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            Abstract
Bioprinting promises enormous control over the spatial deposition of cells in three dimensions1,2,3,4,5,6,7, but current approaches have had limited success at reproducing the intricate micro-architecture, cell-type diversity and function of native tissues formed through cellular self-organization. We introduce a three-dimensional bioprinting concept that uses organoid-forming stem cells as building blocks that can be deposited directly into extracellular matrices conducive to spontaneous self-organization. By controlling the geometry and cellular density, we generated centimetre-scale tissues that comprise self-organized features such as lumens, branched vasculature and tubular intestinal epithelia with in vivo-like crypts and villus domains. Supporting cells were deposited to modulate morphogenesis in space and time, and different epithelial cells were printed sequentially to mimic the organ boundaries present in the gastrointestinal tract. We thus show how biofabrication and organoid technology can be merged to control tissue self-organization from millimetre to centimetre scales, opening new avenues for drug discovery, diagnostics and regenerative medicine.
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Fig. 2: Macroscopic intestinal tube printing.[image: ]


Fig. 3: Intestinal tube characterization.[image: ]


Fig. 4: Co-culture printing.[image: ]
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Extended data

Extended Data Fig. 1 Bioprinter set-up and proof-of-concept.
Picture of the nozzle to be mounted on the microscope. The nozzle after pulling and breaking of the tip has a long taper and a clear cut. Scale bar, 200 µm. b, Printing with beads showing that resolution and printing thickness can be modulated by changing the nozzle size or (c) the speed of the stage movement. Images are representative of n = 3 independent experiments. Scale bars, 200 µm. d, Printing with HUVECs showing that resolution and cell density can be controlled by modifying the flow rate (syringe-based extrusion) or the printing speed (stage movement). Images are representative of n = 3 biologically independent experiments. Scale bar, 200 µm. e, Viability of C2C12 (circles) and HUVECs (squares) right after printing and 24 hours later. Data represented as percentage of live cells for three replicates (n = 3 biologically independent experiments), with the mean for each condition shown as a dotted line.


Extended Data Fig. 2 Printing human intestinal tubes.
Bright-field images showing the evolution of human intestinal stem cells printed as a line. Differentiation medium promotes the rapid formation of a continuous lumen. Increasing the matrix stiffness, by addition of collagen in the support hydrogel, allows to maintain the printed geometry better, preventing collapse of the tube due to cell-mediated matrix remodelling. Images are representative of n = 3 biologically independent experiments. Scale bars, 500 µm.


Extended Data Fig. 3 BATE of colon and stomach epithelial tubes from mouse and human primary cells.
a, Bright-field images of tube evolution from human and (b) mouse colon stem cells and (c) mouse stomach stem cells. In all cases, a thick tubular epithelium is formed by colony growth and fusion at high density. Images are representative of n = 3 biologically independent experiments. Scale bars, 500 µm.


Extended Data Fig. 4 BATE of vascular endothelial tubes.
a, Evolution of a printed line of HUVECs, showing rapid reorganization into an endothelial tube with a single macroscopic lumen. Images are representative of n = 3 biologically independent experiments. Scale bars, 500 µm. b, Different geometries can be printed to form branched vascular tubes and other complex structures. Images are representative of n = 3 biologically independent experiments. Scale bar, 1000 µm. c, Bright-field and fluorescent images showing vascular tube perfusion with fluorescently labelled dextran (2000 kDa) or fluorescently labelled beads (0.1 µm). Images are representative of n = 3 biologically independent experiments. Scale bars, 1000 µm.


Extended Data Fig. 5 Induction of angiogenesis in bioprinted vascular tubes.
a, Evolution of a printed vascular tube exposed to high VEGF concentration. Many capillaries are formed de novo while maintaining the continuous lumen. Scale bars, 250 µm. b, Evolution of a printout with straight angles showing good conservation of the printing geometry over time. Scale bar, 1000 µm. c, Complex geometries can also be printed, resulting in branched vascular networks with strong angiogenesis potential. Scale bar, 1000 µm. d, Bright-field images showing the evolution of printed vascular tube with addition of VEGF at different time points. Angiogenesis can be triggered at a desired time, promoting formation of capillaries that can connect with other tubes. Images are representative of n = 3 biologically independent experiments. Scale bar, 1000 µm.


Extended Data Fig. 6 Intestinal tube morphogenesis: influence of collagen content in the support hydrogel.
Addition of collagen I increases the stiffness of the support hydrogel, limiting extensive budding of the tubes. Of note: when the gel is disrupted, budding can occur even at later time points also for initially stiffer hydrogels. Images are representative of n = 3 biologically independent experiments. Scale bars, 200 µm.


Extended Data Fig. 7 Intestinal epithelial tube staining.
a, Confocal fluorescent images showing the formation of a continuous lumen by colony fusion. Images are representative of n = 3 biologically independent experiments. Scale bars, 100 µm. b, Staining of the intestinal tubes after six days of culture. Proliferation (EdU, left) and Paneth cells (Lyz, right) are restricted to the crypt-like structures whereas enterocytes (LFAB, middle) are found on flatter surfaces. Images are representative of n = 3 biologically independent experiments. Scale bars, 100 µm. c, fluorescent image of LGR5-eGFP and corresponding bright-field image of a tube after seven days, showing darker Paneth cells intercalated in between stem cells inside the crypts. Note that the autofluorescence of dead cells in the lumen does not overlap with the intact epithelium in the merged picture. Images are representative of n = 3 biologically independent experiments. Scale bars, 100 µm.


Extended Data Fig. 8 Influence of printing cell density on tube formation and diameter.
a, Representative tube printed from small intestinal organoids (that is not single cells). Top: 1 hour after printing, Middle: 72h after printing, Bottom: staining (Dapi labelling the nuclei, Actin) of the tube showing a lumen and crypt structures. Scale bars, 200 µm. b, Change of mean tube diameter over time at three different cell densities: 12,5 million (white symbol), 25 million (white and black symbol) and 50 million (black symbol) cells/ml. The experiment was repeated three times and two tubes are shown for each cell density. c, Evolution over time of one representative tube for each initial cell density from one of the three experiment is shown. Scale bars, 1000 µm.


Extended Data Fig. 9 Effect of IMC co-culture in bioprinted intestinal tubes.
a, Bright-field images and corresponding fluorescent images of Lgr5-eGFP three days after printing, showing the effect of IMC co-culture on tube formation. IMCs were either deposited after printing for adherence on the well bottom and hydrogel (left), or directly suspended inside the hydrogel before and during printing (right). In all cases, a continuous lumen was formed after only one day, and the tubes comprise many Lgr5+ buds after 3 days. Images are representative of n = 3 biologically independent experiments. Scale bars, 250 µm. b, Difference in evolution of the tube diameter if co-cultured with IMCs or not. For each day, the mean diameter (dotted line) of tubes with and without myofibroblasts were compared (n=3 tubes for each day).


Extended Data Fig. 10 Continuous epithelial tube composed of mouse small intestine and colon stem cells.
Top: merged (max Z projection) image of the tube in bright-field as well as showing red (mT) and green (Lgr5-eGFP) fluorescent cells, each color being shown separately below. Middle: colon cells expressing mT and intestinal cells expressing Lgr5-eGFP. Bottom: bright-field. Images are representative of n = 3 biologically independent experiments. Scale bar, 1000 µm.





Supplementary information
Supplementary Information
Supplementary Table 1.


Reporting Summary

Supplementary Video 1
BATE technology. Real-time demonstration of BATE technology, with sequential cellular aspiration and deposition within liquid ECM precursors.


Supplementary Video 2
Angiogenesis of the bioprinted vascular network. Z-stacks of bright-field and fluorescent images showing the morphology of the vascular network, highlighting the formation and maintenance of a continuous lumen in the presence and absence of VEGF supplementation. The stacks also show connections between different vascular tube through angiogenesis.


Supplementary Video 3
Intestinal tube morphogenesis. Five-day time-lapse showing the evolution of the intestinal tube. Right after the printing process, cells condense into a tightly packed line before starting to polarize and giving rise to Paneth cell emergence and subsequent budding formation.


Supplementary Video 4
Matrix softening promotes intestinal crypt morphogenesis. Three-day time-lapse showing intestinal crypt morphogenesis after treatment of the tube with collagenase. Matrix degradation results in homogeneous elongation of budding structure into crypts with darker Paneth cells at the bottom.


Supplementary Video 5
Physiological response to chemical stimuli in intestinal tubes. Carbamylcholine treatment triggers release of lysozyme granules from Paneth cells. Intestinal tubes exposed to Forskolin rapidly swelled, as a response to the activation of the cystic fibrosis transmembrane conductance regulator channels.


Supplementary Video 6
Multicellular self-assembly of intestinal epithelial and stromal cells. Two-day time-lapse showing the evolution of intestinal tube morphogenesis when mouse ISC are printed together with mouse IMCs. Tube formation and lumen genesis are faster. Some IMC migrating at the periphery of the tube can also be seen.


Supplementary Video 7
Large-scale self-organization allows lumen accessibility and perfusion. Demonstration of the perfusion process of the intestinal tube to remove the dead cells that are shed during culture as in the normal turnover of the tissue.





Source data
Figure 2
Source data for Fig. 2d,e. Mean tube diameter (μm). Two tubes per density per experiment.


Figure 3
Source data for Fig. 3k. Tube mean diameter changes over time (%).


Figure 4
Source data for Fig. 4m. log10 fold change. Normalized to GAPDH and to organoids in standard culture conditions. Mean of two tubes.


Extended Data Fig. 1
Source data for Extended Data Fig. 1e. Live/dead cell count.


Extended Data Fig. 8
Source data for Extended Data Fig. 8b. Mean tube diameter (μm).


Extended Data Fig. 9
Source data for Extended Data Fig. 9b. Mean tube diameter without or with myofibroblasts (MF) (μm).
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