
 
 

 

Cite as: Guelfi, S. et al. (2026). Stepwise Differentiation of Mouse Embryonic Stem Cells Into Murine Blood Vessel 
Organoids With Endothelial Lineage Tracing for Quality Control. Bio-protocol 16(13): e5727. DOI: 
10.21769/BioProtoc.5727 
Copyright: © 2026 The Authors; exclusive licensee Bio-protocol LLC. 
This is an open access article under the CC BY-NC license (https://creativecommons.org/licenses/by-nc/4.0/). 

1 

 

Published: Jun 05, 2026 

Open Access 

Stepwise Differentiation of Mouse 
Embryonic Stem Cells Into Murine Blood 
Vessel Organoids With Endothelial Lineage 
Tracing for Quality Control 
 
Sophie Guelfi1, 2, *, §, Sarah Bopp1, 2 and Gabriele Bergers1, 2, * 
 
1Laboratory of Tumor Microenvironment and Therapeutic Resistance, VIB-KU Leuven Center for Cancer Biology, Leuven, 
Belgium 
2Department of Oncology, KU Leuven, Leuven, Belgium 
*For correspondence: sophieguelfi@gmail.com; gabriele.bergers@kuleuven.be  
§Technical contact 
 
 

Abstract 
 
In vitro vascular models are most informative when they recapitulate endothelial assembly within a 3D microenvironment. 
Blood vessel organoids (BVOs) enable the study of vascular heterogeneity, function, and organ-instructive cues in 
development, homeostasis, and disease. Here, we present a robust stepwise method to generate murine blood vessel 
organoids (mBVOs) from feeder-dependent mouse embryonic stem cells (mESCs) of common genetic backgrounds. 
Embryoid bodies (EBs) are formed using strain-specific seeding densities (day 0–3), followed by mesoderm induction (day 
3–6) and vascular induction (day 6–8). Induced EBs are embedded in collagen I with Geltrex to drive sprouting and network 
formation (day 8–13). Vascular networks are microdissected and grown in suspension to yield mature mBVOs (day 21–30). 
The inclusion of a Cre-inducible VE-cadherin-GFP reporter line enables a quantitative quality control, reducing variability 
by excluding poorly differentiated organoids. The protocol reliably produces ~100 mBVOs per differentiation and is 
compatible with engineered mouse strains for gain- and loss-of-function studies, functional assays of vascular plasticity, and 
syngeneic grafting to assess perfusion. Thus, mBVOs provide a scalable and traceable 3D platform that bridges endothelial 
assays, mouse models, and human organoid systems. 
 
 

Key features 
• A detailed timeline to differentiate feeder-dependent mESCs into mBVOs, with key success readouts and 

troubleshooting. 
• Efficient across three genetic backgrounds with strain-specific EB seeding densities and typical yields of ~100 mBVOs 

per differentiation. 
• The inducible VE-cadherin-GFP lineage tracing/reporter system provides an endothelial quality control to quantify 

efficiency and exclude poorly differentiated organoids. 
• Compatible with engineered mouse strains for gain/loss-of-function, with in vitro assays of vascular 

plasticity/remodeling, and with syngeneic in vivo validation. 
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Graphical overview 
 

 
 
Workflow for the differentiation of mESCs into mBVOs, including the B6-Cdh5-iCre × mTmG reporter-based 
quality control. 129, 129S6 wild-type mouse strain; 4-OH-tam, 4-hydroxytamoxifen; B6, C57BL/6 wild-type mouse strain; 
B6x129, C57BL/6x129S6 F1 hybrid mouse strain; BMP, bone morphogenic protein 4; EB, embryoid body; EC, endothelial 
cell; FBS, fetal bovine serum; FGF, fibroblast growth factor; GFP, green fluorescent protein; mBVO, murine blood vessel 
organoid; mESC, murine embryonic stem cell; mVN, murine vascular network; pHEMA, poly(2-hydroxyethyl 
methacrylate); T25, cell culture flasks (25 cm2); ULA, ultra-low attachment; VE-Cad, vascular endothelial cadherin; VEGF, 
vascular endothelial growth factor. 
 
 

Background 
 
Modeling blood vessels in vitro has long been technically challenging because a functional vasculature is not solely defined 
by endothelial cells. In vivo, endothelial tubes are supported by mural/perivascular cells, a basement membrane, and the 
surrounding stroma, altogether maintaining barrier function and stability [1–3].  
As a result, 2D endothelial cultures or simple sprouting assays are well-suited for endothelial-centered studies, but they 
provide limited insight into how multicellular vascular units self-organize and adapt within vascular beds [4]. More complex 
co-culture and matrix-based systems increase physiological relevance, yet they are typically optimized to answer narrow 
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questions rather than capturing a broader, self-organizing vascular architecture that can be compared across experiments 
[5,6]. 
Human blood vessel organoids (hBVOs), initially described by Wimmer and colleagues, marked a major step forward. 
Taking advantage of the multilineage potential of pluripotent stem cells, they self-assemble into complex vascular structures 
in 3D, including endothelial, mural, mesenchymal, and immune compartments [7–9]. Since the original reports, hBVOs 
have been incorporated into a variety of organ-instructed assembloid systems. Notable examples include their integration 
with neural tissues [10,11] and their combination with pancreatic islets [12]. Beyond these applications, hBVOs have been 
widely used for disease modeling, including studies of diabetes [7], CNS malformations [13], neurodegeneration [14,15], 
aging [16], sepsis [17], and cancer metastasis [18]. 
Like other organoid systems [19], hBVOs offer clear advantages but also carry important limitations. A major strength is 
their ability to recapitulate human vascular organization and tissue-context effects. However, the system has practical limits. 
Human pluripotent stem cells are not always readily available, and hBVOs lack a substantial immune component, which 
restricts their use in vascular-immune and inflammation-focused studies [20]. Moreover, although perfusion can be 
engineered in vitro [21], many long-term perfusion and remodeling assays rely on transplantation into immunocompromised 
mice, which complicates the interpretation of immune-related processes [7,22]. 
Vascular studies have long been performed in mice because of their genetic traceability and physiological relevance [23]. 
Yet, there are significant differences between mouse and human vascular gene-expression programs [24,25]. Importantly, 
there is a strong push to replace, reduce, and refine animal experiments when possible [26], in accordance with European 
legislation (Directive 2010/63/EU; available at https://eur-lex.europa.eu/eli/dir/2010/63/oj/eng). 
In this protocol, we describe the stepwise differentiation of mouse embryonic stem cells (mESCs) into murine blood vessel 
organoids (mBVOs) following a defined timeline [27]. We adapted the hBVO method logic to the requirements of feeder-
dependent mESC cultures grown on mitotically inactivated mouse embryonic fibroblasts (MEFs). The protocol is 
reproducible with distinct genetic backgrounds and uses strain-specific embryoid body (EB) seeding densities to enhance 
reproducibility across lines. During routine differentiations, we typically obtain a consequent number of mBVOs (~100), 
enabling sufficient replicates for quantitative assays and statistical analyses [27]. 
A common challenge in organoid differentiation is achieving—and accurately quantifying—differentiation efficiency. To 
address this, we include an endothelial lineage-tracing module using B6-Cdh5-iCre × mTmG mESCs. After 4-
hydroxytamoxifen (4-OH-tam) induction in vitro, VE-cadherin-expressing cells switch from membrane tdTomato to 
membrane GFP, allowing identification and exclusion of poorly differentiated organoids. Cre-negative controls define the 
tomato-only baseline [27,28]. This approach offers a practical advantage over strategies that rely mostly on endpoint marker 
staining or morphology, and it provides a standardized method for batch selection [27]. 
Because the system is based on mESCs, it is compatible with genetically engineered mouse strains, enabling gain- or loss-
of-function studies targeting the endothelial compartment, as well as mural and immune cells, if suitable Cre tools are 
available. Finally, mBVOs provide a platform to study vascular plasticity and remodeling in vitro. In our original study, we 
used mBVOs to assess responses to pro-inflammatory cues, anti-angiogenic perturbations, and tumor–vasculature 
interactions using glioblastoma assembloids. We also demonstrated perfusion after syngeneic implantation in mice [27]. 
Together, mBVOs bridge the gap between mouse models, endothelial assays, and human BVO platforms. They provide a 
scalable murine 3D vascular system that is genetically traceable, with a quantitative quality control step to measure 
differentiation efficiency. We expect this protocol to enhance the reproducibility of BVO generation and to facilitate 
mechanistic studies that connect murine genetics with questions rooted in human vascular biology and disease. 
 
 

Materials and reagents 
 
Biological materials 
 
1. Mouse embryonic stem cells (mESCs), C57BL/6 × 129S6 F1 hybrid (B6x129) 
2. mESCs, C57BL/6 wild type (B6) 
3. mESCs, 129S6 wild type (129) 
4. mESCs, B6-Cdh5-iCre × mTmG (VE-cadherin lineage tracing line) 
5. mESCs, B6-Cdh5-iCre × mTmG Cre-negative (tdTomato-only control) 
6. Mouse embryonic fibroblasts (MEFs), isolated from mouse embryos and expanded as primary cultures before mitomycin 
C (MMC) inactivation and cryo-storage as feeder stocks 
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Note: mESC strains and primary MEFs were previously isolated and provided by the laboratories of Prof. Pieter Carmeliet 
and Prof. Kian Peng Koh, following previously described procedures [29–37].  
 
Reagents 
 
mESC/MEF culture 
1. KnockOut DMEM (Thermo Fisher Scientific, catalog number: 10829-018) 
2. ESC-qualified fetal bovine serum (FBS) (Thermo Fisher Scientific, catalog number: 10270106) 
3. L-glutamine (Thermo Fisher Scientific, catalog number: 25030-024) 
4. Sodium pyruvate (Thermo Fisher Scientific, catalog number: 11360-039) 
5. Non-essential amino acids (Thermo Fisher Scientific, catalog number: 11140-035) 
6. 2-mercaptoethanol (Sigma-Aldrich, catalog number: M6250); store at 4 °C 
7. Penicillin-streptomycin (Thermo Fisher Scientific, catalog number: 15140-122) 
8. Mouse leukemia inhibitory factor (mLIF) (PeproTech, catalog number: 250-02) 
9. DMEM high glucose (Thermo Fisher Scientific, catalog number: 41965-062) 
10. Trypsin-EDTA 0.25% (Thermo Fisher Scientific, catalog number: 25200056) 
11. Gelatin, from porcine skin (Sigma-Aldrich, catalog number: G1890) 
12. Distilled water, cell culture grade (Thermo Fisher Scientific, catalog number: 15230162) 
13. D-PBS without calcium and magnesium (Thermo Fisher Scientific, catalog number: 14190094) 
14. Mitomycin C (MMC) (Sigma-Aldrich, catalog number: M0503) 
 
Differentiation (N2B27 medium + growth factors) 
15. DMEM/F-12 (Thermo Fisher Scientific, catalog number: 11320-033) 
16. Neurobasal medium (Thermo Fisher Scientific, catalog number: 21103-049) 
17. N-2 supplement (Thermo Fisher Scientific, catalog number: 17502-048) 
18. B-27 supplement (Thermo Fisher Scientific, catalog number: 17504-044) 
19. Bovine albumin fraction V, 7.5% (Thermo Fisher Scientific, catalog number: 15260-037) 
20. Monothioglycerol (Sigma-Aldrich, catalog number: D6145); store at 4 °C 
21. Recombinant murine BMP4 (PeproTech, catalog number: 315-27) 
22. Recombinant murine VEGF165 (PeproTech, catalog number: 450-32) 
23. Forskolin (Bio-Techne, catalog number: 1099) 
 
Embedding/matrices 
24. MEM (10×), no glutamine (Thermo Fisher Scientific, catalog number: 21430020) 
25. Ham’s F-12 (Thermo Fisher Scientific, catalog number: 11765054) 
26. HEPES, 1 M (Thermo Fisher Scientific, catalog number: 15630080) 
27. NaHCO3, 7.5% (Sigma-Aldrich, catalog number: S8761) 
28. NaOH, 1.0 N (Sigma-Aldrich, catalog number: S2770) 
29. Bovine collagen I (PureCol, 3 mg/mL) (Advanced BioMatrix, catalog number: 5005) 
30. Geltrex LDEV-free reduced growth factor basement membrane matrix (Gibco, catalog number: A1413202) 
 
mBVO maturation 
31. Recombinant bFGF (PeproTech, catalog number: 450-33) 
32. Fetal bovine serum (FBS), batch-tested (Biowest, catalog number: S1810) 
 
Endothelial tracing for quality control 
32. 4-hydroxytamoxifen (4-OH-tamoxifen) (Sigma-Aldrich, catalog number: SML1666) 
 
Coating for embryoid body (EB) culture 
33. Poly(2-hydroxyethyl methacrylate) (polyHEMA) (Sigma-Aldrich, catalog number: P3932) 
34. Ethanol, 95% (VWR Chemicals, catalog number: 85829.360) 
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Solutions 
 
1. ESC medium (see Recipes) 
2. MEF medium (see Recipes) 
3. Mitomycin C (MMC) (see Recipes) 
4. Embryoid body (EB) medium (see Recipes) 
5. N2B27 medium (N2B27) (see Recipes) 
6. Mesoderm induction medium (N2B27 + BMP4) (see Recipes) 
7. Vascular induction medium (N2B27 + VEGF + forskolin) (see Recipes) 
8. Collagen I/Geltrex embedding mix (Embedding mix) (see Recipes) 
9. mBVO maturation medium (mBVO medium) (see Recipes) 
10. 0.1% gelatin coating solution (see Recipes) 
11. 4-hydroxytamoxifen (4-OH-tamoxifen) working solution (QC module) (see Recipes)  
12. polyHEMA coating solution (see Recipes) 
 
Recipes 
 
1. ESC medium (for feeder-dependent mESC maintenance) 

Reagent Final concentration Quantity or volume 
KnockOut DMEM  n/a to 500 mL 
ESC-qualified FBS  20% (v/v) 100 mL 
L-glutamine 2 mM 5 mL of 200 mM stock 
Sodium pyruvate  1 mM 5 mL of 100 mM stock 
Non-essential amino acids  0.1 mM each 5 mL of 100× stock 
2-mercaptoethanol 0.1 mM 6 μL 
Penicillin-streptomycin 100 U/mL (or 100 μg/mL) 5 mL of 100× stock 
mLIF 20 U/mL (or 10 ng/mL) 100 μL 

Prepare to a 500 mL total volume, filter-sterilize using a 0.22 μm PES membrane vacuum filter, and store at 4 °C for up to 
2 weeks. Store mLIF stocks at -80 °C following your lab practices. ESC-qualified FBS has been previously batch tested and 
validated for mESC maintenance. 
 
2. MEF medium 

Reagent Final concentration Quantity or volume 
DMEM high glucose n/a to 500 mL 
ESC-qualified FBS 10% (v/v) 50 mL 
L-glutamine 2 mM 5 mL of 200 mM stock 
Penicillin-streptomycin 100 U/mL (or 100 μg/mL) 5 mL of 100× stock 

Store at 4 °C for up to 4 weeks. Use the same batch of ESC-qualified FBS for this medium. 
 
3. Mitomycin C (MMC) 
Resuspend one vial of MMC powder in 4 mL of sterile D-PBS without calcium and magnesium to prepare a 0.5 mg/mL 
stock solution. Using a sterile 5 mL syringe, filter-sterilize the solution through a 0.22 μm PES syringe filter into a sterile 
15 mL tube. Aliquot the filtered MMC stock, protect from light, and store at 4 °C for up to 1 week once resuspended. 
Safety note: MMC is toxic. Prepare the stock solution under a biological safety cabinet, wear appropriate protection, and 
discard liquid and solid waste according to institutional chemical waste procedures. 
 
4. EB medium 
Prepare 250 mL of ESC medium (see Recipe 1) without mLIF, filter-sterilize using a 0.22 μm PES membrane vacuum filter, 
and store at 4 °C up to 2 weeks. 
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5. N2B27 medium (base medium used throughout differentiation) 
Reagent Final concentration Quantity or volume 
DMEM/F-12 50% (v/v) to 250 mL 
Neurobasal medium 50% (v/v) to 250 mL 
N-2 supplement 0.5% (v/v) 2.5 mL 
B-27 supplement 1% (v/v) 5 mL 
Bovine albumin fraction V, 7.5%  0.5 mg/mL 3.33 mL 
L-glutamine 2 mM 5 mL of 200 mM stock 
Penicillin-streptomycin 100 U/mL (or 100 μg/mL) 5 mL of 100× stock 
Monothioglycerol 150 μM 6.3 μL 

Prepare to a 500 mL total volume, filter-sterilize using a 0.22 μm PES membrane vacuum filter, and store at 4 °C for up to 
2 weeks. 
 
6. Mesoderm induction medium 

Reagent Final concentration Quantity or volume 
N2B27 medium n/a 30 mL 
Recombinant BMP4 30 ng/mL 9 μL (100 μg/mL stock) 

Prepare fresh on the day of use. Store BMP4 stocks at -80 °C following your lab practices. 
 
7. Vascular induction medium 

Reagent Final concentration Quantity or volume 
N2B27 medium n/a 50 mL 
Recombinant VEGF165 100 ng/mL 50 μL (100 μg/mL stock) 
Forskolin 2 μM 10 μL (10 mM stock) 

Prepare fresh on the day of use. Store VEGF165 and forskolin stocks at -80 °C following your lab practices. 
 
8. Collagen I/Geltrex embedding mix, pH 7.4 

Reagent Final concentration Quantity or volume 
MEM (10×), no glutamine n/a 313 μL 
Ham’s F-12 n/a 460 μL 
HEPES, 1 M n/a 63 μL 
NaHCO3, 7.5% n/a 49 μL 
L-glutamine n/a 31 μL 
Penicillin-streptomycin n/a 25 μL 
Bovine collagen I, 3 mg/mL n/a 3.33 mL 
NaOH, 1.0 N adjust pH to 7.4 500 μL 
Geltrex n/a 750 μL 

Prepare fresh on ice and use immediately. Mix by gentle inversion and slow pipetting to minimize bubble formation and to 
prevent premature gelation/precipitation. 
Note: The first components listed (up to and excluding collagen I) can be combined in any order. After adding collagen I, 
adjust the pH to ~7.4 with 1.0 N NaOH, and add Geltrex last. This mix is used to prepare layer 1 and then layer 2 (~5.5 mL 
per layer) and is sufficient to cover an entire 12-well plate during the embedding step. 
 
9. mBVO maturation medium 

Reagent Final concentration Quantity or volume 
N2B27 medium n/a to 100 mL (84.8 mL) 
FBS 15% (v/v) 15 mL 
Recombinant VEGF165 100 ng/mL 100 μL (100 μg/mL stock) 
Recombinant bFGF 100 ng/mL 100 μL (100 μg/mL stock) 

Prepare fresh on the day of use. Store bFGF stocks at -80 °C following your lab practices. 
Note: Use batch-tested FBS. ESC-qualified FBS is required for feeder-dependent mESC maintenance but is not required at 
this stage. 
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10. 0.1% gelatin coating solution 
Reagent Final concentration Quantity or Volume 
Gelatin (porcine skin) 0.1% (w/v) 0.5 g 
Distilled water n/a to 500 mL 

Dissolve, filter-sterilize using a 0.22 μm PES membrane vacuum filter, and store at 4 °C up to 1 month. 
 
11. 4-hydroxytamoxifen (4-OH-tamoxifen) working solution 
Prepare a 1 mM working solution by diluting the commercial 13 mM stock in ethanol. Aliquot (5 μL) and store at -20 °C 
protected from light (≤1 month). Avoid repeated freeze-thaw cycles and use fresh aliquots for each induction. Dilute in 
mBVO medium to a 1 μM final concentration and treat overnight on day 9. 
 
12. polyHEMA 1% coating solution for EB suspension culture 

Reagent Final concentration Quantity or volume 
polyHEMA 1% (w/v) 5 g 
Ethanol, 95% n/a to 500 mL 

Dissolve with stirring and warming at 75 °C, filter-sterilize using a 0.22 μm PES membrane vacuum filter, and store at 4 °C 
for up to 1 month. 
 
Laboratory supplies 
 
1. Cell culture flasks, T25 (Corning, catalog number: 430639) 
2. Cell culture plates, 6-well (Corning, catalog number: 3516) 
3. Cell culture plates, 12-well (Corning, catalog number: 3513) 
4. Cell culture dishes, 60 mm (Corning, catalog number: 430166) 
5. Cell culture plates, 96-well round-bottom ultra-low attachment (ULA) (Corning, catalog number: 7007) 
6. 15 mL conical sterile tubes (Corning, catalog number: 430790) 
7. 50 mL conical sterile tubes (Corning, catalog number: 430828) 
8. 1.5 mL microcentrifuge tubes (Eppendorf, catalog number: 0030120086) 
9. Serological pipettes (5 mL) (Corning, catalog number: 4487) 
10. Serological pipettes (10 mL) (Corning, catalog number: 4492) 
11. Serological pipettes (25 mL) (Corning, catalog number: 4251) 
12. Filter pipette tips, sterile, 10/20 μL (Corning Axygen, catalog number: TF-420-L-R-S) 
13. Filter pipette tips, sterile 200 μL (Corning Axygen, catalog number: TF-200-L-R-S) 
14. Filter pipette tips, sterile 1,000 μL (Corning Axygen, catalog number: TF-1000-L-R-S) 
15. Pipette tips, non-filtered, sterile, 200 μL (Corning Axygen, catalog number: T-200-C-R-S 
16. pH indicator strips (Merck, catalog number: 1.09543) 
17. Vacuum filter bottles [500 mL, 0.22 μm, polyethersulfone (PES)] (Corning, catalog number: 431097) 
18. Syringes, 5 mL, sterile, disposable (VWR, catalog number: 613-0917) 
19. Sterile syringe filters (0.22 μm, PES) (VWR, catalog number: 514-4122) 
20. Reagent reservoirs, sterile (25 mL) (VWR Collection, catalog number: 613-1175) 
21. Plastic forceps (Fine Science Tools, catalog number: 11700-00) 
22. Noyes spring scissors (straight) (Fine Science Tools, catalog number: 15012-12) 
23. Double spatula (straight, flat/rounded ends, 9 mm blade width) (VWR, catalog number: 231-1034) 
 
 

Equipment 
 
1. Class II biological safety cabinet (Clean Air, model: EF/S 4) 
2. Open biological cabinet with horizontal laminar flow (Telstar, model: Aeolus H5) 
3. CO2 incubator, humidified, 37 °C, 5% CO2 (Binder, model: C170-230V-R) 
4. Inverted phase-contrast microscope for routine culture (Leica, model: DM IL) 
5. Inverted phase-contrast microscope for imaging (Zeiss, model: Axiovert S100) 
6. Hemocytometer for cell counting (Blaubrand, model: Neubauer Improved Bright-Line) 
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7. Fluorescence microscope (for mTmG tdTomato/GFP readout) (Leica, model: Thunder) 
8. Stereomicroscope (2×–10×) (Zeiss, model: Stemi 508) 
9. LED Lamp, cold light source (Schott, model: KL1600 LED) 
10. Refrigerated centrifuge with swinging-bucket rotor (Eppendorf, model: 5702R) 
11. Water bath (room temperature to 37 °C) (Grant, model: SUB Aqua Pro 12L) 
12. Analytical balance (Sartorius, model: Entris 124-1S) 
13. Pipette, P10, 1–10 μL (Gilson, catalog number: F144802) 
14. Pipette, P20, 2–20 μL (Gilson, catalog number: F123600) 
15. Pipette, P200, 20–200 μL (Gilson, catalog number: F123601) 
16. Pipette, P1000, 100–1,000 μL (Gilson, catalog number: F123602) 
17. Multichannel pipette (30–300 μL) (Eppendorf, model: 3125000052) 
18. Vacuum aspiration system with disinfectant trap (Integra Biosciences, Vacusafe 158320) 
19. Aspiration pipette system with accessories (Integra Biosciences, Vacuboy hand operator set 155500) 
20. Refrigerator (4 °C) and freezer (-20 °C) (Liebherr) 
21. -80 °C freezer (for long-term reagent storage) (Thermo, model: UXF70086 ULT) 
22. Dry incubator (room temperature to 60 °C) (VWR, model: VWI1296B03) 
 
 

Software and datasets 
 
1. Fiji (ImageJ) (NIH, version 1.54p), free 
2. GraphPad Prism (GraphPad Software, version 10), license required 
3. LasX Office (Leica, version 1.4.7.28982), license required 
 
 

Procedure 
 
This method builds on the available human blood vessel organoid (hBVO) differentiation protocols from Wimmer and 
colleagues [7,8] with key adaptations to the specifics of murine embryonic stem cells (mESCs). The procedure spans over 
3–4 weeks, from the initiation of mESC differentiation up to the generation of mBVOs at the growth spike between day 21 
and day 30 [27]. 
 
Overview and timing: 
• Day -6 to day 0: mESC recovery and expansion on inactivated MEFs 
• Days 0–3: EB formation  
• Days 3–6: Mesoderm induction with BMP4 
• Days 6–8: Vascular induction with VEGF + forskolin 
• Days 8–13: Embedding and sprouting in collagen I/Geltrex 
• Days 13–21: Dissection and anastomosis of vascular networks (mVNs) 
• Days 21–30: mBVO maturation 
 
A. Feeder preparation and maintenance of mESCs 
 
Timing: MEF expansion and mitomycin C inactivation are performed in advance. Mitomycin C (MMC)-inactivated MEFs 
are thawed and plated one day before mESC thawing or passaging. mESCs are passaged every 48 h on fresh feeder layers 
and are used for differentiation only after at least two recovery passages after thawing. 
 
A1. Prepare mitomycin C–inactivated MEFs stocks (in advance) 
 
1. Expand primary MEFs in MEF medium (see Recipes) until passage 3–4. They should be 80%–90% confluent at the time 
of inactivation with mitomycin C (MMC). 
2. Prepare MMC stock solution at 0.5 mg/mL in D-PBS (see Recipes). 
3. Aspirate the MEF medium and add fresh MEF medium containing 10 μg/mL MMC. 
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4. Incubate for 2 h at 37 °C. 
5. Wash the cells twice with D-PBS. 
6. Add fresh MEF medium and allow the cells to recover for 1 h. 
7. Use MMC-inactivated MEFs directly or freeze them as feeder stocks at approximately 3,000,000 cells per cryovial. 
Safety note: MMC is toxic. Handle under a biosafety cabinet, protect from light, and dispose of waste according to 
institutional safety procedures. 
Note: MEFs are expanded before MMC inactivation to generate enough feeder stock for routine mESC maintenance. In our 
workflow, MMC-inactivated MEFs are frozen in aliquots that allow one cryovial to be used for one 6-well feeder plate. 
 
A2. Thaw and plate mitomycin-inactivated MEFs (day -2) 
 
1. Coat one 6-well plate with 0.1% gelatin using 1 mL per well.  
2. Incubate for 20–30 min at room temperature in a biosafety cabinet. 
3. Aspirate gelatin. 
4. Thaw one cryovial of MMC-inactivated MEFs. 
5. Gently resuspend the cells in 9 mL of prewarmed MEF medium.  
6. Centrifuge at 300× g for 5 min. 
7. Discard the supernatant and resuspend in 12 mL of fresh MEF medium. 
8. Plate 2 mL per well of the gelatin-coated 6-well plate. This corresponds to ~400,000 cells per well (200,000 cells/mL). 
9. Incubate overnight at 37 °C before mESC thawing or passaging (Figure 1A). 
Note: Plated MMC-inactivated MEFs can be maintained at 37 °C and used sequentially for routine mESC passaging for up 
to 10 days after plating. Refresh MEF medium every 48 h until the feeder wells are used. Do not use feeder wells that show 
poor attachment, contamination, or obvious deterioration. 
 
A3. Recovery and maintenance of mESCs on feeder layers (day -6 to day 0) 
 
1. Thaw one cryovial of mESCs and seed the cells directly onto a freshly prepared MMC-inactivated MEF feeder well in 3 
mL of mESC medium (see Recipes).  
2. Refresh the mESC medium the next day and then daily thereafter. 
3. Passage mESCs every 48 h onto MMC-inactivated MEFs.  
4. For routine passaging from one well of a 6-well plate, aspirate the mESC medium and rinse once with PBS.  
5. Add 0.5 mL of 0.25% trypsin-EDTA and incubate for 3 min at 37 °C.  
6. Quench with an equal volume of mESC medium and gently triturate 3–5 times to obtain a single-cell suspension; avoid 
bubbles. 
7. Collect the cell suspension and centrifuge at 200× g for 5 min. 
8. Resuspend in fresh mESC medium and plate on fresh MMC-inactivated MEFs. Plate 300,000 cells per well of a 6-well 
plate in a final volume of 3 mL (100,000 cells/mL). 
9. Maintain mESCs for at least two passages after thawing before initiating mBVO differentiation. 
Critical: mESC colonies should be compact and present sharp and bright edges. Spontaneous mESC differentiation should 
be kept to a minimum, typically less than 10% of the total number of colonies (Figure 1B–D). 
Note: This procedure is applicable to all mESC lines used in this protocol. 
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Figure 1. Maintenance of mouse embryonic stem cells (mESCs) under feeder-dependent culture conditions. (A) 
Monolayer of MEFs before plating. (B) mESC cultures on mouse embryonic fibroblast (MEF) feeders, including B6x129, 
B6, and 129 strains. (C) Examples of undifferentiated B6x129 colonies, with shiny/defined borders and round shapes. (D) 
Examples of differentiated B6x129 colonies, with undefined borders and flat cells. Scale bars: 50 μm (A, B), 20 μm (C, D). 
 
B. Preparation of polyHEMA-coated T25 flasks 
 
Timing: Overnight (day -1) or earlier. 
 
1. Prepare 1% polyHEMA solution (see Recipes). 
2. Add ~3 mL of polyHEMA stock to each T25 flask. 
3. Tilt/rotate to coat the full growth surface evenly. 
4. Allow complete ethanol evaporation in a dry incubator until a uniform film forms (typically overnight at 60 °C). 
5. Before use, rinse twice with sterile D-PBS. 
Critical: Do not use flasks with patchy coating. Uneven coating increases EB attachment and fusion. 
Note: PolyHEMA-coated T25 flasks can be prepared in advance and stored sealed at room temperature for up to one week 
before use. 
 
C. Formation of embryoid bodies (EBs) in suspension 
 
Timing: 3 days (day 0 to day 3). 
 
C1. Prepare EB medium and flasks 
 
1. Rinse polyHEMA-coated T25 flasks twice with sterile D-PBS. 
2. Add 5 mL of EB medium (see Recipes) to each T25 flask. 
 
C2. Prepare a single-cell suspension of mESCs 
 
1. Detach mESCs from feeders using 0.25% trypsin-EDTA as described in step A3. 
2. After trypsinization, collect the full cell suspension containing both mESCs and MMC-inactivated MEFs. 
3. Count viable mESCs. 
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Note: In this feeder-dependent workflow, both mESCs and MMC-inactivated MEFs detach during trypsinization and are 
collected. When counting cells for EB seeding, count mESCs only based on their smaller size and distinct morphology. 
Residual MMC-inactivated MEFs can be carried over, but because they are mitotically inactivated and do not expand in 
EB suspension conditions, they do not overtake the culture or interfere with EB formation. 
 
C3. Seed strain-specific EB densities 
 
1. B6x129: 2,500 cells/mL 
2. B6: 10,000 cells/mL 
3. 129: 5,000 cells/mL 
4. Seed the required number of mESCs into each T25 flask containing 5 mL of EB medium and gently rock to distribute. 
 
C4. EB culture (day 0 to day 3) 
 
1. Incubate for 3 days at 37 °C and 5% CO2. 
2. Once daily, gently shake the flask (x and y axes motions) to reduce EB fusion. 
Critical: On day 3, EBs should be relatively uniform with limited fusion and an average diameter of ~100 μm (Figure 2A). 
Inaccurate and excessive seeding density can promote EB fusion (Figure 2B). 
Note: Differentiation is initiated by culturing mESCs in suspension and by removing mLIF from the ESC medium (EB 
medium, see Recipes). 
 

 
 
Figure 2. Examples of suitable and suboptimal embryoid bodies (EB). (A) Optimal sizes and morphologies of EBs 
during EB formation and mesoderm and vascular induction steps, shown on day 1 (D1, ~50 μm), day 3 (~100 μm), day 6 
(~150–200 μm), and day 8 (~200–300 μm). EBs should have shiny borders and, at later stages, the core should not be too 
dense/dark. (B) Two examples of fused EBs on day 3, seeded too densely and too large. (C) Two examples of damaged EBs 
on day 8 as a consequence of centrifugation during media changes. B6x129 mESCs were used here for all images of the 
panels. Scale bars: 50 μm. 
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D. Mesoderm induction with BMP4 
 
Timing: 3 days (day 3 to day 6). 
 
1. Prepare mesoderm induction medium: N2B27 basal medium supplemented with BMP4 at 30 ng/mL (see Recipes).  
2. Gently collect EBs into a 15 mL tube using a 5 mL serological pipette and allow to settle by gravity for 15–20 min (do 
not centrifuge). 
3. While waiting, prefill T25 flasks with 5 mL of fresh mesoderm induction medium. 
4. Carefully aspirate the supernatant, leaving a small volume to avoid EB loss (~100–200 μL). 
5. Gently resuspend EBs in 1 mL of fresh mesoderm induction medium using a P1000 micropipette, then return to the same 
T25 flask. 
6. Culture for 3 days. Gently shake daily to limit fusion. Do not perform additional medium changes during this window. 
Critical: On day 6, EBs should be relatively uniform with an average diameter of ~150–200 μm (Figure 2A). To minimize 
EB fusion, resuspend them using the pipetting method described above (Figure 2B). Avoid centrifugation of EBs to prevent 
compaction and damage (Figure 2C). 
Note: A minimum volume of 6 mL is required at this stage to sustain EB growth. When using 5 mL serological pipettes, use 
the lowest speed of aspiration/dispensing. Gentle trituration with a P1000 micropipette provides an optimal balance between 
minimizing mechanical stress on EBs and efficiently dispersing them to prevent clumping. 
 
E. Vascular induction with VEGF and forskolin 
 
Timing: 2 days (day 6 to day 8). 
 
1. Prepare vascular induction medium: N2B27 supplemented with VEGF at 100 ng/mL and forskolin at 2 μM (see Recipes). 
2. Gently collect EBs into a 15 mL tube using a 5 mL serological pipette and allow to settle by gravity for 15–20 min (do 
not centrifuge). 
3. While waiting, prefill T25 flasks with 6.5 mL of fresh vascular induction medium. 
4. Carefully aspirate the supernatant, leaving a small volume to avoid EB loss (~100–200 μL). 
5. Gently resuspend EBs in 1 mL of fresh vascular induction medium using a P1000 micropipette, then return to the same 
T25 flask. 
6. Culture for 2 days. Gently shake daily to reduce fusion. No additional medium change is required during this window. 
Critical: On day 8, EBs should be relatively uniform with an average diameter of ~200–300 μm (Figure 2A). To minimize 
EB fusion, resuspend EBs using the pipetting method described above (Figure 2B). Avoid centrifugation of EBs to prevent 
compaction and damage (Figure 2C). 
Note: A minimum volume of 7.5 mL is required at this stage to sustain EB growth. A medium color change to orange-yellow 
is normal and is caused by forskolin-induced increase in EB growth. 
 
F. Embedding of EBs and induction of vascular sprouting 
 
Timing: 5 days (day 8 to day 13). 
Critical: Keep collagen I and Geltrex cold and prepare mixes on ice to control gelation. 
 
F1. Prepare layer 1 gel base (day 8) 
 
1. Prepare collagen I mix on ice and adjust the pH to approximately 7.4 using NaOH and pH strips (see Recipes) (Figure 
3A). 
2. Add Geltrex to the collagen I mix (typical collagen I:Geltrex ratio is 8:1). Gently swirl and rotate the tube to homogenize 
the layer 1 mix (Figure 3B, Video 1A). 
3. Dispense 400–500 μL per well of a 12-well plate, avoiding bubbles. The volume of layer 1 (~5.5 mL) is sufficient to 
cover an entire 12-well plate (Figure 3C, Video 1B). 
4. Gently tilt the plate for uniform coverage (Video 1C). 
5. Polymerize for at least 2 h at 37 °C. 
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Video 1. Embedding of embryoid bodies (EBs) on day 8 (related to Figure 3). (A) Gentle swirling of the tube containing 
the collagen I/Geltrex mix. (B) Casting of layer 1 gel on ice and into a 12-well plate (400–500 μL per well). (C) Swirling of 
the plate to homogenize layer 1. (D) Resuspending EBs with layer 2 gel using a P1000 micropipette. (E) Casting layer 2 + 
EBs on top of polymerized layer 1 (400–500 μL per well). (F) Swirling of the plate to homogenize layer 2 + EBs. (G) Slow 
addition of murine blood vessel organoid (mBVO) medium on top of polymerized layers (1 mL per well) using a 10 mL 
serological pipette set on the slowest dispensing mode. 
 
F2. Prepare layer 2 with EBs (day 8) 
 
1. Prepare layer 2 similar to layer 1. 
2. Collect induced EBs into a 15 mL tube using a 5 mL serological pipette and allow to settle by gravity for 15–20 min (do 
not centrifuge). 
3. Carefully aspirate the supernatant, leaving a small volume to avoid EB loss (~100–200 μL). 
4. Rinse once with PBS, allow to settle, and repeat the aspiration step. 
5. Gently resuspend all EBs in layer 2 gel using a P1000 micropipette. Avoid introducing bubbles (Figure 3D, Video 1D). 
6. Overlay the EB-containing layer 2 onto polymerized layer 1, dispensing 400–500 μL per well. The volume of layer 2 
(~5.5 mL) is sufficient to cover the entire 12-well plate (Figure 3E, Video 1E). 
7. Gently tilt the plate for uniform coverage (Video 1F). 
8. Polymerize at 37 °C for at least another 2 h; gels will appear slightly opaque (Figure 3F). 
9. Slowly add mBVO medium (see Recipes) on top of gels using a 10 mL serological pipette and dispense 1 mL per well 
(Figure 3G, Video 1G). 
Critical: A practical target is approximately 15–30 EBs per well of a 12-well plate. Using the optimized EB seeding densities 
for each mESC line detailed in section C, all EBs grown in one T25 are resuspended with layer 2 to cover an entire 12-well 
plate. This is crucial for efficient sprouting and for the dissection of networks. 
 

https://bio-protocol.org/e5727?v=1
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Figure 3. Step-by-step procedure for embedding embryoid bodies (EBs) in collagen I/Geltrex on day 8. (A) Gel 
preparation with all reagents kept on ice; add collagen I, measure the pH, and finish by adding Geltrex. (B) Gently swirl and 
rotate the tube for homogenization. (C) Casting of layer 1 gel onto the 12-well plate (400–500 μL per well). (D) Pipetting 
EBs into layer 2 gel using a P1000 micropipette and gentle mixing. (E) Casting of layer 2 + EBs gel onto the 12-well plate 
(400–500 μL per well). (F) Images of wells after gel polymerization, showing layer 1 (upper panel) and layer 1 topped with 
layer 2 and EBs (lower panel). ~15–30 EBs should be plated in each well. Once polymerized, gels appear slightly opaque. 
Scale bars: 5 mm. (G) Addition of murine blood vessel organoid (mBVO) medium on top of gels (1 mL per well), using a 
10 mL serological pipette and the lowest speed of dispensing. 
 
F3. Feeding EBs during vascular sprouting (day 10 to day 13) 
 
1. Refresh mBVO medium after 48 h, then daily until day 13. 
Critical: Slowly aspirate the media from the bottom edge of wells, leaving a minimal volume of media (~100 μL), while 
tilting the plate to avoid aspirating or damaging the gels. Carefully add mBVO medium using a 10 mL serological pipette 
to slowly dispense 1 mL per well and to avoid detaching the gels (Video 2). 
Note: Sprouting typically starts within 24–48 h. 
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Video 2. Media changes on top of sprouting networks in gels (day 10 to day 13). (A) Slow aspiration of media from the 
bottom edge of the well while tilting the plate to avoid damaging the gels. (B) Slow addition of murine blood vessel organoid 
(mBVO) medium on top of gels (1 mL per well) using a 10 mL serological pipette set on the slowest dispensing mode. 
 
G. Dissection of murine vascular networks (mVNs) 
 
Timing: Day 13. 
 
1. Prepare a sterile dissection area with a stereomicroscope, an LED lamp, and sterile instruments, including plastic forceps, 
Noyes spring scissors, and a flat double spatula. Perform the procedure in an open sterile biological cabinet under horizontal 
laminar flow (Figure 4A). 
2. Sterilize instruments and the dissection area with 70% ethanol. 
3. Prefill an ultra-low attachment (ULA) 96-well plate with 200 μL of mBVO medium per well. 
4. Select wells with well-branched networks for dissection and optimal network density (Figure 4B). 
5. Aspirate the medium on top of the gels as described in section F3. 
6. Using the rounded edge of the flat double spatula, gently lift the gel from the edge of the well and transfer it into a sterile 
60 mm cell culture dish prefilled with 1mL of mBVO medium (Figure 4C, Video 3). 
7. Using the stereomicroscope, identify well-sprouted vascular networks and cut them out using Noyes spring scissors 
(Figure 4D, Video 4A–C). 
8. Transfer single networks (mVNs) into the prepared 96-well ULA plate, using plastic forceps and placing one mVN per 
well. 
Critical:  
1. Dissect only mVNs that show multiple radially distributed sprouts with clear branching. Avoid compact and poorly 
sprouted structures (Figure 4D, E). 
2. Remove as much surrounding gel as technically possible, but keep a thin rim around the mVN so that it remains embedded 
to further grow into an mBVO (Video 4).  
3. During transfer, hold the surrounding gel with the plastic forceps rather than gripping the vascular network directly. 
4. Keep gels and dissected mVNs hydrated with mBVO medium throughout the procedure. Drying makes the gel fragile 
and increases the risk of damaging the networks. 
Notes: 
1. Minor variation in the amount of residual gel surrounding each mVN is acceptable, as long as it remains intact and 
embedded. If a few peripheral sprouts are accidentally cut, the mVN can still be transferred, provided that the central 
network remains intact. 
2. Dissection is easier when the embedding density on day 8 is not too high. Wells with too many overlapping networks are 
more difficult to dissect cleanly and may lead to lower recovery of usable mVNs. 
3. Variability at this stage is due to differences in sprouting efficiency between wells or mESC lines, rather than loss of 
sprouts during cutting. 
 

https://bio-protocol.org/e5727?v=2
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Figure 4. Sterile dissection of murine vascular networks (mVNs) on day 13. (A) Experimental setup for the dissection 
of mVNs, including a stereomicroscope, an LED lamp (left), sterile instruments and 60 mm dishes (right), all manipulated 
in an open sterile biological cabinet (horizontal laminar flow). (B) Representative wells containing sprouting mVNs within 
gels on day 13, showing optimal network density for dissection (upper well), and excessive network density (lower well). 
(C) Transfer of a gel into a 60 mm dish using the rounded end of a flat double spatula (left), followed by dissection under 
the stereomicroscope using plastic forceps and Noyes spring scissors (right). (D) Representative examples of mVNs selected 
or not selected for dissection, as seen under the stereomicroscope during the procedure. See Video 4 for the cutting procedure. 
(E) Phase contrast images of B6 mVNs on day 13, showing an efficiently sprouted mVN selected for dissection and a poorly 
sprouted mVN not selected for dissection. Scale bars: 500 μm (D); 200 μm (E). 
 

 
 
Video 3. Collection of gels before dissection (day 13) (related to Figure 4). Transfer of a gel from the 12-well plate into 

https://bio-protocol.org/e5727?v=3
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a 60 mm cell culture dish prefilled with 1 mL of murine blood vessel organoid (mBVO) medium, using the round edge of 
the double spatula. An image is also shown in Figure 4C. 
 

 
 
Video 4. Examples of dissection of murine vascular networks (mVNs) on day 13 (related to Figure 4). (A) mVN #1. 
(B) mVN #2. (C) mVN #3. Images are also shown in Figure 4D. Noyes spring scissors are used to cut mVNs, and plastic 
forceps are used to hold the gel in place and for transferring dissected mVNs into single wells of a 96-well ultra-low 
attachment plate (ULA). 
 
H. Single-organoid culture and maturation 
 
Timing: 18 days (day 13 to day 30) 
 
1. Grow individual mVNs in suspension in 96-well ULA plates until their maturation into mBVOs (Figure 5A, B). 
2. Refresh the mBVO medium every 48 h until day 21 at least and up until day 30 (Figure 5B). To change medium, tilt the 
plate and carefully aspirate the medium from the upper edge of each well using sterile non-filtered 200 μL pipette tips 
connected to the aspiration system. Leave a minimal volume of residual medium (~20 μL) to allow mBVOs to settle by 
gravity and to avoid aspirating them (Figure 5C, Video 5A). Add 200 μL of fresh mBVO medium per well using a 
multichannel micropipette and sterile reservoirs (Figure 5D, Video 5B). 
Critical: Aspirate slowly and keep the tip away from the bottom of the well and from the mBVOs. Dispense fresh medium 
gently against the wall of the well to avoid disturbing the organoids. 
 
Endpoint: Mature mBVOs are typically obtained between day 21 and day 30 and can be used for subsequent analyses and 
manipulations [27]. 
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Figure 5. Growth and maturation of murine blood vessel organoids (mBVOs). (A) Six mBVOs (day 30) cultured 
individually in 96-well ULA plates. Scale bar: 2 mm. (B) Anastomosis of murine vascular networks (mVNs) (day 16) (left), 
and growth and maturation into mBVOs from day 21 (middle) until day 30 (right). Arrowheads indicate anastomosis of 
mVNs. 129 mESCs were used here for differentiation. Scale bars: 200 μm. Images for this figure were adapted from Figure 
S1C, S1E of our original study [27]. (C) Images of how to aspirate media from mBVOs grown individually in 96-well ULA 
plates. Use a vacuum system and a P200 tip to carefully aspirate media from the upper part of each well, leaving a minimal 
volume (~20 μL), while tilting the plate. mBVOs settle by gravity in the bottom part of the rounded well and thus are not 
aspirated. (D) mBVO medium refreshing with 200 μL per well, using a multichannel micropipette and sterile reservoirs. 
 

 
 
Video 5. Media change of murine blood vessel organoids (mBVOs) grown individually (every 48 h, from day 15 to 
day 30) (related to Figure 5). (A) Careful aspiration of the media from the top edge of the well, leaving minimal residual 
media. (B) Refreshing media (200 μL per well) using a multichannel micropipette and sterile reservoirs. 
  

https://bio-protocol.org/e5727?v=5


 

 

Cite as: Guelfi, S. et al. (2026). Stepwise Differentiation of Mouse Embryonic Stem Cells Into Murine Blood Vessel 
Organoids With Endothelial Lineage Tracing for Quality Control. Bio-protocol 16(13): e5727. DOI: 
10.21769/BioProtoc.5727 

19 

Published: Jun 05, 2026 

I. B6-Cdh5-iCre × mTmG endothelial tracing for quality control of differentiation 
 
Timing: Overnight 4-OH-tamoxifen treatment on day 9. 
 
1. Maintain B6-Cdh5-iCre × mTmG mESCs in feeder-dependent conditions as described in section A; include both Cre-
negative and Cre-positive lines. 
2. On day 0, seed EBs at a density of 5,000 cells/mL in 5 mL of EB medium for both lines, as described in section B. 
3. Follow the stepwise differentiation timeline as previously until day 9. 
4. On day 9, add 4-OH-tamoxifen to the sprouting cultures to a final concentration of 1 μM (see Recipes). 
5. Incubate overnight (Figure 6A). 
6. The next day, replace with standard mBVO medium without 4-OH-tamoxifen. 
7. Proceed with mBVO differentiation until the desired time point. 
8. Perform live imaging (brightfield plus tdTomato and GFP channels) (Figure 6B) to assess endothelial differentiation 
efficiency and screen poorly differentiated organoids (Figure 6C–E). 
Safety: Carefully handle 4-OH-tamoxifen in compliance with the safety procedures of your laboratory. 
Critical: Always include a Cre-negative (tdTomato-only) control line processed in parallel to set imaging parameters and 
confirm specificity (Figure 6C, D). 
Note: 4-OH-tamoxifen can be added at any time point. For quality control (QC) of differentiation, a treatment on day 9 
overnight is optimal as it targets the sprouting phase of EBs (Figure 6B). 
 

 
 
Figure 6. Lineage tracing to follow murine blood vessel organoid (mBVO) differentiation. (A) Diagram of the 
differentiation of B6-Cdh5-iCre × mTmG mESCs into B6-VE-Cad-GFP reporter mBVOs. 4-OH tamoxifen (4OH-tam) is 
added on day 9 overnight (1 μM) to induce recombination. (B) Live fluorescent imaging on day -2 (D-2), day 10, day 13, 
day 21, and day 30. Scale bars: 200 μm. (C) Live fluorescent imaging of sprouting vascular networks (VNs) from Cre-
negative controls (left panel) and B6-VE-Cad-GFP reporters (right panel) on day 13; 4-OH-tam is added in both conditions. 
Arrowheads indicate differentiated mVNs; asterisks indicate poorly differentiated mVNs. Scale bars: 5 mm. (D) Live 
fluorescent imaging of Cre-negative control tomato+ mBVO on day 13 and day 26. Scale bars: 200 μm. (E) Live fluorescent 
imaging of a B6-VE-Cad-GFP reporter mBVO on day 21 and day 30, showing poor differentiation efficiency. Scale bars: 
200 μm. Images for this figure were adapted from Figure 1H, 1I, S2A, S2B, S2C, and S2D of our original study [27]. 
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Data analysis 
 
1. Recommended replicates 
 
• Biological replicate (n): One independent differentiation experiment starts from a separate mESC culture and is carried 
through all steps until mBVO maturation. 
• Technical replicates: Multiple organoids/networks measured within the same differentiation. 
• Typical yield per differentiation: Starting from EB formation, one independent differentiation typically generates 
approximately one full 96-well plate of mature organoids; after dissection on day 13, this corresponds to approximately one 
full 12-well plate of dissected vascular networks placed into maturation, although the final yield varies depending on the 
mESC line and differentiation quality. 
• Recommended minimum: Perform at least n ≥ 3 independent differentiations per mESC line or condition. When feasible, 
analyze at least 10–20 individual mVNs or mBVOs per independent differentiation for image-based analyses. For FACS or 
single-cell RNA sequencing, multiple mBVOs may need to be pooled, depending on the required cell number. 
 
2. Day 13 sprouting efficiency and morphology-based selection 
 
On day 13, morphology is used as an early screening step to evaluate sprouting and to select mVNs suitable for dissection. 
This readout should be considered a measure of sprouting/selection efficiency, not a formal measurement of endothelial 
differentiation efficiency. 
 
For each well or biological replicate: 
• Count the total number of EB-derived structures or mVNs present in the gel on day 13 (N_total).  
• Count the number of mVNs selected and dissected based on sprouting morphology (N_dissected).  
• Calculate sprouting/selection efficiency as:  
Sprouting efficiency (%) = (N_dissected/N_total) × 100 
 
mVNs selected for dissection should show clear radial sprouting and vascular network-like morphology. Structures with 
poor or absent sprouting, extensive fusion, collapse, necrosis, or contamination should be excluded (Figure 7A). 
This morphology-based step is useful to compare early protocol performance between mESC strains or differentiations 
(Figure 7B), but it does not by itself determine whether the resulting mBVOs are well differentiated at the endothelial level. 
 
3. Endothelial differentiation efficiency in non-reporter mESC lines 
 
To assess vascular differentiation efficiency in non-reporter mESC lines, quantify endothelial marker expression in day-21 
individual mBVOs. The recommended minimal readout is the percentage of CD31-positive endothelial cells or CD31-
positive area, measured by FACS or immunofluorescence, depending on sample format and available material (Figure 7C). 
 
This analysis allows discrimination between well-differentiated mBVOs and poorly differentiated mBVOs. 
In the validation dataset shown in Figure 7, individual mBVOs with CD31 positivity ≥7% were classified as well 
differentiated, whereas mBVOs with CD31 positivity ≤5% were classified as poorly differentiated (Figure 7C). If 
intermediate values occur, these samples should be considered borderline and excluded from downstream experiments 
requiring strict endothelial differentiation quality control. 
 
A more complete characterization of mBVO differentiation can include additional endothelial, mesenchymal, mural, and 
myeloid markers by IF, FACS, or single-cell RNA sequencing [27] (see the validation of the protocol section), but CD31 
quantification provides the essential vascular differentiation QC for routine use. 
 
4. Quality control (QC) of differentiation based on endothelial lineage tracing 
 
For the B6-Cdh5-iCre × mTmG reporter line, endothelial differentiation can also be monitored by induction of Cre 
recombination with 4-OH-tamoxifen on day 9. This turns Cdh5/VE-cadherin-expressing endothelial cells GFP-positive, 
while non-recombined or non-endothelial cells remain tdTomato-positive. 
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Because dissecting GFP-positive networks precisely at the early sprouting stage is technically challenging, mVNs are 
dissected on day 13 as in the standard protocol and followed during maturation. Fluorescence imaging of GFP and tdTomato 
can then be used to rapidly assess endothelial differentiation quality in live mVNs or mBVOs. 
 
Acquire GFP and tdTomato images using identical acquisition settings within each experiment and compare them with Cre-
negative tomato-only controls. GFP positivity provides a convenient qualitative and quantitative QC readout for endothelial 
differentiation in the reporter line. 
 
For individual day-21 B6-Cdh5-iCre × mTmG reporter mBVOs, GFP positivity can be quantified by live imaging. In the 
validation dataset shown in Figure 7, mBVOs with GFP positivity ≥7% were classified as well differentiated, whereas 
mBVOs with GFP positivity ≤5% were classified as poorly differentiated (Figure 7D). 
 
The reporter line is useful for direct visualization and live tracking of endothelial differentiation, but it is not required to be 
differentiated in parallel with every non-reporter mESC line. Non-reporter lines should be QCed independently by CD31 
quantification. 
 

 
 
Figure 7. Quantification of sprouting and endothelial differentiation efficiency. (A) Representative day 13 gel 
containing sprouting murine vascular networks (mVNs) differentiated from B6x129 mouse embryonic stem cells (mESCs). 
Yellow dots indicate the total embryoid body (EB)-derived structures/mVNs scored in the well, and magenta dots indicate 
structures that were not selected for dissection. Scale bar: 2 mm. (B) Sprouting/selection efficiency on day 13, calculated as 
the percentage of mVNs selected for dissection among the total EB-derived structures/mVNs scored in the gel. 
Quantifications are shown for each mESC strain. n ≥ 4 independent murine blood vessel organoid (mBVO) differentiations 
per mESC strain; mean ± SEM. (C, D) Quantification of endothelial cell (EC) differentiation efficiency in individual day-
21 mBVOs. CD31-positive endothelial cells were quantified by FACS in B6x129-derived mBVOs and by 
immunofluorescence (IF) in B6- and 129-derived mBVOs (C). For the B6-Cdh5-iCre × mTmG reporter line, VE-cadherin-
GFP signal was quantified by live fluorescence imaging (D). Each dot represents one mBVO; n = 20 mBVOs per mESC 
strain; mean ± SEM. Blue dots indicate well-differentiated mBVOs (CD31+ or GFP+ ≥7%), and red dots indicate poorly 
differentiated mBVOs (CD31+ or GFP+ ≤5%). Values below the graphs indicate the percentage of well-differentiated 
mBVOs for each strain. 
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5. Recommended software 
 
• Leica LasX Office for brightfield/fluorescence image acquisition (xyz planes). 
• Fiji/ImageJ for fluorescence quantification and network metrics. 
• GraphPad Prism for statistics/plots (optional; R/Python can be used as free alternatives). 
 
 

Validation of protocol 
 
This protocol has been used and validated in the following research article: 
Guelfi et al. [27]. Murine vascular organoids are responsive and adaptable 3D systems with cellular heterogeneity and 
dynamic plasticity. Science Advances (2025), doi:10.1126/sciadv.ady4738.  
 
Based on this work, we provide a summary of key assays to validate the generation of mBVOs: 
 
1. Reproducible formation of sprouting vascular networks and mBVOs 
Stage-specific whole-mount immunostaining confirms the formation of CD31+ endothelial networks associated with 
mural/perivascular cells and a basement membrane consistent with organized and lumenized vascular structures at the 
expected stages (Figure 8A–C). 
 
2. Validation of expected cellular composition 
We performed flow cytometry and immunophenotyping on day 21 mBVOs and identified three main lineages (Figure 8C, 
D): 
• Endothelial cells (ECs): ~15% of total live cells. 
• Mural/mesenchymal populations: ~80% of total live cells, dominant compartment. 
• Myeloid cells: ~3% of total live cells, classified as macrophages. 
These results provide an internal validation that the protocol yields the expected cell composition in vitro. 
 

 
 
Figure 8. Readouts for validation of murine blood vessel organoid (mBVO) differentiation. (A) 3D image of CD31+ 
networks within a mBVO (day 21), anterior view. Scale bar: 100 μm. (B) Orthogonal projections of CD31+ColIV+ (Collagen 
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IV) vessels within a mBVO (day 21) differentiated from B6x129 mESCs, showing lumenized vascular networks. The x 
projection (red line and arrowhead) is shown on the upper panel, the y projection (green line and arrowhead) is shown in the 
right panel, and asterisks indicate lumens. Scale bar: 5 μm. (C) Cryosections of mBVOs (day 21) co-stained for CD31 with 
PDGFRβ and CD44 to identify mural/mesenchymal cells, and with CD45 and CD68 to identify immune cells. Asterisks 
indicate interactions of CD31+ cells with PDGFRβ+ cells. Scale bars: 20 μm. (D) FACS quantifications of the percentage of 
CD31-CD45-, CD31+, and CD45+ live cell populations composing mBVOs (day 21). n = 3 mBVO differentiations; mean ± 
SEM. Images for this figure were adapted from Figure 1D, 1F, 3A, and 3D of our original study [27]. 
 
 

General notes and troubleshooting 
 
General notes 
 
1. Strain-dependent variability in mESC differentiation 
mESC lines can differ in their baseline pluripotent state, germline competence, EB formation, and lineage differentiation 
capacity, as previously reported for different mouse genetic backgrounds [38–41]. Therefore, EB seeding density should not 
be assumed to be interchangeable between mESC lines. In this protocol, seeding densities were empirically optimized for 
each strain: 2,500 cells/mL for B6x129, 10,000 cells/mL for B6, and 5,000 cells/mL for 129 mESCs. Under these optimized 
conditions, EB numbers were broadly comparable by day 8, but vascular differentiation efficiency still differed between 
strains, with B6 mESCs showing lower efficiency in our hands. Users should therefore re-optimize EB seeding density for 
each new mESC line using EB morphology, EB number, sprouting efficiency, and endothelial differentiation readouts. 
 
2. Feeder-dependent vs. feeder-free mESC culture  
This protocol was optimized and validated using mESCs maintained on MMC-inactivated MEF feeders in serum-containing 
ESC medium supplemented with LIF. These conditions provided the most robust mBVO differentiation efficiency in our 
hands. Feeder-free conditions, including 2i conditions, may be compatible with mBVO differentiation and have been used 
in a recent mESC-derived vascular organoid study [42]. However, this adaptation was not validated in our original study 
[27]. Users starting from feeder-free mESCs should re-optimize EB seeding density, EB size, differentiation timing, 
sprouting efficiency, and endothelial readouts such as CD31 expression or VE-cadherin-reporter positivity. 
 
3. Starting mESC quality is a key determinant of success 
Begin EB formation only from healthy, compact colonies with minimal spontaneous differentiation. If cultures look 
heterogeneous, passage once more on fresh feeders and reassess morphology before initiating differentiation. 
 
4. Feeder layer quality affects mESC maintenance and thus differentiation 
Use appropriately dense, freshly prepared mitotically inactivated MEFs. Over-aged or sparse feeders can promote 
differentiation or slow growth. Do not grow primary MEFs further than passage 4 before MMC inactivation and freezing of 
stocks. Transfer MMC-inactivated MEFs cryovials rapidly to the liquid nitrogen for optimal preservation. 
 
5. Strain-specific EB seeding density must be applied exactly 
Use the fixed densities (B6x129: 2,500 cells/mL; B6: 10,000 cells/mL; 129: 5,000 cells/mL; B6-Cdh5-iCre x mTmG: 5,000 
cells/mL) and ensure accurate counting and high cell viability at seeding to reduce EB size variability. 
 
6. Batch effects (growth factors and matrices) are a common source of run-to-run variability  
Minimize freeze–thaw cycles with single-use aliquots for mLIF, BMP4, VEGF, bFGF, and forskolin. Record lot numbers 
for collagen I and Geltrex, and consider pre-testing new lots if performance changes. 
 
7. Gentle handling reduces loss of differentiation potential 
Throughout EB culture, embedding, and dissection, avoid excessive trituration, rapid pipetting, or drying of gels. Mechanical 
stress often manifests later as weak sprouting or fragile vascular networks. 
 
8. Matrix preparation is sensitive to temperature and pH 
Keep collagen I/Geltrex components cold during preparation and cast promptly. Incorrect pH or warming during preparation 
can reduce polymerization quality and impair sprouting. 
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9. For EC tracing, always include the Cre-negative (tdTomato-only) control for interpretation 
This control is essential to set imaging parameters and confirm the specificity of GFP induction in the reporter line. 
 
10. Quality control of mBVO differentiation across mESC lines 
Sprouting morphology on day 13 provides an early checkpoint for selecting mVNs suitable for dissection, but it should not 
be used as the only readout of vascular differentiation efficiency. Because differentiation potential can vary between mESC 
strains, each mESC line should be assessed independently. To reduce batch-to-batch variability, compare mESC lines using 
the same lots of serum, matrix, growth factors, and basal media whenever possible. 
 
Troubleshooting 
 
Problem 1: mESC colonies look differentiated or grow slowly before starting EB formation. 
Possible causes: Over-confluency, suboptimal feeder layer (too sparse/too old), stressed cells after thaw, or inconsistent 
daily medium changes. 
Solutions: Start differentiations only from healthy cultures with compact colonies. Use freshly prepared inactivated feeders 
at appropriate density, avoid overgrowth, and passage onto fresh feeders if differentiation is evident before starting EB 
formation. 
 
Problem 2: EBs are too small on day 3 (slow growth) or very heterogeneous in size. 
Possible causes: Inaccurate cell counting, incorrect strain-specific seeding density, reduced viability, or uneven distribution 
in the T25. 
Solutions: Verify counting accuracy and apply the fixed strain-specific seeding densities exactly. Mix thoroughly 
immediately before seeding and distribute evenly. Start from high-viability cultures. 
 
Problem 3: EB fusion (large aggregates), followed by poor differentiation. 
Possible causes: Inadequate polyHEMA coating, too many EBs per flask, insufficient gentle agitation or centrifugation 
during media changes. 
Solutions: Confirm polyHEMA coating quality. Reduce EB density per vessel (split across additional flasks) if fusion is 
frequent, gently agitate daily to keep EBs suspended, and do not centrifuge EBs. 
 
Problem 4: Collagen I/Geltrex gel does not polymerize properly (soft/uneven) or polymerizes too quickly during embedding. 
Possible causes: Incorrect pH, warming of components, slow handling, or lot variability. 
Solutions: Keep all components cold and work quickly. Ensure the pH of the collagen I mix is appropriate before adding 
Geltrex and casting. Document lot numbers and switch lots if polymerization is affected. 
 
Problem 5: Gel detaches from the well or is disrupted during medium changes (sprouts damaged). 
Possible causes: Aspiration too close to the gel, forceful dispensing, insufficient polymerization time, or temperature shock. 
Solutions: Allow full polymerization before feeding. Aspirate from the edge, add prewarmed medium slowly down the 
sidewall, and avoid directing flow onto the gel surface. 
 
Problem 6: Poor sprouting between day 8 and 13 (few EBs sprout; sprouts are short) and poor yield of ECs within growing 
mBVOs. 
Possible causes: EB quality issues (fusion/heterogeneity), matrix preparation problems (pH/temperature/ratio), or reduced 
growth factor activity. 
Solutions: Use early quality control (EB size distribution on day 3; fusion) to exclude poor batches. Re-check matrix 
preparation (temperature and pH control) and replace suspect growth factor aliquots. 
 
Problem 7: Low or absent GFP induction after 4-OH-tamoxifen (day 9 overnight). 
Possible causes: 4-OH-tamoxifen degradation (light/temperature, repeated freeze–thaw), incorrect dilution/timing, or 
reporter line handling issues. 
Solutions: Use light-protected single-use aliquots, avoid repeated freeze–thaw, and confirm the induction (day 9 overnight, 
1 μM 4-OH-tamoxifen). Verify line identity and imaging timing. 
 
 



 

 

Cite as: Guelfi, S. et al. (2026). Stepwise Differentiation of Mouse Embryonic Stem Cells Into Murine Blood Vessel 
Organoids With Endothelial Lineage Tracing for Quality Control. Bio-protocol 16(13): e5727. DOI: 
10.21769/BioProtoc.5727 

25 

Published: Jun 05, 2026 

Problem 8: Degradation of mBVOs during the growing phase in ULA 96-well plates. 
Possible cause: Degradation of the ULA coating of 96-well plates over time (from Corning). 
Solutions: Transfer individual mBVOs into a fresh plate. As an alternative, use polyHEMA-coated 96-well plates for in-
house production and cost reduction. 
 
Problem 9: Bacterial contamination of individual mBVOs grown in ULA 96-well plates. 
Possible causes: Problem with aseptic techniques during the dissection of networks and media changes of ULA 96-well 
plates, misuse of the open cabinet. 
Solutions: Review aseptic techniques, autoclave instruments, transfer non-contaminated mBVOs to fresh plates, carefully 
change tips during aspiration/media changes. 
 
Problem 10: Low or variable sprouting/differentiation efficiency between mESC lines or between experiments. 
Possible causes: Differentiation efficiency can vary depending on mESC strain, passage number, colony quality, EB size, 
EB fusion, feeder quality, matrix lot, growth factor activity, serum lot, or handling during embedding and dissection. 
Solutions: Start differentiation from healthy, undifferentiated mESC colonies and use the strain-specific EB seeding 
densities indicated in the protocol. Avoid EB fusion during suspension culture and keep the number of embedded EBs per 
well consistent. Use the same lots of serum, collagen I/Geltrex, growth factors, and differentiation media when comparing 
different mESC lines or experimental conditions. 
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