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SUMMARY:  32 
Three-dimensional co-culture spheroid angiogenesis assay system is designed to mimic the 33 
physiologic angiogenesis. Co-culture spheroids are formed by two human vascular cell 34 
precursors, ECFCs and MSCs, and embedded in collagen gel. The new system is effective for 35 
evaluating angiogenic modulators, and provides more relevant information to the in vivo study.  36 
 37 
ABSTRACT: 38 
Studies in the field of angiogenesis have been aggressively growing in the last few decades with 39 
the recognition that angiogenesis is a hallmark of more than 50 different pathological conditions, 40 
such as rheumatoid arthritis, oculopathy, cardiovascular diseases, and tumor metastasis. During 41 
angiogenesis drug development, it is crucial to use in vitro assay systems with appropriate cell 42 
types and proper conditions to reflect the physiologic angiogenesis process. To overcome 43 
limitations of current in vitro angiogenesis assay systems using mainly endothelial cells, we 44 
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developed a 3-dimensional (3D) co-culture spheroid sprouting assay system. Co-culture 45 
spheroids were produced by two human vascular cell precursors, endothelial colony forming cells 46 
(ECFCs) and mesenchymal stem cells (MSCs) with a ratio of 5 to 1. ECFCs+MSCs spheroids were 47 
embedded into type I collagen matrix to mimic the in vivo extracellular environment. A real-time 48 
cell recorder was utilized to continuously observe the progression of angiogenic sprouting from 49 
spheroids for 24 h. Live cell fluorescent labeling technique was also applied to tract the 50 
localization of each cell type during sprout formation. Angiogenic potential was quantified by 51 
counting the number of sprouts and measuring the cumulative length of sprouts generated from 52 
the individual spheroids. Five randomly-selected spheroids were analyzed per experimental 53 
group. Comparison experiments demonstrated that ECFCs+MSCs spheroids showed greater 54 
sprout number and cumulative sprout length compared with ECFCs-only spheroids. 55 
Bevacizumab, an FDA-approved angiogenesis inhibitor, was tested with the newly-developed co-56 
culture spheroid assay system to verify its potential to screen anti-angiogenic drugs. The IC50 57 
value for ECFCs+MSCs spheroids compared to the ECFCs-only spheroids was closer to the 58 
effective plasma concentration of bevacizumab obtained from the xenograft tumor mouse 59 
model. The present study suggests that the 3D ECFCs+MSCs spheroid angiogenesis assay system 60 
is relevant to physiologic angiogenesis, and can predict an effective plasma concentration in 61 
advance of animal experiments. 62 
 63 
INTRODUCTION 64 
Approximately 500 million people worldwide are expected to benefit from angiogenesis-65 
modulating therapy for vascular malformation-associated diseases such as rheumatoid arthritis, 66 
oculopathy, cardiovascular diseases, and tumor metastasis1. Thus, the development of drugs that 67 
control angiogenesis has become an important research area in the pharmaceutical industry. 68 
During the drug development process, in vivo animal study is necessary to explore the effects of 69 
drug candidates on physiologic functions and systemic interactions between organs. However, 70 
ethical and cost issues have increased the concerns regarding animal experiments2. Therefore, 71 
improved in vitro assay systems are needed to obtain more accurate and predictable data leading 72 
to the better decision-making before animal experiments. Current in vitro angiogenesis assays 73 
usually measure proliferation, invasion, migration, or tubular structure formation of endothelial 74 
cells (ECs) seeded in two-dimensional (2D) culture plates3. These 2D angiogenesis assays are 75 
quick, simple, quantitative, and cost-effective, and have significantly contributed to the discovery 76 
of angiogenesis-modulating drugs. However, several issues remain to be improved.  77 
 78 
Such 2D in vitro assay systems cannot reflect complex multi-step events of angiogenesis that 79 
occurs in in vivo physiologic conditions, leading to inaccurate results that cause discrepancies 80 
between in vitro assay data and clinical trial outcomes4. 2D culture conditions also induce the 81 
change of cellular phenotypes. For example, after proliferation in 2D culture plates, ECs have a 82 
weak cellular phenotype as manifested by reduced expression of CD34 and several signals that 83 
govern cellular responses5,6. To overcome the limitations of 2D culture-based angiogenesis assay 84 
systems, three-dimensional (3D) spheroid angiogenesis assay systems have been developed. 85 
Sprouting followed by tubular structure formation from spheroids formed by ECs reflect in vivo 86 
neo-vascularization processes7,8. Thus, the 3D spheroid angiogenesis assay has been considered 87 
an effective assay system for screening potential pro- or anti-angiogenesis drugs.  88 
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 89 
Most 3D spheroid angiogenesis assays utilize only ECs, mainly human umbilical vein endothelial 90 
cells (HUVECs) or human dermal microvascular endothelial cells (HDMECs) to focus on the cellular 91 
response of ECs during angiogenesis. However, blood capillaries are composed of two cell types: 92 
ECs and pericytes. Elaborating bi-directional interaction between ECs and pericytes is critical for 93 
proper vascular integrity and function. Several diseases, such as hereditary stroke, diabetic 94 
retinopathy, and venous malformation, are associated with altered pericyte density or decreased 95 
pericyte attachment to the endothelium9. Pericytes are also known as a key element of the 96 
angiogenic process. Pericytes are recruited to stabilize newly-formed vessel structures by ECs. In 97 
this regard, mono-culture spheroid angiogenesis assay does not incorporate pericytes7,10. 98 
Therefore, co-culture spheroids formed by ECs and pericytes may provide a valuable approach to 99 
more closely mimic physiologic angiogenic events. 100 
 101 
The present study aimed to develop a 3D co-culture spheroid angiogenesis assay with a 102 
combination of human endothelial colony forming cells (ECFCs) and mesenchymal stem cells 103 
(MSCs) to more closely reflect in vivo angiogenesis. Co-culture spheroid system as an in vitro 104 
representation assembly of a normal blood vessel was first established by Korff et al. in 200111. 105 
They combined HUVECs and human umbilical artery smooth muscle cells (HUSMCs), and 106 
demonstrated that co-culture of two mature vascular cells decreased the sprouting potential. 107 
Mature ECs (HUVECs) are known to progressively lose their ability to proliferate and differentiate, 108 
which negatively affects their angiogenesis responses12,13. Mature perivascular cells (HUSMCs) 109 
can cause endothelial cell inactivation through the abrogation of the vascular endothelial growth 110 
factor (VEGF) responsiveness11. The main difference between Korff’s and our co-culture spheroid 111 
system is the cell types used. We applied two vascular precursors, ECFCs and MSCs, to establish 112 
a proper angiogenesis assay system to screen and investigate pro-or-anti-angiogenic agents. 113 
ECFCs are the precursor of ECs. ECFCs have robust proliferation capacity compared with mature 114 
ECs14, which enable to overcome the limitation of ECs. ECFCs contribute to new vessel formation 115 
in many post-natal pathophysiologic conditions15-17. MSCs are pluripotent stem cells that have 116 
the capacity to differentiate into pericytes, thereby contributing to angiogenesis18,19.  117 
 118 
In previous reports, ECFCs and MSCs showed synergistic effects on in vitro tube formation20, in 119 
vivo neo-vascularization21,22, and improved reperfusion of ischemic tissues23,24. In the present 120 
study, ECFCs and MSCs were used to form co-culture spheroids and embedded in type I collagen 121 
gel to reflect an in vivo 3D environment. Collagen is considered as a major constituents of the 122 
extracellular matrix (ECM) surrounding ECs25. The ECM plays a critical role in regulating cell 123 
behavior26. The assay protocol proposed here can be easily and quickly carried out within two 124 
days using common laboratory techniques. For effective cell tracking during the sprouting 125 
process, each cell type can be fluorescently labeled and monitored using a real-time cell recorder. 126 
The newly-established 3D co-culture spheroid angiogenesis assay system is designed to increase 127 
sensitivity for evaluating potential angiogenic modulators and to provide predictable information 128 
in advance of in vivo study. 129 
 130 
PROTOCOL 131 
Human ECFCs were isolated from human peripheral blood as described in a previous report27. 132 
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Briefly, the mononuclear cell layer was separated from the whole blood using the Ficoll-Paque 133 
Plus, and cultured in the proper medium until the endothelial-like colonies were appeared. 134 
Colonies were collected and ECFCs were isolated using CD31-coated magnetic beads. MSCs were 135 
isolated from the adherent mononuclear cell (MNC) fraction of human adult bone marrow. The 136 
study protocol was approved by the institutional review board of Duksung Women’s University 137 
(IRB No. 2017-002-01). 138 
 139 
1. Cell culture 140 
 141 
1.1. Preparing ECFCs and MSCs medium and coat plates 142 
 143 
1.1.1. Prepare endothelial cell growth medium MV2 (ECGM-MV2, except hydrocortisone) 144 
supplemented with 10% fetal bovine serum (FBS) and 1% glutamine-penicillin-streptomycin 145 
(GPS). 146 
 147 
1.1.2. Prepare mesenchymal stem cell growth medium-2 (MSCGM-2) containing 10% FBS and 148 
1% GPS. 149 
 150 
1.1.3. For ECFC culture, coat the cell culture plates with 1% gelatin solution. To prepare 1% 151 
gelatin solution, dissolve 1 g of gelation powder in 500 mL of PBS with the magnetic stirrer, and 152 
sterilize with autoclave. Plates can be coated with 3 mL/60 mm, 5 mL/100 mm, or 15 mL/150 mm 153 
of 1% gelatin solution. Incubate coated plates for 15 min in a cell culture incubator (37 °C and 5% 154 
CO2). After then, remove the remaining 1% gelatin solution by aspiration and wash the coated 155 
plates one time with PBS.  156 
 157 
1.2. Growing ECFCs and MSCs 158 
 159 
1.2.1. Seed 1x106 ECFCs on 1% gelatin-coated 150 mm plates, and grow using ECGM-MV2 (10% 160 
FBS, 1% GPS) in a cell culture incubator (37°C and 5% CO2) to 80-90% confluency. Use ECFCs at 161 
passage numbers 7-10 to obtain consistent results. 162 
 163 
1.2.2. Seed 1x106 MSCs on non-coated 150 mm plates, and grow using MSCGM-2 in a cell culture 164 
incubator (37°C and 5% CO2) to 80-90% confluency. Use MSCs at passage numbers 7-10 to obtain 165 
consistent results. 166 
 167 
2. Preparation of 1.2% w/v methylcellulose solution 168 
 169 
2.1. Measure 6 g of methyl cellulose in a 500 mL glass bottle and sterilize in an autoclave. 170 
 171 
2.2. Heat ECGM-MV2 (without FBS and GPS) at 60 °C for 20 min, and add 250 mL of heated 172 
ECGM-MV2 to sterilized methyl cellulose powder. To maintain sterile conditions, carry out the 173 
process inside the flow hood. 174 
 175 
2.3. Add a sterilized magnetic stir bar and mix the solution for 20 min on the magnetic stirrer 176 
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until the methyl cellulose is thoroughly wetted and evenly dispersed with no lumps. Add 250 mL 177 
of cold (4 °C) ECGM-MV2 (without FBS and GPS) under the sterile condition and mix for an 178 
additional 10 min on the magnetic stirrer. Then, chill the solution in a refrigerator (4 °C) overnight.  179 
 180 
NOTE: Methylcellulose is a carbohydrate polymer that dissolve well in cool temperatures due to 181 
swelling and subsequent hydration. 182 
 183 
2.4. The next day, aliquot the solution in a 50 mL tube and centrifuge at 5000 x g for 3 h at 4 184 
°C. Take the clear viscous supernatant solution and store at 4 °C until use for up to 3-6 months. 185 
 186 
NOTE: The sediment may contain residual cellulose fiber, so gently take the supernatant solution 187 
leaving behind at least 5 mL of volume. This volume can be adjusted according to experimental 188 
conditions. 189 
 190 
3. Generation and embedding of ECFCs-only, MSCs-only, and ECFCs-MSCs spheroids 191 
 192 
Day 1  193 
 194 
3.1. Preparing ECFCs and MSCs cell suspension 195 
 196 
3.1.1. Wash the 80-90% confluent ECFCs and MSCs by adding phosphate buffered saline (PBS) 197 
without calcium and magnesium, and aspirate.  198 
 199 
3.1.2. To detach ECFCs and MSCs from the culture plate, incubate them with 0.05% trypsin-EDTA 200 
for 3 min and 5 min in a cell culture incubator (37°C and 5% CO2), respectively, in a cell culture 201 
incubator.  202 
 203 
3.1.3. Inactivate trypsin by adding DMEM medium containing 10% FBS and 1% GPS. Pipette the 204 
cells up and down to create a single cell suspension.  205 
 206 
3.1.4. Sediment the cells by centrifuging at 282 x g for 5 min at RT. 207 
 208 
3.1.5. Remove the supernatant, and re-suspend the cells in the respective medium.  209 
 210 
3.2. Labeling ECFCs and MSCs with fluorescent dye 211 
 212 
NOTE: Perform cell membrane labelling of ECFCs with PKH67 (green) and MSCs with PKH26 (red) 213 
fluorescent dye following the manufacturer’s instructions with slightly modifications as follows. 214 
 215 
3.2.1. Wash the cells two times with serum free medium to remove FBS. 216 
 217 
NOTE: Proteins and lipids in FBS reduces the effective dye concentration for labelling cells by 218 
binding. 219 
 220 
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3.2.2. Count ECFCs and MSCs using a hemocytometer under the microscope, and transfer 3 x 221 
106 ECFCs and 2 x 106 MSCs into 2 mL micro-tubes. 222 
 223 
NOTE: These are the optimum cell densities for labelling cells with dyes. Use of a large number 224 
of cells causes poor and heterogeneous staining, whereas use of too few cells yields poor cells 225 
recovery.  226 
 227 
3.2.3. Centrifuge the tubes at 100 x g for 5 min to obtain a cell pellet. Carefully aspirate the 228 
supernatant leaving no more than 15-25 µL of residual volume.  229 
 230 
3.2.4. Re-suspend ECFCs and MSCs in 250 µL of Diluent C from the dye kit. Gently pipette the 231 
cell suspension to ensure complete dispersion. 232 
 233 
NOTE: Diluent C is a physiologic salt, and may reduce the staining efficiency of dye by forming 234 
micelles. Therefore, do not let cells stand in diluent C for long, and do not vortex the tubes. 235 
 236 
3.2.5. Prepare the staining solution for ECFCs by adding 5 µL of PKH67 to 250 µL of Diluent C 237 
(final concentration of 20 µM) and for MSCs by adding 3 µL of PKH26 to 250 µL of Diluent C (final 238 
concentration of 12 µM ).  239 
 240 
NOTE: The final dye concentrations are different from the manufacturer’ recommendations. High 241 
concentration would lead to cell clumping and cell toxicity. Low concentration would not be 242 
sufficient for staining. 243 
 244 
3.2.6. Add 250 µL of ECFCs cell suspension to 250 µL of PKH67 dye solution, and 250 µL of MSCs 245 
to 250 µL of PKH26 dye solution. Immediately mix the cells with dyes by pipetting up and down 246 
and incubate for 5 min at room temperature. For better results, cover the tube with aluminum 247 
foil and place on a shaker to ensure sufficient mixing during staining. 248 
 249 
3.2.7. Stop the staining process by adding 0.5 mL of FBS to the stained cell suspension, and then 250 
incubate for 1 min to allow FBS to bind excess unbound dye. Sediment the stained cells by 251 
centrifuging at 100 x g for 5 min.  252 
 253 
NOTE: ECFCs and MSCs pellets are light yellow and pink, respectively, after staining.  254 
 255 
3.2.8. Carefully remove the supernatant and wash the cells two times with complete medium 256 
to remove excess dye. Centrifuge the tubes at 100 x g for 5 min and re-suspend the pellet in 2 257 
mL of each complete medium. 258 
 259 
3.3. Generating ECFC, MSC, or ECFC+MSC spheroids 260 
 261 
NOTE: Apply the hanging drop technique to generate spheroids as described previously28. The 262 
steps for the preparation of spheroids are given below. 263 
 264 
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3.3.1. Count the stained ECFCs and MSCs.  265 
 266 
3.3.2. Suspend stained ECFCs, MSCs or ECFCs+MSCs in ECGM-MV2 containing 20% 267 
Methylcellulose solution and 5% FBS. Prepare at a cell density of 4 x 104 cells/mL for ECFCs or 268 
MSCs (25 µL of cell suspension contains 1,000 cells). For two cell suspension of ECFCs and MSCs, 269 
prepare at a cell density of 2 x 104 cells/mL ECFCs and 0.4 x 104 cell/mL MSCs (25 µL contains 500 270 
ECFCs and 100 MSCs).  271 
  272 
NOTE: Ratio of ECFCs to MSCs should not exceed 5:1. A larger number of MSCs could lead to 273 
excessive migration and irregular sprout morphology. A smaller number of MSCs could cause 274 
poor interaction between cells, yielding poor sprouting.  275 
 276 
3.3.3. Prepare a hydration unit by adding 15 mL of PBS into the bottom of a 150 mm culture 277 
plate.  278 
 279 
3.3.4. Transfer the cell suspension into the sterilized polystyrene rectangular reservoir for the 280 
use of multichannel pipette. Disperse the cells suspension evenly by pipetting.  281 
 282 
3.3.5. Deposit 25 µL drops of cell suspension onto the cover of a 150 mm culture plate using a 283 
multi-channel pipette (approximately 100 drops/cover of the 150 mm plate). Invert the cover 284 
over a PBS-filled hydration unit and incubate in a cell culture incubator for 24 h.  285 
 286 
NOTE: Methylcellulose solution provides a proper viscosity to the suspension solution. When the 287 
hanging drop method was performed without methylcellulose solution, drops were easily slipped 288 
down when the cover was inverted (Supplemental Figure 1). Furthermore, after overnight 289 
incubation, the spheroids were not perfectly formed without methylcellulose solution. This result 290 
indicate that proper viscosity by methylcellulose solution is necessary to form round shape of the 291 
spheroids. 292 
 293 
Day 2  294 
 295 
3.4. Embeding spheroids in neutralized collagen gel 296 
 297 
3.4.1. Warm FBS and ECGM-MV2 (without FBS and GPS) in a water bath (37 °C). Place cold 298 
methylcellulose solution on a work bench to bring to room temperature.  299 
 300 
3.4.2. Place a 24-well plate in a cell culture incubator (37 °C) for warming.  301 
 302 
3.4.3. Cut the pointed 1 mL pipette tips 3-5 mm to aspirate spheroids and viscous suspensions, 303 
such as methylcellulose solution and type I collagen, comfortably and accurately.  304 
 305 
3.4.4. Prepare 3 mg/mL neutralized type I collagen gel on ice following the type I collagen gel 306 
manufacturer’s instruction.  307 
 308 
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NOTE: Neutralization should be performed on ice to avoid gelation of collagen at room 309 
temperature. For one well of a 24-well plate, 500 µL of neutralized collagen is needed. Always 310 
prepare 1 mL extra volume of collagen. Collagen gel can be used up to 2-3 h after neutralization 311 
if kept on ice. 312 
 313 
3.4.5. Harvest the spheroids by rinsing the cover containing spheroids with 5 mL of PBS. Collect 314 
spheroid-suspended solution in a 50 mL conical tube. Re-rinse the cover with 5 mL of PBS to 315 
obtain the remaining spheroids.  316 
 317 
NOTE: During harvest, closely observe to confirm the existence of spheroids. For more visual 318 

inspection, transfer about 50-100 L of spheroid-suspended solution on the slide glass, and check 319 
the round shape of the spheroids under the microscope. 320 
 321 
3.4.6. Sediment the spheroids by centrifuging at 282 x g for 5 min. Discard the supernatant 322 
carefully without disturbing the spheroids leaving behind not more than 100-200 µL of residual 323 
volume.  324 
 325 
3.4.7. Gently tap on the wall of the tube so that spheroids are freely suspended in the remaining 326 
100-200 µL residual solution.  327 
 328 
3.4.8. Add ECGM-MV2 containing 5% FBS and 40% methylcellulose solution to the spheroid-329 
containing tube. The volume added is determined based on approximately 100 spheroids/mL. 330 
Gently mix the spheroid suspension by pipetting with a blunt 1 mL pipette tip.  331 
 332 
NOTE: Methylcellulose solution is widely used as a suspending agent that does not allow 333 
spheroids to sediment. FBS concentration should be 5%. Higher FBS concentration causes 334 
abnormal sprouting due to excessive growth factors. Lower FBS concentration cannot maintain 335 
healthy conditions for cells. 336 
 337 
3.4.9. Mix spheroid-suspension solution and neutralized-type I collagen gel (3 mg/mL) at a 1:1 338 
ratio on ice. Use a blunt 1 mL pipette tip to avoid breaking of spheroids. 339 
 340 
NOTE: 1 mL of the spheroids-suspending collagen gel solution is required for one well of a 24-341 
well plate. Make an extra mixed suspension solution if possible. 342 
 343 
3.4.10. If the angiogenic properties of any agent(s) or chemical(s) need to be tested, transfer 1 344 
mL of the spheroid-suspending collagen gel solution in a 1 mL micro-tube and add agent(s) or 345 
chemical(s) followed by gentle mixing with a blunt 1mL pipette tip. 346 
 347 

NOTE:. The volume of agent and chemical can sum to 200 L, which dilutes the type I collagen 348 
gel concentration from 1.5 mg/mL to 1.25 mg/mL, but does not affect type I collagen gel 349 
polymerization. Add same volume of vehicle to the control spheroids.  350 
 351 
3.4.11. Add the spheroid-suspending collagen gel solution into wells of a pre-warmed 24-well 352 



   

9 
 

plate (0.9 mL/well) by pipetting, and then incubate for 30 min in a cell culture incubator for 353 
polymerization. 354 
 355 
NOTE: During the spheroid embedding process, do not disturb the gel by agitating the plate. 356 
 357 
3.4.12. Cover the spheroid-suspending collagen gel by adding 100 µL of ECGM-MV2 containing 358 
2.5% FBS with/without VEGF. For ECFC-only spheroids, stimulate the cells with exogenous 359 
addition of VEGF (final concentration of 50 ng/mL) to form proper sprouts. ECFC+MSC spheroids 360 
do not require exogenous stimulation by any growth factors.  361 
 362 
3.4.13. Place the plate in a real-time cell recorder installed in a cell culture incubator (37 °C and 363 
5% CO2), and randomly focus on 5-10 spheroids (10X objective lens). Monitor the sprouting 364 
formation of each fluorescence-labeled spheroids every 1 h for 24 h without any disturbance.  365 
 366 
4. Quantitate spheroid sprouting 367 
 368 
4.1. Import the image files to Image J software to quantitate the number of sprouts and 369 
measure the length of each sprout. For co-culture spheroids, label ECFCs with green fluorescent 370 
dye before making spheroids. Then, measure the number and length of sprouts stained with 371 
green fluorescence (Supplemental Figure 2). Five randomly-selected spheroids were quantified 372 
per experimental group. 373 
 374 
NOTE: Sprouts are collaboratively elongated structures formed by several ECFCs extending out 375 
of spheroids. Sprout length is measured as the length from the point of sprouts origin from the 376 
surface of the spheroids to the tip of sprouts.  377 
 378 
4.2. Express the values as means ± SEM of at least three independent experiments. Determine 379 
the statistically significant difference by one-way ANOVA for multiple comparisons or Student’s 380 
t-test for paired comparisons.  381 
 382 
NOTE: P≤0.05 is considered statistically significant. 383 
 384 
REPRESENTATIVE RESULTS:  385 
Comparison experiments were performed using mono-culture spheroids (ECFCs-only) and co-386 
culture spheroids (ECFCs+MSCs) to examine whether MSCs play a considerable role in ECFCs-387 
mediated angiogenesis. Sprouting formation from each spheroid was monitored for 24 h by a 388 
real-time cell recorder that could capture the progression of angiogenic sprouting from 389 
spheroids. Angiogenic potential was quantified by counting the number of sprouts and measuring 390 
the cumulative length of sprouts generated from individual spheroids. Five randomly-selected 391 
spheroids per experimental group were analyzed. For ECFCs+MSCs spheroids, number of sprouts 392 
and cumulative sprout length were significantly higher compared with those of ECFCs-only 393 
spheroids at all time-points (Figure 1A-C). Sprout number and length of ECFCs+MSCs spheroids 394 
increased continuously for 12 h, but number and length of ECFCs-only spheroids increased for 6 395 
h and did not change at later time-points (Figure 1B,C). In addition, sprouts formed by 396 
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ECFCs+MSCs spheroids were thicker and more durable than those formed by ECFCs-only 397 
spheroids with/without VEGF treatment (Figure 1A, and Supplemental Video 1A,B,D). MSCs-only 398 
spheroids did not form sprouts but showed individual migration of MSCs outside of spheroids 399 
(Figure 1A and Supplemental Video 1C). These results demonstrate the significant contribution 400 
of MSCs, pericyte precursors, to the cellular angiogenesis of ECFCs. MSCs are known to secrete 401 
various growth factors29 that may stimulate ECFCs to form sprouts and tubular structures.  402 
 403 
ECFCs were labelled with green-fluorescent dye and MSCs were labeled with red-fluorescent dye 404 
before combining to generate ECFCs+MSCs spheroids. Together with real-time recording , this 405 
live cell fluorescence labeling technique can track the cellular movements of ECFCs and MSCs 406 
during sprout formation. Fluorescent imaging showed that ECFCs-mediated sprout structures 407 
were covered with MSCs (Figure 2 and Supplemental Video 2). This suggest that combined MSCs 408 
function as perivascular cells during sprout formation, which enhance sprout stability and 409 
durability by the tight association between two vascular cells.  410 
 411 
The newly-developed co-culture spheroid assay system was tested with bevacizumab, an FDA-412 
approved angiogenesis inhibitor, to verify its potential to screen anti-angiogenic drugs. 413 
ECFCs+MSCs spheroids pretreated with bevacizumab showed decreased sprout number and 414 
cumulative sprout length in a dose-dependent manner compared with control ECFCs+MSCs 415 
spheroids (Figure 3A,B). In parallel experiments, ECFCs-only spheroids pretreated with 416 
bevacizumab followed by stimulation with VEGF (50 ng/mL) also showed decreased VEGF-417 
induced sprout number and cumulative sprout length in a dose-dependent manner (Figure 3C,D). 418 
Of note, the IC50 values of bevacizumab for inhibiting cumulative sprout length in ECFCs+MSCs 419 
spheroids was 46 times greater than that in ECFCs-only spheroids (Table 1). This result strongly 420 
implies that higher concentration is needed to inhibit physiologically-relevant vascular formation 421 
by ECFCs and MSCs compared with the concentration needed to inhibit only EC-mediated 422 
vascular formation.  423 
 424 
Next, a xenograft tumor mouse model was performed with bevacizumab treatment to reveal 425 
which spheroid system provide predictable data correlating with in vivo effective plasma 426 
concentration. Human-derived glioblastoma U87MG-Red-FLuc cell line was subcutaneously 427 
injected to immune-deficient mice. After confirming tumor formation at 1 week, mice were 428 
randomly divided into 3 groups that received different treatments: control (0 mg/kg), low dose 429 
(1 mg/kg), and high dose (30 mg/kg). Tumor growth was significantly inhibited in the 30 mg/kg-430 
treated group compared with control group (Supplemental Figure 3A). The 1 mg/kg-treated 431 
group showed a tendency for tumor decrease, but there was no statistical difference compared 432 
with control group. Mouse plasma concentration at 3 week of bevacizumab treatment was 433 

568.0±40.62 g/mL at 30 mg/kg and 38.1±0.72 g/mL at 1 mg/kg (Supplemental Figure 3B). 434 

Notably, plasma concentration of bevacizumab showing effective inhibition (568.0±40.62 g/mL 435 
at 30 mg/kg for 3 week treatment) was closely achieved by ECFCs+MSCs spheroids 436 

(1261.5±214.49 g/mL) but not ECFCs-only spheroids (27.0±9.97 g/mL). Thus, the ECFCs+MSCs 437 
spheroid angiogenesis assay system can be considered as a suitable assay system for predicting 438 
effective plasma concentration in advance of animal experiments. 439 
 440 
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FIGURE AND TABLE LEGENDS:  441 
Figure 1: Sprout formation from ECFCs-only, MSCs-only, and ECFCs+MSCs spheroids. (A) 442 
Representative images of sprout formation from ECFCs-only, MSCs-only and ECFCs+MSC 443 
spheroids embedded in type I collagen gel at 0, 6, 12, 18, and 24 h (scale bar = 100 µm). (B) 444 
Quantitative graph of sprout number formed from ECFCs-only and ECFCs+MSCs spheroids 445 
(mean±SEM, n = 3). (C) Quantitative graph of cumulative sprout length formed from ECFCs-only 446 
and ECFCs+MSCs spheroids (mean±SEM, n = 3). * indicates significant difference between ECFCs-447 
only and ECFCs+MSCs spheroids at the same time-points (p ≤ 0.05). # indicates significant 448 
difference between groups indicated by a bracket (p ≤ 0.05). This figure has been modified from 449 
a previous pubication30. 450 
 451 
Figure 2: Localization of ECFCs and MSCs in sprout structures. Representative images showing 452 
locations of two cell types in sprout structures after 24 h. ECFCs and MSCs were fluorescently 453 
labelled with PKH67 (green) and PKH26 (red), respectively, and performed 3D ECFCs+MSCs 454 
spheroid angiogenesis assay. Arrows shows that MSCs were covered with ECFCs-mediated sprout 455 
structures (scale bar=100 µm).  456 
 457 
Figure 3: Inhibitory effect of bevacizumab on sprout formation from ECFCs+MSCs and ECFCs-458 
only spheroids. ECFCs+MSCs and ECFCs-only spheroids were treated with bevacizumab, and 459 
sprout formation was monitored for 24 h. (B) Quantitative graph of cumulative sprout length 460 
from ECFCs+MSCs spheroids treated with bevacizumab (mean±SEM, n = 3). (C) Quantitative 461 
graph of sprout number from VEGF-stimulated ECFCs-only spheroids treated with bevacizumab 462 
(mean±SEM, n = 3). (D) Quantitative graph of cumulative sprout length from VEGF-stimulated 463 
ECFCs-only spheroids treated with bevacizumab (mean±SEM, n = 3). * indicates significant 464 
difference from control group (white bar) (p ≤ 0.05). # indicates significant difference from VEGF-465 
treated group (black bar) (p≤0.05). 466 
 467 
Table 1: IC50 values of bevacizumab for inhibition of cumulative sprout length in either ECFCs-468 
only or ECFCs+MSCs spheroids. ECFCs-only spheroids were treated with bevacizumab followed 469 
by stimulation with VEGF (50 ng/mL), which is required for sprout formation from ECFCs-only 470 
spheroids. ECFCs+MSCs spheroids were treated with bevacizumab without VEGF stimulation. 471 
Both spheroids embedded into type I collagen gel, and sprout formation from each spheroid was 472 
observed for 24 h using a real-time cell recorder. Data are represented as mean ± SEM (n = 3). 473 
 474 
DISCUSSION:  475 
The present study introduce an improved in vitro angiogenesis assay system utilizing co-culture 476 
spheroids formed by two human vascular cell progenitors, ECFCs and MSCs. Co-culture spheroid 477 
system can mimic in vivo vascular sprout formation, which is accomplished by interaction and 478 
incorporation between endothelial cells and pericytes. Compared to other in vitro angiogenesis 479 
assays that reflect only ECs-mediated angiogenesis, this co-culture assay system is more 480 
representative of the multistep cascade of physiologic angiogenesis including cellular interaction, 481 
sprouting, tube formation, and vessel maturation. This newly-established assay system also 482 
resembles the in vivo extracellular microenvironment by seeding spheroids into type I collagen 483 
gel. We suggest that the 3D co-culture spheroid angiogenesis assay system is reliable, repeatable, 484 
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easily quantifiable, and most importantly physiologically relevant. 485 
 486 
While performing the co-culture spheroid assay, it is essential to embed spheroids into gel with 487 
appropriate concentration of neutralized type I collagen and FBS. The best final concentration of 488 
neutralized type I collagen is 1.5 mg/mL, and the percentage of FBS is 2.5%. In the preliminary 489 
experiments, higher concentrations of collagen resulted in stiff gel and hampered the quality and 490 
quantity of sprouts originating from spheroids. Lesser concentrations of collagen yielded soft and 491 
fragile gel that could not maintain the integrity of spheroids. Similarly, higher amounts of FBS 492 
caused plethoric sprouting from spheroids at the basal level irrespective of angiogenic factor 493 
stimulation. Lower FBS concentration led to poor conditions of cells. For consistent and 494 
reproducible results, a proper number of spheroid should be embedded (about 50 495 
spheroids/well). More than 50 spheroids/well could lead to close proximity of spheroids within 496 
the well, which may abnormally affect the quality and quantity of sprouts generated.  497 
 498 
It is critical to maintain type I collagen in chilled conditions during neutralization and mixing steps 499 
with the spheroid suspension because collagen can clot at room temperature, resulting in an 500 
irregular matrix. While mixing the spheroid suspension with collagen solution, it is recommended 501 
to use 1 mL pipette tip with 3-5 mm cut at the end to make wide hole. This enables easy handling 502 
of the viscous collagen solution and protects spheroids from rupture. Agitation of the plate after 503 
embedding spheroid-suspended collagen solution could disturb the integrity of the gel and result 504 
in breakage that may hamper normal sprout generation. 505 
 506 
In co-culture spheroid assay using ECFCs and MSCs, 5:1 ratio should be maintained. Use of a larger 507 
number of MSCs causes spreading around the spheroid due to the migratory phenotype of MSCs, 508 
which can affect ideal sprout generation. A smaller number of MSCs is insufficient to stimulate 509 
ECFCs sprouting and cover the sprouts properly. In addition, it is essential to check cell conditions 510 
during growth. If poor sprouting is observed, it is recommended to use another healthy passages 511 
of the cells. For better outcome, use of ECFCs and MSCs at passage less than 10 is strongly 512 
recommended.  513 
 514 
Here, we present an improved 3D angiogenesis assay system using co-culture spheroids that 515 
closely capture in vivo angiogenesis. Compared with 2D single cell assay systems, this co-culture 516 
spheroid assay system reflect more faithfully cellular responses between two vascular cell types 517 
to form tubular structures in physiologic conditions. However, this system remains oversimplified 518 
compared to the complex multi-step process of in vivo angiogenesis. Vascular generation in vivo 519 
usually occurs through multiple interaction of various other cell types, including epithelial cells, 520 
fibroblasts, immune cells, and also abundant ECM proteins. Future applications of this new 521 
system include introduction of other cell types and the ECM to more precisely reflect the 522 
physiological and/or pathological angiogenesis.  523 
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