful considerations and comments about our manuscript. We 
are aware that this paper is similar to our previously published work. However, as the scope of Jove 
is detailed videos of already published methods, we disagree with the reviewer that we need to 
change the manuscript in order to make this significantly different from previously published work. 

* It would be helpful to have the total amount of time needed to obtain the vessels including loading 
the gel-waiting and loading iPSCs. 

We have included a time schedule in figure 1 

* The vessels seem rather large with diameters close to or larger than 100 um, which do not seem to 
qualify as microvessels. 

In this case, the term ‘microvessels’ refers to sub-millimeter vasculature. The smaller microvessels 
that form by angiogenic sprouting, we refer to as ‘capillaries’ or ‘angiogenic sprouts’.  

* The factors used, S1P and PMA are potent angiogenesis inducing factors and are not very 
physiological-need explanation for using these at the concentrations indicated. The effect of each 
factors separately at different concentrations would be helpful for the readers who want to replicate 
the experiment and so they can expect different morphology-yield-diameter of the vessel and etc. 

We agree that PMA is not very physiologically relevant, and as mentioned before. We used this 
platform to optimize the growth factor combinations, and concluded that in the case of iPSC-EC 
sprouting, PMA is not required per-se. However, our previous work did require this, so for 
compatibility reasons, we included PMA in the protocol. We did not go into detail in the effect of 
different growth factors, as this is, in our opinion, beyond the scope of this manuscript.  

S1P, on the other hand is a physiological relevant angiogenic inducing factor. In vivo studies of 
angiogenic sprouting in the mouse cornea showed that S1P inhibition prevents angiogenesis. Also, 
S1P is produced and present in all sorts of angiogenic sprouting, including wound healing where S1P 
is released by platelets.  

* A confocal micrograph that show the lumen in 3D would be helpful. 

We have shown this in our previously published work that the capillaries form lumen. We have 
added a cross-sectional view of a single capillary (Figure 5g) 
 
* What is the limit of imaging the vessels and cells in this device? The channels are 200 um thick and 
it could be imaged at low magnification only. 

As the bottom glass has a thickness of ±170 µm, we regularly use 10x and 20x lenses, which have a 
sufficient working distance for imaging these cultures, and these lenses have an sufficient field of 
view to image the complete gel region with sprouts using 2 or 4 sites. The thickness of the glass also 
enables the use of 60x lenses, but the very limited working distance has limited use in these devices. 



* When working with microfluidic devices, bubbles are big problems for practical implementation, 
the author has mentioned at the end of the article how it could be removed manually. More detailed 
explanations and or experimental suggestions to remove them would be very helpful. 

Indeed, bubble formation is an issue in many microfluidic devices, but this can be prevented with a 
right operating procedure. We have added an illustration in how to correctly fill the wells to prevent 
bubble formation and an illustration of the filling order that reduces the risk of air bubble trapping. 

Also,  we modified the protocol for cell seeding to prevent evaporation when seeding cells to also 
prevent evaporation of the low volumes of cell medium. The old protocol used 2 µL of cell 
suspension, which showed clear signs of evaporation after 1 hr. However, with the use of the passive 
pumping method, there is always a surplus of ±25 µL of medium present, which prevents 
evaporation issues.  

* Could you visualize how long the gradient of angiogenic factor was maintained? More data is 
needed. 

Yes, using fluorescently labeled dextrans this is possible. We have added this to figure 3 to 
demonstrate the gradient stability over time.  

* Necessary to consider whether cell seeding is properly uniform. Is there any variations in seeding 
uniformity depending on the users and positions? 

There are variations in cell density, especially without using passive pumping method to seed the 
cells. Using passive pumping solves this issue, as the cells seeding is more reliable and less 
dependent on pipette position and displacement volume. We do not see a clear effect on the 
position in the plate itself (e.g. no edge effects in the plate)  
 
* Rocker protocol does not specify the orientation of the plate placement (it would be helpful to 
describe the rocker settings, i.e. cycle angle, time, etc). 

We have added this information in the protocol 

* The vascular sprouts in figure 2b seems to have similar length but having different density. Please 
explain reason for this and provide some strategies to generate constant morphology of vascular 
sprouts 

Density differences are mainly caused by two factors: 1. either regression just started to occur as 
some sprouts have anastomosed with the opposite channel or 2. Seeding densities are different in 
the start, leading to different sprout densities later on. This is solved by using the passive pumping 
method for cell seeding. We added these explanations in the “Critical steps and troubleshooting” 
parts of the manuscript. 
 
* In figure 3(c), did the ECs escape from the collagen matrix to bottom channel? Could you provide 
day by day images since ECs reach to the opposite end of collagen to make permeable vessel? 

Yes, ECs did escape from the collagen. We have added more day by day images to clearly illustrate 
this. 
 
* Figure 2b, additional explanation is needed 
* Figure 2c, adjust image size 
* Figure 3b, difficult to tell. Additional information need (e.g., time scale…) 



Added 
 
* Typos: 

line 129, 133 (etc…) Pen/Step  Pen/Strep for penicillin streptomycin 

line 60 pre-clinal  pre-clinical 

line 32 amendable  amenable 

Fixed 

 


