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Abstract

3D in vitro constructs have gained more and more relevance in tissue engineering and in cancer-modeling{ In
recent years, with the development of thicker and more physiologically relevant tissue patches, the integration of a
vascular network has become pivotal, both for sustaining the construct in vitro and to help the integration with the
host tissue once implanted. Since 3D bioprinting is rising to be one of the most versatile methods to create
vascularized constructs, we here briefly review the most promising advances in bioprinting techniques.
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Background regulating these phenomena can find answers thanks to
Almost 30 years after Langerl] introduced the concept the adoption of better in vitro models.

of tissue engineering, the field has seen huge progress; 3D bioprinting has risen as one of the most promising
in vitro-created tissue patches and organs have alreadgngineering techniques to manufacture in vitro tissues,
reached clinical use, albeit many challenges are yet to bpaving the way to create thick cell-laden construcfs B.
overcome. In parallel with tissue engineering, 3D in vitro Howbeit, with thickness comes a new hurdle: the need for
models are also invaluable in cancer researd. [It is vasculature to provide nutrients to the cells in the bulk.
known that the microenvironment plays a crucial role in Creating vascularized tissue constructs further increased
tumor growth and development, both at the biochemical the complexity of in vitro tissues, requiring refined 3D
and biophysical level (structural and soluble component,bioprinting techniques, more advanced materials and opti-
respectively). Mathematical models strive to capture thismized biological protocols. Several different printing
complexity and would greatly benefit from the develop- methods fall under the bioprinting category, but only a
ment of novel in vitro systems that better recapitulate few have been effectively employed to obtain vascularized
the true in vivo behavior of tumors, thus allowing proper constructs.

model validation and parameter tuning3]. Metastatic

disease is still the cause for >90% of all cancer-related

deaths, relying on processes such as epithelialEXtrusion bioprinting: sacrificial inks

mesenchymal transition (EMT) 4], extravasation of Extrusion bioprinting is the cheapest and most versatile
stem-like cells from the tumor mass5], and dependence technique, not only allowing customization from the en-

on new vessels formations]. Once again, key unknown gineering perspective (e.g. multi-printheads, coaxial noz-
zles, microfluidic extrusion) $-11] but also showing

great flexibility in terms of materials choice. Sacrificial
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include Pluronic F-127 (PLU) 1, 12-14], carbohydrate- technique, in which a support bath made of dense cellu-
glass 15|, gelatin [L6-18], and agarose19]. As an ex- lar spheroids sustains the printing of a gelatin sacrificial
ample,Koleskyet al. used PLU to create a series of hollowink. Cellular spheroids from human embryonic or in-
channels inside a gelatin methacrylate (GelMA) chip;duced pluripotent stem cells (iPSCs) can be either undif-
these channels were then seeded with human umbilicaferentiated embryoid bodies (EBs) or differentiated
vein endothelial cell (HUVEC), obtaining perfusable organoids (e.g. cardiac or cerebral). The final result is a
endothelialized vascular channeld3]. In a later work by branched hierarchical vascular network, successfully
the same group T], perfusable constructs with a thick- endothelialized with HUVECS, enclosed in a compacted
ness>1cm were realized, showing cell culture and surtissue construct (Figll, m). The only limitation was that
vival for up to 6 weeks, and demonstrating that PLU canto maintain high fidelity the diameter of the sacrificial
be successfully printed in air creating stable freestandindilaments needed to be ~400m, twice the size of the
structures with pillars and bridges (Figla-c). Similarly, spheroids. While making a small step back in terms of
Daly et al. created a vascularized construct printing a sac{rinting resolution, using spheroids is a leap forward
rificial 3D PLU freestanding structure and surrounding it from the biological point of view, opening the way to
with cell-laden GelMA (Fig.1d-g); the construct was im- vascularized constructs made from organoids and multi-
planted in a femoral defect in a rat model, showing acellular spheroids.

higher host osteoclasts and immune cells invasion com-

pared to a non-vascularized construc2(). Extrusion bioprinting: coaxial nozzles
A different way of using extrusion bioprinting to create
Extrusion bioprinting: support baths hollow channels is integrating two or more coaxial noz-

Although these approaches succeeded in obtaining vaszles, where an inner needle with a small diameter ex-
cularized tissue patches, they are usually constrained térudes a crosslinker liquid solution (e.g. CaCl) while a
channel diameters >20800 m and to simple geom- concentric larger nozzle extrudes the crosslinkable
etries to ensure the stability of the structure. In an effort hydrogel (e.g. alginate). The hydrogel reticulates while
to overcome such limitations, several studies focused orbeing printed, thus retaining its cylindrical hollow shape
the optimization of the support bath material, allowing [9]. Several research papers exploited this technique
extrusion of more complex 3D vascular networkbligh-  [27-29], and Jiaet al. showed good endothelialization of
ley et al. developed a self-healing bath based on modifiedhe hollow channels and a 21-days cell culture under
hyaluronic acid which deforms when the nozzle is perfusion B(0l. More recently, Shao et al. obtained
inserted but quickly heals around the printed material thicker vascularized constructs up to 1 cm— and were
[21]. Bhattacharjeeet al. used a Carbopol ETD 2020 able to combine three coaxial nozzles to yield multicellu-
granular support gel to print channels with features and lar tissue matrices 31]. While the main drawback of co-
internal diameters <100m [22]. Hinton et al. proposed axial bioprinting is in creating bifurcations, it also shares
their freeform reversible embedding of suspended hydro-a hurdle with the other extrusion printing techniques in
gels (FRESH) technique, and developed a slurry containereating hierarchical networks, since vessels are usually
ing gelatin micropatrticles, enabling printing of hydrogels created by a single extrusion of filament.

such as alginate, collagen type I, Matrigel and fibrin,

which can subsequently be liquified and remove#@3]. Stereolithography

By bioprinting branched vascular networks and scaled-Stereolithography, a maskless photolithography, uses
down models of heart and brain, this study paved thelight to crosslink a material with a resolution much
way to their more recent work 24] where the gelatin higher than any extrusion technique, thus enabling
microparticles diameter was decreased down to ~2% the generation of intricate networks of channels with
while maintaining the polydispersity and sphericity. The varying diameters 32, 33]. Customizing a stereolith-
optimized support bath led to an increased resolutien ography apparatus for tissue engineering (SLATE),
with printed filaments down to 20 m in diameter —, Grigoryan et al. [34] produced alveolar models that
and enabled direct printing of collagen, which usually re- were flexible enough to withstand cyclic ventilation of
quires some degree of modification or blending with the hollow internal volumes, while ensuring constant
other polymers to be successfully extrudedl, 25, 26]. perfusion of human red blood cells in the surround-
Building on these results, a scaled-down beating vening branching vascular network (Figln, o). Their
tricle model, a working tri-leaflet heart valve, and a per- airway-like models successfully oxygenated the per-
fusable multi-scale vasculature replicated from MRI fused blood under cyclic ventilation. To further study
data — were successfully printed (Figlh-k). Concur- the capabilities of their approach they also engineered
rently, Skylar-Scottet al. [L8] developed the so-called a vascularized hepatictissue construct (Fig. 1p).
sacrificial writing into functional tissue (SWIFT) When implanted for 14days in a rodent model of
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Fig. 1 (See legend on next page.)
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