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a b s t r a c t 

The development of tissue engineering strategies for treatment of large bone defects has become increas- 

ingly relevant, given the growing demand for bone substitutes. Native bone is composed of a dense vas- 

cular network necessary for the regulation of bone development, regeneration and homeostasis. A major 

obstacle in fabricating living, clinically relevant-sized bone mimics (1-10 cm 

3 ) is the limited supply of nu- 

trients, including oxygen to the core of the construct. Therefore, strategies to support vascularization are 

pivotal for the development of tissue engineered bone constructs. Creating a functional bone construct 

integrated with a vascular network, capable of delivering the necessary nutrients for optimal tissue de- 

velopment is imperative for translation into the clinics. The vascular system is composed of a complex 

network that runs throughout the body in a tree-like hierarchical branching fashion. A significant chal- 

lenge for tissue engineering approaches lies in mimicking the intricate, multi-scale structures consisting 

of larger vessels (macro-vessels) which interconnect with multiple sprouting vessels (microvessels) in a 

closed network. The advent of biofabrication has enabled complex, out of plane channels to be generated 

and has laid the groundwork for the creation of multi-scale vasculature in recent years. This review high- 

lights the key state-of-the-art achievements for the development of vascular networks of varying scales 

in the field of biofabrication with a particular focus for its application in developing a functional tissue 

engineered bone construct. 

Statement of significance 

There is a growing need for bone substitutes to overcome the limited supply of patient-derived bone. 

Bone tissue engineering aims to overcome this by combining stem cells with scaffolds to restore miss- 

ing bone. The current bottleneck in upscaling is the lack of an integrated vascular network, required for 

the delivery of nutrients to cells. 3D bioprinting techniques has enabled the creation of complex hollow 

structures of varying dimensions that resemble native blood vessels. The convergence of multiple mate- 

rials, cell types and fabrication approaches, opens the possibility of developing clinically-relevant sized 

vascularized bone constructs. This review provides an up-to-date insight of the technologies currently 

available for the generation of complex vascular networks, with a focus on their application in bone tis- 

sue engineering. 

© 2022 The Author(s). Published by Elsevier Ltd on behalf of Acta Materialia Inc. 
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. Introduction 

Over the years, autologous bone has remained the “gold stan- 

ard” replacement to restore large bone defects due to its inher- 

nt osteoinductive, osteoconductive and osteogenic properties [1] . 

espite the fact that bone grafting techniques have become well- 

stablished and practiced over the past century, large bone defects 
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till represent a major challenge due to their size, often complex 

hapes and limited tissue availability [1] . An alternative solution to 

vercome the limited supply of autografts is the use of allografts. 

owever, allografts carry the risk of rejection and transmission of 

iseases, which may result in failure to integrate within host tis- 

ue [ 2 , 3 ]. Bone tissue engineering strives to serve as a platform to

vercome the shortcomings and complications associated with au- 

ologous and allogeneic bone grafting. This multidisciplinary field 

ombines the principles of materials science, biomechanics, cell bi- 

logy, and medical sciences and requires collaborative efforts of 

cientists, engineers, and surgeons to achieve the ultimate goal 

f developing a biologically compatible and functional engineered 

one constructs [4] . In this context, a functional bone construct 

hould eventually integrate with adjacent host bone and vascular 

upply, and ultimately perform the functions of native bone as a 

oad-bearing tissue that is primarily involved in locomotion [ 5 , 6 ]. 

he ability to create a functional bone tissue engineered construct 

ith the capacity to maintain homeostasis would revolutionize the 

ay bone defects will be treated in the clinics. By implementing 

omputer-assisted imaging and preoperative planning, customized 

rafts with desired shape and dimensions could be fabricated al- 

owing for personalized bone reconstruction [7] . 

Over the past three decades, significant strides have been made 

n the field, from the incorporation of cells with or without growth 

actors within scaffolds to the development of “smart” biomateri- 

ls with specific osteoinductive properties [8–10] . While bone tis- 

ue engineering has celebrated some successes in the reconstruc- 

ion of bone defects in various animal models [11–18] , upscaling 

o larger clinically relevant sizes (1-10 cm 

3 ) still presents a ma- 

or hurdle. The lack of effective strategies to fully vascularize the 

onstructs, especially down to their core, has limited the survival 

nd success of cell-laden, three-dimensional (3D) tissue engineered 

one constructs after implantation. In fact, the main causes of con- 

truct failure are necrosis and lack of integration with the host 

issue [19] . It is also known that the processes of bone formation 

nd vascularization are closely intertwined, and ossification cannot 

ake place in the absence of vascularization [20] . Cells need to be 

ithin 100 to 200 μm of blood vessels in order to survive [21] and

nfavourable hypoxic conditions can impact the secretome of the 

ffected cells impairing tissue homeostasis and consequently the 

egenerative process [22] . Moreover, vascular supply also serves as 

 conduit to recruit various cell types involved in the inflammatory 

esponse required to complete bone regeneration and in construct 

emodelling and integration. 

Without a readily perfusable vascular network, the current size 

f a tissue engineered bone construct is theoretically limited to 

bout 400 μm in at least one dimension, impeding clinical trans- 

ation of larger, more complex bone tissue engineered constructs 

23] . In vivo , neovascularization occurs via vasculogenesis and/or 

ngiogenesis. This arises from close association between differen- 

iation of precursor cells into endothelial cells (ECs) to form vas- 

ular structures or from the sprouting of pre-existing blood ves- 

els, respectively [24] . Classical approaches to tissue engineering 

ought to prevascularize a construct before implantation to over- 

ome the diffusion limitation. To induce vasculogenesis in vitro , a 

ultitude of strategies have been explored using a variety of en- 

othelial lineage cells in combination with supporting cells (i.e. 

cting as pericytes). A thorough overview of standard cell types 

sed for in vitro prevascularization has recently been published 

25] . While in vitro prevascularization with co-culture models in 

ombination with biomaterials have exhibited some degree of suc- 

ess (e.g. accelerated inosculation with host capillaries) for con- 

tructs of millimetre-scale dimensions [26] , clinical translation of 

hese studies is still hindered by significant design limitations and 

hallenges associated with upscaling to larger, centimetre-sized 

issue-engineered bone constructs [27] . Firstly, microvascular struc- 
251 
ures need perfusion to maintain viability of cells and drive matu- 

ation in vitro within a large fabricated 3D tissue engineered con- 

truct. Thus far , a majority of studies have focused on generating 

icrovascular networks without any attention to the spatial orga- 

ization of formed microvessels, thereby failing to provide a nat- 

ral inlet and outlet for perfusion during preculture in the lab or 

or in vivo anastomosis [28–31] . Secondly, inosculation with host 

apillary bed takes at least 48 hours resulting in reliance on diffu- 

ion for nutrient transport during this period, which is inadequate 

hen upscaling to larger constructs [ 32 , 33 ]. 

In recent years, the field of biofabrication has shown great 

romise in developing more complex, native-like structures for a 

ide array of tissue engineering applications, owing to the pre- 

ise spatial patterning of biomaterials and cells through the use 

f additive manufacturing technologies, such as 3D printing [34] . 

iofabrication techniques offer a wide range of achievable resolu- 

ions and printable biomaterials, which can directly or indirectly 

ncorporate living cellular components into the printed constructs 

 Table 1 ). These are particularly interesting in the fabrication of 

issue mimics that possess a more hierarchical vascular architec- 

ure for accommodating tissue metabolic needs [35] . Importantly, 

issue engineered grafts must undergo maturation before attain- 

ng full functionality, and the intricate spatial patterning facilitated 

y these biofabrication approaches can help accelerate this process 

36] . The high degree of freedom of design and geometric accu- 

acy both at a macro- and microscale level has allowed for the bio- 

abrication of vascular-like structures with increasing levels of suc- 

ess. The aim of this review is to explore some of the breakthrough 

iofabrication approaches on vascularization for the generation of 

 hierarchical vascular network are explored. To address this, dif- 

erent strategies employed in the fabrication of macro (10 0 0 -10 0 

m) and micro ( < 100 μm) scale vessel-like structures with differ- 

nt resolution ranges are highlighted. This review will provide key 

erspectives on the potential and limitations of existing research 

n biofabrication of vascularized tissues. Lastly, vascularization ap- 

roaches specifically for bone tissue engineering are explored and 

hallenges and current solutions, as well as future perspectives are 

iscussed. 

. Defining the vascular network 

In addition to oxygen and nutrient delivery, the vascular system 

s instrumental in regulating bone formation and bone marrow 

ematopoiesis [37] . ECs are composed of a heterogenous popula- 

ion of subtypes with specialized functional properties in specific 

ocal microenvironments [38] . For example, osteogenesis is sup- 

orted by type H capillary ECs and the sinusoidal vessel network of 

he bone marrow is regulated by type L ECs. Type H capillary ECs 

upport bone formation and bone growth via angiocrine signaling 

f osteogenic factors and mediate angiogenesis in bone both during 

evelopmental and regenerative stages [39] . In concert with the 

ascular system, the skeletal system is a hierarchical system com- 

osed of MSCs, osteoprogenitors and osteoblasts which regulates 

ifelong bone formation [ 38 , 40 ]. During bone development and re- 

eneration, the migration of osteoprogenitor cells and osteoclasts 

o the defect site ensues vascular invasion. Together, these two sys- 

ems work in synchrony to regulate bone formation and homeosta- 

is. The release of VEGF from bone forming cells not only influ- 

nces ECs, but also affects the function of other cell populations 

uch as chondrocytes, osteoblasts and osteoclasts [41] . In parallel, 

Cs secrete pro-osteogenic factors, e.g. BMP-2, which stimulate os- 

eoblasts . Recapitulating the full range of resolution, structure and 

unction displayed by native vasculature has been a major chal- 

enge in the fields of tissue engineering and biofabrication to date. 

hile major breakthroughs have been made for large diameter ( > 

mm) and medium-diameter arteries (6 - 8 mm) through the in- 
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Table 1 

Advantages and limitations of different bioprinting techniques for the purpose of fabricating vascular structures outlined throughout this review, classified according 

to printing category based on their working principles. 

Printing category Technique name Advantages Disadvantages Refs. 

Extrusion-based 

bioprinting 

Sacrificial printing - Simple process that can be 

performed with conventional 3D 

bioprinting equipment 

- Allows for the fabrication of 

interconnected 3D hollow networks 

- Printing of multiple materials 

(sacrificial and cell-laden 

biomaterials) 

- Void-free sacrificial printing allows 

for more homogenous channel seeding 

- Channel resolution largely 

dependent on nozzle diameter 

( > 100um) 

- Complex, out of plane structures are 

very challenging to achieve. Only 

possible with support materials that 

increase printing time significantly 

[ 49 , 50 ] 

Co-axial printing - A single nozzle can be used to 

create multilayered hollow channels 

- Different materials and cells can be 

processed through distinct printing 

parameters for each nozzle layer 

- Hierarchical tubular structures are 

achievable in a single process 

- Channel resolution largely 

dependent on nozzle diameter 

( > 100um) 

- Complex, out of plane structures are 

very challenging to achieve without 

the use of support materials 

- Specialized nozzles necessary, as 

well as multiple pressure sources for 

each layer that can be independently 

controlled 

[ 51 , 58 ] 

Suspension bath printing - Allows for the fabrication of 

complex, overhanging and out-of 

plane 3D structures given the 

structural support provided by the 

bath around the extruded material 

- Soft and low viscosity materials can 

be printed with high accuracy given 

the surrounding support bath 

- Feature/channel resolution largely 

dependent on nozzle diameter 

( > 100μm) 

- Optimization of support bath and 

extrusion material properties is 

essential to ensure homogenous 

filament printing 

- Removal of support bath can 

damage small, fragile structures and 

result in low shape fidelity 

[ 54–56,58 ] 

SWIFT Sacrificial suspension 

bath printing 

- Allows for the fabrication of 

complex, overhanging and out-of 

plane hollow 3D structures given the 

structural support provided by the 

bath around the extruded material 

- The support bath can be composed 

of cell (and spheroids) slurries, thus 

allowing all the benefits of embedded 

printing in a construct with very high 

cell densities 

[57] 

Inkjet printing Drop-on-demand (DoD) 

printing 

- Precise deposition of cell-laden 

biomaterials capable of self-assembly 

into hollow vessel-like structures 

- Can achieve single-cell resolutions, 

for more controllable vessel sizes 

- Challenging to fabricate complex 3D 

structures through this technique 

alone, convergence with other 

methods necessary for hierarchical 

architectures is needed 

[142–144] 

Acoustic wave patterning - Low shear stress approach that 

allows for patterning of cell-laden 

biomaterials in a wide array of 

architectures 

- Through self-assembly, 

microvascular structures can be 

achieved that exhibit directionality 

based on wave frequency and pattern. 

- Challenging to create hierarchical 3D 

constructs 

- Effect of soundwaves on cellular 

processes needs further investigation 

[ 106 , 107 ] 

Light-based 

bioprinting 

Stereolithography and digital 

light processing 

- Allows for printing of hollow, highly 

convoluted structures without the 

need for support materials 

- Printing resolutions allow for a wide 

array of vessel types to be printed 

( > 5μm) 

- Nozzle-free printing approach does 

not expose cells to shear-stresses 

typical of extrusion-based techniques 

- Limited to photocrosslinkable 

biomaterials 

- Addition of photoabsorbing 

compounds necessary to achieve 

higher resolutions 

- Convergence of multiple materials or 

printing approaches is challenging, 

and requires substantial technical 

modifications to conventional systems 

[ 67-69 , 71 ]. 

( continued on next page ) 
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Table 1 ( continued ) 

Printing category Technique name Advantages Disadvantages Refs. 

Two/multi-photon laser 

ablation 

- Can achieve resolutions in the 

nanometer scale, especially attractive 

for printing capillary-like structures 

- Iterations of the technique allow for 

in situ printing to remodel vessel 

networks at different time points 

during culture 

- Nozzle-free printing approach does 

not expose cells to shear-stresses 

typical of extrusion-based techniques 

- Time consuming process given the 

extremely high resolutions that can be 

achieved, which can result in 

detrimental effects on cell viability 

and function 

- Patterning multiple materials in a 

single process is challenging to 

requires technical modification to 

conventional systems 

Given the speed of the technique, the 

ability to build large and complex 3D 

structures is limited 

[ 96-98 , 103 , 104 , 108 ] 

Volumetric bioprinting - Fastest bioprinting approach to date 

(10s of seconds) 

- Allows the contactless fabrication of 

centimeter-scaled constructs, making 

it possible to maintain cell/organoid 

morphology and viability during and 

after printing 

- Its single-step approach allows the 

fabrication of convoluted, hollow 

channels and free-floating 

components 

- Current resolution of negative 

features is > 100μm 

- Introduction of high cell densities 

requires material or software 

adjustment to improve resolution 

- Patterning multiple materials in a 

single process is challenging to 

requires technical modification to 

conventional systems 

[146–149] 
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roduction of synthetic grafts, the same cannot be said for small- 

iameter vascular grafts ( < 6 mm), which have consistently shown 

oor success rates due to surface thrombogenicity and intimal hy- 

erplasia [ 37 , 38 ]. The introduction of biofabrication has revolution- 

zed the way in which small diameter vascular grafts can be man- 

factured [39] . However, the generation of small diameter vascular 

rafts (1 – 6 mm) for the application of cardiovascular surgery is 

eyond the scope of this review and a comprehensive up-to-date 

eview is provided elsewhere [40] . 

.1. Establishing a vascular foundation: The biofabrication of 

erfusable macrochannels 

The incorporation of macrochannels with diameters ranging 

rom 100 – 10 0 0 μm within a tissue engineered construct can al- 

ow for perfusion, support mass transport and partly overcome the 

imits of nutrient and oxygen exchange during the in vitro cul- 

ure steps. Earlier approaches to introduce such channels included 

arious templating techniques, which required manual labour with 

ubing or blunt needles. This process was not only time consuming 

ut was also limited to the generation of linear channels that do 

ot reflect the out-of-plane complexity of a vascular network [41–

4] . Taking the principle of templating to a more architecturally 

omplex level, multiple research groups have turned to sacrificial 

rinting [45–48] . Here, a desired 3D pattern is first printed as a 

ascular template using a fugitive ink. Next, a second (bio)ink is 

anually casted or printed around this sacrificial template, and 

he fugitive ink is removed from the construct, resulting in open 

ubular structures that span throughout the (bio)ink. The hollow 

ubular structures are then typically manually seeded with ECs to 

reate endothelialized channels and, if desired, are then perfused 

ith media to facilitate diffusional mass transport and drive tissue 

aturation throughout the entire construct. In a hallmark study, 

olesky and colleagues demonstrated for the first time the fea- 

ibility of creating thick prevascularized tissues ( ≥1 cm) within 

ustomized perfusion chips through sacrificial printing ( Fig. 1 A) 

49] . The group demonstrated the ability to print macrochannels 

f approximately 20 0-30 0 μm in diameter that could be seeded 

ith ECs and maintained in long-term culture for up to 45 days 

 Fig. 1 B). Based on this same working principle, the study also fab-

icated more complex endothelialized microchannel networks to 
253 
ustain tissue function and maturation in thick structures and pro- 

ided new insights in the capabilities of printing more complex, 3D 

revascularized structures through the use of sacrificial materials. 

Initially, sacrificial printing approaches were limited to post- 

eeding of ECs to create endothelialized lumina, which is often 

nefficient and can result in non-uniform distribution of cells. 

uyang et al. sought to overcome this by using a void-free 3D 

rinting (VF-3DP) approach by pre-loading ECs into a sacrificial 

elatin bioink permitting in situ endothelialisation ( Fig. 1 C-F) [50] . 

o achieve this, gelatin-based templating bioink pre-loaded with 

Cs and a photo-crosslinkable matrix bioink (Gelatin Methacryloyl; 

elMA) were printed in a side-by-side manner to form a void-free 

D structure. Following photocrosslinking of GelMA, the thermore- 

ersibly crosslinked templating bioink was liquefied at 37 °C, result- 

ng in in situ seeding of cells. Their single-step approach was found 

o have close to a 3-fold improvement in seeding efficiency in com- 

arison to post-printing seeding [50] . Applying this approach could 

lso be an efficient way to reduce the amount of cells needed to 

eed channels, which is key when upscaling to clinically-relevant 

ized constructs that require high cell yields. Drawing from a sim- 

lar one-step approach, Shao et al. demonstrated the printing of 

omplex anatomical 3D structures using a 2-in-1 system combin- 

ng co-axial and sacrificial printing ( Fig. 1 G-H). The co-axial system 

onsisted of an inner EC-loaded gelatin sacrificial ink, and an outer 

hannel which consisted of cell-laden GelMA that was covalently 

ross-linked after extrusion [51] . As already demonstrated in pre- 

ious work, dissolving the gelatin led to the release of ECs that ad- 

ere to the luminal interior of the channels creating vascular-like 

tructures [51] . Depending on the cell type encapsulated within 

he crosslinked GelMA bioink, this approach can be tailored for the 

onstruction of various vascularized tissues. These one-step seed- 

ng systems certainly overcome one of the major drawbacks asso- 

iated with upscaling in sacrificial printing approaches, namely the 

nefficient cell seeding process required to create endothelialized 

hannels from these printed templates. 

The aforementioned extrusion-printing approaches, however, 

ose some design limitations that prevent complete recapitulation 

f native vasculature in a 3D environment, specifically in captur- 

ng complex, out-of-plane vascular networks. Gravity tends to dis- 

ort the soft biomaterials needed for EC survival and optimal func- 

ion before they can be cross-linked into the desired or extruded 
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Fig. 1. Sacrificial bioprinting approaches for the fabrication of macrochannels in engineered bone tissues. A) Schematic of a single sacrificially printed channel lined 

with human umbilical vein endothelial cells (HUVECs) within a casted fibroblast (HNDF)-laden matrix placed inside a perfusable chip system. B) Confocal images of the 

endothelialized channel (red = HUVECs) and the surrounding HNDF-laden matrix (green) after 45 days of culture, and a cross-sectional image of the channel showing the 

hollow-nature of the channel; images reproduced with permission from [49] . C) Schematic of void-free bioprinting approach in which channel seeding efficiency is enhanced 

by placing the endothelializing cells in a sacrificial, templating bioink that is printed within a matrix bioink in different patterns within a perfusable chip system. D) Straight 

an S-shaped channel path, E) S-shaped channel with circular junctions and a F) 3D lattice imaged i) optically in the perfusable system, and ii) fluorescent images of a 

perfusing dye through the open channels created with the templating sacrificial ink; images reproduced with permission from [50] . G) Schematic of a hybrid approach 

combining co-axial and sacrificial, void-free bioprinting, in which the outer shell of the printed filament contains the target tissue cells in a crosslinkable bioink and the 

inner shell contains a sacrificial templating bioink that permits void-free endothelialization of the fabricated channels upon washing of this inner channel ink. H) 3D model 

of a simple bone model and the resulting prevascularized co-axially printed structure; images reproduced with permission from [51] . 
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e

eometry [ 52 , 53 ]. Adapted by a method known as embedded 3D

rinting (e-3DP) described by the Muth et al. [54] , Hinton et al. 

ntroduced Freeform Reversible Embedding of Suspended Hydro- 

els (FRESH) which utilizes a high-density bath composed of sac- 

ificial, thermoreversible gelatin particles, that keeps the printed 

ioink in place until stabilization ( Fig. 2 A-B) [55] . FRESH print- 

ng allows the high-fidelity printing of soft materials by employ- 

ng Bingham-plastic and/or self-healing support bath materials, ca- 

able of reversibly fluidizing due to the shear stresses elicited by 

he extrusion process while supporting the extruded bioink post- 

rinting [ 55 , 56 ]. This allows for the freeform fabrication of out-of- 

lane structures with resolutions of up to 200 μm, that can better 

imic tissue complexity [55] . In the following years, a new varia- 

ion on this approach was introduced to fabricate 3D vascularized 

issues with the cellular density and microstructural complexity of 

ative tissue, via the a method termed sacrificial writing into func- 

ional tissue (SWIFT) ( Fig. 2 D-F) [57] . This revolutionary, modular 

pproach consists of a compact matrix of so-called organ building 

locks (OBBs, made from jammed spheroids or embryoid bodies), 

hich make up the supporting bath in combination with a ma- 

rigel and collagen I solution and thus enable freeform printing. 

 vascular template is then printed into this living matrix using 

elatin as a sacrificial ink and consequently removed at physiolog- 

cal temperature to generate a perfusable network of tubular chan- 

els. The presence of vascular channels not only preserved the vi- 

bility of the OBBs, but also stimulated tissue maturation of the 
254 
 mm thick living tissue that was made up of approximately 500 

illion cells at a cellular density of 200 million cells/ml. In con- 

rast, non-perfusable controls, devoid of the gelatin-derived vas- 

ular templates, exhibited a necrotic core within 12 hours due to 

iffusion limitations; confirming the functionality of the printed 

hannels. The group also generated a bifurcated vascular network 

n a simpler SWIFT construct that was seeded with EC, however 

hey were not able to achieve a confluent endothelium at this time 

57] . While the model is still in its early stages and requires sig- 

ificant optimization in printing resolution, as well as elaborate 

haracterization of the endothelialization of the open channels, this 

pproach has demonstrated enhanced architectural complexity of 

ascular networks for volumetric tissue mimics compared to con- 

entional extrusion printing methods. 

Many techniques aiming at vasculature biofabrication rely on 

he printing of (endothelialized) channels as vessel templates, but 

his approach alone, focusing on the inner, endothelial lining of 

he vessel only, does not take into account the anatomical struc- 

ure of the non-capillary segments of the vasculature that are com- 

osed of the tunica intima, tunica media and tunica externa , which 

ontribute to the overall functioning of a vessel. To address this, 

o-axial printing systems have proven to be highly versatile, as 

hrough simple modification of the channels, the coaxial extruder 

ermits the fabrication of complex cylindrical structures, that are 

ayered with different bioinks according to the design of the differ- 

nt nozzle compartments. Dikyol et al. demonstrated the feasibility 
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Fig. 2. In-bath printing approaches for the fabrication of macrochannels. A) Schematic and optical images of the FRESH bioprinting approach, in which a soft bioink can 

be accurately printed inside a support bath/granular tissue matrix that enhances shape fidelity and allows for nonplanar extrusion printing. Bi) 3D MRI model of a region 

of the human right coronary arterial tree ii) printed via FRESH approach with fluorescent alginate and iii) imaged in 3D to show the hollow lumen achieved through this 

printing technique; images reproduced with permission from [55] . Ci) A combination of FRESH and coaxial printing allows the printing of hollow, multi-layered macrovessel 

structures, showing ii) distinct multicellular layers from each layer of the printing nozzle, and resulting in iii) sustained high cell viability post-printing; images reproduced 

with permission from [58] . D) Schematic of SWIFT printing approach, in which a sacrificial bioink is printed within a cell/aggregate-laden support bioink. The sacrificial 

ink can be removed post-printing resulting in open, perfusable channels. E) Sequential optical images of the embedded printing process of the sacrificial ink within the 

aggregate-laden tissue matrix to create a complex, nonplanar vascular network. F) Multichannel construct of a hierarchical vascular network printed via SWIFT approach, 

showing that the fabricated channels span through the entire length of the construct after 12 hours of perfusion;; images reproduced with permission from [57] . 
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f creating layered structure by using a multi-material bioprinting 

latform to fabricate biomimetic vascular constructs via co-axial 

rinting [58] . Through the incorporation of 3 different bioink for- 

ulations consisting of ECs, smooth muscle cells (SMCs) and hu- 

an skin fibroblasts (HSFs), the research group was able to mimic 

he tunica intima, media and externa of an abdominal aorta , respec- 

ively ( Fig. 2 C). The bioinks were simultaneously extruded through 

 multi-channel nozzle into a support bath, which facilitated the 

ontrolled movement of the nozzle and provided support to the 

xtruded bioink prior to crosslinking. Trying to mimic the native 

ortic wall thickness, researchers achieved layers of between 250 

835 μm, showing approximately 10% thicker walls than native 

tructure, but keeping to the thickness ratio exhibited by the three 

ifferent vessel layers. This multi-material printing approach could 

erve as a platform for the biofabrication of more structurally com- 

lex, tissue engineered vascular networks. 

While extrusion-based techniques have been the most widely 

sed biofabrication approaches to date and have shown promis- 

ng developments in the field of vascular tissue engineering, their 

orking principle poses some significant drawbacks. Firstly, the ex- 

rusion process imposes shear stresses on cells when being de- 

osited out of the nozzle, a potentially harmful factor that can 
255
mpair biological functions and cell viability [59] . This nozzle- 

ased approach also limits achievable printing resolutions (as noz- 

le size and the ensuing Barus effect observed in most of the non- 

ewtonian fluids that possess the shear-thinning quality essential 

or extrusion to occur) [60] . Even under optimized printing param- 

ters, this often results in extruded filaments with similar sizes as 

he inner diameter of the employed nozzle. Considering that the 

maller the nozzle, the greater the shear stresses imposed on the 

rinted cells, this limits the printing resolution of extrusion tech- 

iques to hundredths of micrometers. Another class of biofabrica- 

ion approaches that circumvents these limitations are light-based 

pproaches, which rely on photocrosslinking or photodegradation 

f spatially controlled regions of photosensitive resins to create 

omplex 3D objects [61] . This category of printing approaches of- 

ers a wide range of printing resolutions depending on the spe- 

ific process and illumination method, from the nano- to centi- 

etre scale. Additionally, these nozzle-free approaches do not ex- 

ose materials and cells to shear stresses, making them more suit- 

ble for printing complex multi-scale systems with minimal im- 

act on cell viability. Given the mechanisms of the photochemi- 

al reactions typically occurring in light-based printing, potential 

isks for embedded cells due free-radicals have been extensively 
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Fig. 3. Light-based biofabrication strategies for complex macrochannel formation. A) Schematic representation of the DLP process in which a photosensitive bioresin is 

cured in a layer by layer fashion through the sequential projection of photomasks of the desired 3D object. B) Complex perfusable microfluidic chip structures with a range 

of different channel diameters and C) convoluted, non-planar channels mimicking a region of blood vessels in the human Willis circuit can be successfully printed with this 

approach; images reproduced with permission from [67] . D) The ability to project different photomasks onto different photosensitive resins in a sequential manner allow for 

the creation of multimaterial and multicellular structures. E) Bioprinted cellular construct with HUVECs (red) and HepG2s (green) encapsulated in different printed regions of 

the 3D construct, showing vessel-like channels of different diameters throughout the print. Below, a vascular co-culture of HUVECs (green = CD31-positive) and 10T1/2 cells 

(purple = αSMA-positive) show endothelial network formation after 1 week of culture, exhibiting different vessel sizes as determined by the initial design of the printed 

structure; images reproduced with permission from [70] . F) DLP printing resolution can be enhanced through the use of photoabsorbers, resulting in highly accurate prints 

compared to the computer-generated 3D model; images reproduced with permission from [71] . G) DLP-printed, perfusable vascular-like network seeded with HUVECs and 

surrounded by hepatocyte aggregates embedded in fibrin gel was implanted and demonstrated albumin production in vivo ; images reproduced with permission from [68] . 
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tudied [ 62 , 63 ]. Experimental data from several groups indicate the 

afety of the process, with careful selection of photo-initiator con- 

entration, and light doses and wavelengths [ 64 , 65 ]. For the gen-

ration of macro-scale vessel structures, the use of digital light 

rojection (DLP) strategies has enabled the fabrication of out-of- 

lane, highly complex vascular structures ( Fig. 3 A). A wide array of 

ight-responsive, biocompatible polymers has been used to create 

elf-contained, vascularized chip models ( Fig. 3 B) [ 66 , 67 ], anatom-

cally accurate vascular networks ( Fig. 3 C) [ 67 , 68 ] and vascularized,
256 
ulticellular tissue models ( Fig. 3 D-E) [ 69 , 70 ]. To improve the res-

lution of this versatile printing approach, synthetic and natural 

yes that act as photoabsorbers at the peak absorption wavelength 

f the photoinitiator system have been used, allowing the resolu- 

ion of features in the range of 5 – 100 μm ( Fig. 3 F) [ 67 , 68 , 70 , 71 ].

nterestingly, many of these water-soluble photoabsorbers, suit- 

ble to be used in hydrogel-based bioresins, are well known bio- 

ompatible food dyes [71] . In an impactful study in the area of 

ascular bioprinting, Grigoryan et al. utilized a photoabsorbing 
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ompounds to manufacture complex functional macrochannel net- 

orks, and developed a proof-of-concept, vascularized system car- 

ying mouse hepatocytic spheroids with EC-seeded channels. To 

alidate their translational potential, the prevascularized hepatic 

ydrogel carriers were implanted into a rodent model of chronic 

iver injury. Impressively, the carriers not only survived transplan- 

ation but also exhibited albumin production indicating survival 

f functional hepatocytes ( Fig. 3 G) [68] . The interconnected net- 

orks produced with this approach could be potentially applied to 

ther tissues, and for instance implemented in a large tissue en- 

ineered bone construct. The continuous development of a wide 

rray of extrusion- and light-based bioprinting approaches will fa- 

ilitate the fabrication of macrochannels with increasing architec- 

ural complexities. However, while these macrochannels form the 

oundation of engineered vascular networks, an open challenge still 

emains when reconstructing channels on a micro-scale to repre- 

ent the capillary bed. 

.2. Engineering capillary beds: strategies for the fabrication of a 

efined network of capillaries 

In the early years of tissue engineering, the main approach to 

ascularize a construct relied solely on the ingrowth of host capil- 

aries after implantation in vivo [72] . This led scientists to explore 

echniques which would promote and accelerate rapid host capil- 

ary ingrowth upon implantation such as functionalization of scaf- 

olds with angiogenic growth factors [73–77] . Alternatively, scaf- 

old design i.e ., surface topography, porosity, pore size and pore in- 

erconnectivity are other well-known factors to affect vascular cell 

ehavior and degree of vascular invasion [78–84] . While these ap- 

roaches can eventually lead to the formation of a mature vascula- 

ure, the slow rate of host capillary invasion limits the practicality 

f this approach for larger constructs containing living cells. After 

ll, it is estimated, based on in vitro studies on angiogenesis, that 

apillaries have an average sprouting rate of 5 μm/hour - meaning 

ascular ingrowth would be limited to less than 1 mm of scaffold 

enetration per week, resulting in cell necrosis in the core [85] . 

As ECs are capable of self-aggregating and forming capillary-like 

etworks in vitro, researchers explored the possibility of generating 

 vascular network prior to implantation as means to decrease the 

ime required to vascularize a construct in vivo [86–89] . Through 

dvancements in understanding of the natural process of neovas- 

ularization in embryologic development, several researchers cul- 

ured ECs to generate microvascular-like structures in vitro . Stud- 

es later confirmed that cultivation of ECs in combination with 

erivascular cells was pivotal in generating long lasting microvas- 

ular networks [ 27 , 90 ]. While in vitro prevascularization with co- 

ulture models in combination with biomaterials have exhibited 

ome success (e.g. inosculation with host capillaries) for constructs 

f small dimensions, the translation of these studies are far in the 

orizon due to the significant design limitations and challenges as- 

ociated with upscaling to larger, centimetre-sized constructs. The 

ultivation of ECs relies on random microvascular formation to 

enerate rudimentary microcapillaries, which cannot support per- 

usion and mass transport of nutrients. As a result, the size of a 

revascularized construct is still restricted by diffusion limitation 

 32 , 33 ]. 

Conversely, in recent years, microfabrication, originally intro- 

uced for semiconductor manufacturing, has proven to be a pow- 

rful tool in microvessel engineering [91] . Able to resolve fea- 

ures as small as 0.1 μm (which is approximately two orders of 

agnitude smaller than the dimensions of native capillaries), mi- 

rofabrication technology permits the generation of a microcircu- 

atory network blueprint to be built within a tissue engineered 

caffold [92] . Another relevant application of microfabrication ap- 

roaches is the creation of microfluidic devices, which allow for 
257 
he highly controlled perfusion of microchannels, and can more 

losely mimic cellular microenvironments. Since their introduc- 

ion, microfluidic devices have been produced via soft lithogra- 

hy [ 93 , 94 ], additive manufacturing [95] , photolithography [96–

8] and micro-molding [92] processes, which are often limited 

o planar microfluidic networks. While initial microfluidic devices 

ere limited to non-biodegradable poly(dimethylsiloxane) (PDMS) 

99] and silicone [92] , which do not permit native tissue remod- 

lling throughout the construct to take place, recent work has 

hifted towards more biocompatible and biodegradable elastomers 

or the generation of microcapillary-like networks [100–102] . Us- 

ng laser-based photodegradation, in which a pulsating laser beam 

licits hydrogel degradation in a spatially controlled manner, lead- 

ng to the formation of open channels, Brandenberg et al. gener- 

ted negative features in the micrometer-range within a biocom- 

atible collagen hydrogel [103] . This light-based system allows for 

n situ patterning of complex channels whilst the ‘no contact’ ap- 

roach preserves the sterility of the encapsulated cells during the 

anufacturing process, exhibiting potential for in situ bioprint- 

ng strategies to directly integrate capillary networks into defect 

ites ( Fig. 4 A-D) [103] . This laser-based hydrogel photodegradation 

rinciple has been further combined with image-guided laser con- 

rol generate highly tortuous and out-of-plane 3D networks within 

icrofluidic devices [ 104 , 105 ]. Heintz et al fabricated pre-defined 

hannels for endothelialisation within poly(ethylene glycol) diacry- 

ate (PEGDA) hydrogels [104] . This precise approach generated in- 

ependent, intertwining channels that come within 15 μm of each 

ther without directly connecting, recapitulating in vivo vascular 

rchitecture. Furthermore, the non-planar, capillary-like networks 

average diameter of 8.1 ± 2.2 μm) supported endothelialisation 

nd displayed inter-network transport in close proximity via the 

ydrogel. This approach most certainly opens new avenues for cre- 

ting complex vascularized tissues in the field for a multitude of 

pplications. 

More recently, acoustic wave patterning has garnered signifi- 

ant interest to regulate the orientation and local distribution of 

Cs for the generation of a pre-vascularized construct. Acoustic vi- 

rations are used to generate a pressure gradient in a fluid (e.g. 

n uncrosslinked hydrogel) to allow for precise patterning of sus- 

ended cells in a fast and contactless manner ( Fig. 4 E) [106] . This

pproach overcomes several drawbacks associated with microfab- 

ication such as loss in cell viability due to shear stress and long 

anufacturing times. Using an acoustophoretic fabrication system, 

ang et al recapitulated the pattern of cells at distances reflecting 

nter-capillary distance in human skeletal tissue [106] . The align- 

ent of cells increased local cell density which in turn enhanced 

ell-cell contact, promoting the patterned fusion of ECs into mi- 

rovessels ( Fig. 4 F). The therapeutic potential of the vascular pat- 

ern was evaluated in an ischemic hind limb injury model in a 

ouse. After 28 days, the 3D-patterned alignment of cells within 

he hydrogel displayed integration with host vessels, producing 

unctional microvessels thereby restoring blood flow and signifi- 

antly improving ischemic limb salvage with reduced necrosis in 

he feet and limbs [106] . Similarly, Petta et al. used an acoustic 

atterning method with Faraday waves to spatially pattern ECs and 

esenchymal stem cells (MSCs) to generate a perfusable microvas- 

ular network in vitro within a fibrin hydrogel [107] . By optimiz- 

ng parameters such as amplitude, frequency of sound waves and 

hamber geometry, they were able to spatially control the pattern- 

ng of cell densities within a hydrogel ( Fig. 4 G-H). Their approach 

ot only generated in vivo -like microvascular structures in the lab- 

ratory but also accomplished this with far less cells in compari- 

on to more conventional approaches such as microfluidics. How- 

ver, while this cutting edge technique shows great promise, this 

eld of research is still in its infancy. More long term studies are 

equired to fully elucidate the effect of acoustic manipulation on 
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Fig. 4. Micro-channel fabrication strategies for capillary bed formation. A) Schematic of in situ laser-based hydrogel photodegradation process, showing the ability to cre- 

ate open channels by scanning specific locations of a hydrogel construct. Additional channels can be added during culture through in situ processing. B) This process can yield 

highly complex perfusable vascular networks, mimicking arteriovenous circulation. Confocal 3D reconstructions of endothelialized channels created through this approach 

show expression of vessel markers V-cadherin and CD31; images reproduced with permission from [103] . C) 3D vascular-derived microfluidic networks created through 

laser-based photodegradation show high printing accuracy compared to native vasculature. D) Microchannels were homogenously seeded with mouse brain endothelial cells; 

images reproduced with permission from [104] . E) Schematic overview of sound-induced morphogenesis process, in which acoustic waves are used to pattern cells within 

a biomaterial in spatially controlled architectures in a contactless manner; images reproduced with permission from [107] . F) The effect of acoustic wave patterning-based 

cell alignment on vascular growth and alignment was demonstrated using a co-culture of HUVECs and human adipose-derived stem cells, showing an increase in vessel 

alignment and interconnectivity between channels in the acoustically-patterned group; images reproduced with permission from [106] G) HUVEC/mesenchymal stem cells 

(MSC) aggregates were patterned in a circumferentially aligned fashion and exhibited capillary bed growth after H) 5 days in culture, exhibiting sprouting and creating 

interconnections between the different circumferential struts of the construct; images reproduced with permission from [107] . 
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ell function and signaling. While the introduction of biofabrica- 

ion has most certainly overcome the limitations associated with 

raditional co-culture approaches such a lack of perfusion and un- 

ontrolled microvascular organization, these microvascular struc- 

ures do not represent the multi-scale nature of native vascula- 

ure. Furthermore, the size and dimension of these microvascular 

tructures do not permit direct surgical anastomosis to host vascu- 

ature to allow for immediate reperfusion of the tissue engineered 

onstruct, therefore exclusively relying on spontaneous anastomo- 

is with host capillary bed. 

.3. Branching out the vascular network: the need for integration 

etween macro- and microvascular network to create an 

nterconnected hierarchical vasculature 

The human vascular system consists of a complex network that 

uns throughout the body in a tree-like hierarchical branching 

ashion consisting of larger vessels (macro-vessels) with multiple 

prouting vessels (microvessels) that interconnect to form a closed 

etwork. A majority of studies thus far has focused on creating a 

ascular network either on a macro- [ 49 , 55 , 57 , 58 ] or micro-scale

 103 , 104 , 106 ] alone. However, in order to maintain the viability

f a thick engineered construct, these two scales of vasculature 

eed to be integrated to form an interconnected system. Arakawa 

t al. elegantly described the generation of interconnected chan- 

els ranging from 300 μm down to 25 μm to recapitulate the 

omplex hierarchical vascular geometry via multiphoton lithogra- 

hy. This laser-based approach uses a multiphoton laser to scan 

hrough a resin volume and elicits a chemical change at the fo- 

al point of the photons employed, thus creating non-planar, high- 

esolution structures - in this case, by selectively photodegrading 

esins to create open channels ( Fig. 5 A-C) [108] . To study the com-

lex 3D flow profiles inside the network and to demonstrate scal- 

bility, they fabricated centimetre-sized fluidic networks of up to 

.2 cm depths via photodegradation of a PEG hydrogel functional- 

zed with o-nitrobenzyl moieties and manipulated channel curva- 

ure to improve overall fluid flow and cell seeding efficiency within 

he channels. However, this approach is not without its caveats, 

s the size of a construct is limited by the depth of light pen-

tration and the efficiency of photodegradation, which is depen- 

ent on the material properties and device set up [108] . A more 

tandard approach to achieving interconnected multi-scale vascu- 

ature includes the generation of a EC-lined macroscale channel(s) 

mbedded within a hydrogel consisting of co-culture of ECs and 

ural cells. This approach relies on spontaneous interconnections 

etween ECs lining the channel and the self-assembled microvas- 

ular network inside the bulk hydrogel. This was demonstrated in 

n earlier study by Lee et al. who combined the principles of mi- 

rofluidics and microvascular formation with the aim of construct- 

ng an interconnected system between macrovessels (lumen ∼1 

m in diameter) and a self-assembled microvascular bed ( Fig. 5 D) 

109] . As flow has been implicated in regulating angiogenesis, it 

as expected that perfusion of the macrovessels would promote 

ngiogenic sprouting. Unexpectedly, it was found that continuous 

ow (shear stress: 10 dyn/cm 

2 ) obstructed angiogenic sprouting 

nto the matrix and was instead observed in static conditions, sug- 

esting that the specific flow profile (magnitude, pulsatility, pe- 

iod of exposure) that they applied may not support angiogenic 

prouting or even that flow may not be a requisite for angiogenic 

prouting by itself [109] . However, once sprouting is achieved, flow 

ithin a system is still required in order to maintain the cell via- 

ility, drive cell maturation and lumen formation of the capillary 

lexus. This experimental finding suggests that it may be neces- 

ary to fine-tune the exposure to flow in a step-by-step manner 

ith gradual increments of the flow in such a system [109] . Likely, 

n vitro mimicry of circumstances occurring during natural vascu- 
259 
ogenesis, angiogenesis and plexus formation may be valuable in 

ecapitulating such processes in vitro . Nevertheless, the study by 

ee et al. provided early evidence that functional interconnections 

etween EC-lined lumen and a capillary bed can be formed, al- 

eit under static conditions. Building upon a similar strategy, Wang 

t al. introduced a larger-scale setup (7 mm diameter and 2 mm 

hick) consisting of a central diamond-shaped tissue chamber con- 

ected to two microfluidic channels on each end to represent an 

rtery and vein ( Fig. 5 E-F) [110] . By introducing a VEGF gradient

ithin the structure, and regulating medium viscosity and flow 

ate to achieve controlled laminar shear stresses in the range ex- 

ibited by native microvasculature (approximately 3 dyn cm 

2 ), the 

roup not only validated sprouting and anastomosis of the en- 

othelialized channels with the surrounding self-assembled micro- 

apillary network but also found the microscale vascular network 

o be functional and patent upon in vitro perfusion with minimal 

eakage [110] . 

In their seminal work, Miller and colleagues presented a highly 

exible and automated fabrication strategy for creating vascular- 

zed tissue via sacrificial printing of sugar glass to generate in- 

erconnected tubular networks [46] . By introducing thermal extru- 

ion and fiber drawing via a 3D printer, they were able to gener- 

te multi-scale vasculature comprising interconnected vessels of a 

ange of diameters (150 to 800 μm) by simply manipulating the 

ranslational velocity of the extrusion nozzle, with inner diameters 

anging from 80 0-120 0 μm. The ECs introduced into the resulting 

umina through a single inlet not only formed a continuous en- 

othelium throughout the construct composed of varying vessel di- 

meters but also exhibited single and multicellular sprouting from 

he vascular lumen and supported sustained metabolic function of 

ells embedded in the surrounding hydrogels at the core of vol- 

metric constructs [46] . However, there are concerns surrounding 

he use of sugar glass as a fugitive ink with regard to the potential 

yperglycemic cellular response following hydration of the lattice, 

ighlighting the need for alternative biomaterials to create these 

ultiscale templates. Taking in vitro approaches a step further, Szk- 

anny et al. went beyond the in vitro characterizations of other 

tudies and assessed the functionality of their novel biofabricated 

onstruct in vivo [111] . Using sacrificial molds, they first fabricated 

 polymeric tubular scaffold that was inserted into intercalated 

ayers of cell-laden hydrogel printed with a dual head extrusion 

ystem, termed VascFold [111] . Upon cultivation, the fenestrations 

ithin the poly(l-lactide)-Poly(lactide-co-glycolide) (PLLA-PLGA) 

ubular scaffold permitted endothelial outgrowth into the hydrogel 

spect of the scaffold. Next, as a pilot study to evaluate the func- 

ionality of VascFold in vivo , the construct was implanted to a rat 

emoral artery model. This direct anastomosis to the artery permit- 

ed immediate perfusion of blood through the construct ( Fig. 5 G- 

). Remarkably, the construct displayed host vessel ingrowth into 

he fenestration after two weeks. The functionality of these α-SMA 

e-inforced vessels were confirmed via administration of a contrast 

gent which allowed visualization of the connection of vessels lo- 

ated in the surrounding hydrogel and the lumen of the polymeric 

caffold. Within the hydrogel compartment, 3 different subgroups 

f vessels were identified ranging from small capillaries ( < 40 μm), 

ntermediate vessels (40-60 μm) which resembled arteries and 

arger venule-like vessels ( > 60 μm). This novel approach which has 

he capacity to generate a hierarchical tree-like system could be 

sed to vascularize a range of tissue engineered constructs, show- 

ng exciting advancements in the field of biofabrication. 

In another study, Son et al. described a novel approach for fab- 

icating a multi-scale microvasculature network by controlling an- 

iogenic sprouting of a capillary network using angiogenic factor- 

ecreting cells, i.e. normal human dermal fibroblasts (NHDFs). The 

esearch group first used sacrificial printing to generate endothe- 

ialized channels ( ≈800 μm width and 300 μm height). Next, the 
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Fig. 5. Biofabrication approaches for the development of multi-scale, interconnected vascular structures. A) Graphical overview of multiphoton hydrogel photodegra- 

dation process. B) Resolution range of open, perfusable channels fabricated through multiphoton lithography and C) a multiscale vessel-like network fabricated in the same 

printing process; images reproduced with permission from [108] . D) Diagram of growth and maturation process of bioprinted multiscale vascular system and E) the resulting 

integration of the formed capillary network (green) with the sprouting major channels of the construct (red); images reproduced with permission from [109] . D) Complex, 

perfusable multiscale vessel network created through an anastomosed capillary bed with two larger channels; images reproduced with permission from [110] . G) Schematic 

of PLLA-PLGA VascFold fenestrated scaffold integrated into a EC-laden printed construct used to create an interconnected vessel network to support tissue growth and in- 

tegration. H) After in vitro pre-culture of these scaffolds, implant ation into a rat femoral artery model, the anastamosed implant was able to sustain perfusion in vivo and 

after two weeks, explanted tissues were highly vascularized as shown through laminin (red) and CD31 (green) stainings; images reproduced with permission from [111] . 

I) Schematic of multicellular construct to induce multiscale microvasculature composed of endothelialized channels and capillary network forming along bridging struts 

laden with NHDF cells that establish a pro-angiogenic growth factor gradient throughout the construct. J) Computer simulation of VEGF gradient established by NHDF cells. 

This growth factor gradient elicited capillary growth in a highly controlled spatial manner, showing branching into the different bridging struts after K) 7 and L) 13 days 

in culture; images reproduced with permission from [112] . M) Schematic diagram showing HUVEC and MSC coculture aggregates printed in a construct with a bifurcated 

central channel network. N) Fluorescence composite images displaying i): RFP–HUVECs seeded in printed channels. Arrows showing angiogenic HUVECs. Dotted box showing 

vascularized HUVEC aggregates. ii,iii): HUVECs expressed CD31 attached in printed channels; images reproduced with permission from [113] . 

260 
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ndothelialized channels were connected through a series of bridg- 

ng cell-laden struts containing NHDF cells ( Fig. 5 I). The generated 

patial gradient of angiogenic factors released from the NHDF cells 

ere able to control the direction of angiogenic sprouting from 

he ECs lining the macrochannels ( Fig. 5 J-L). The interconnected 

icrovessels had lumina of roughly 20 μm in diameter with a 

ough average sprout growth rate of 200 μm/day [112] . They veri- 

ed the leak-free perfusability of their system via an in vitro per- 

usion system using fluorescently labelled dextran and an ex vivo 

horioallantoic membrane (CAM) assay. The generated multi-scale 

asculature was found to successfully integrate with host vascula- 

ure upon implantation with host blood perfused through the im- 

lanted capillary network showing another exciting development 

n the aim of creating an interconnected, multi-scale vascular net- 

ork [112] . 

While the complexity and stability of printed bioinks have been 

astly improved in recent years, most hydrogels are still not suf- 

ciently mechanically robust to maintain long-term, open tubu- 

ar structures as they are easily collapsible nor can they be anas- 

omosed directly to a host vessel [51] . An example of how to 

vercome this problem, was reported by Liu et al. who incor- 

orated an elastic hydrogel which imparted mechanical support 

o the macrovessel [113] . The bioprinted interconnected vascular 

tructures were then surgically anastomosed to a carotid artery-to 

ugular-vein in a rat model. Upon implantation in vivo , the con- 

truct facilitated host vessel invasion into the surrounding graft 

ith enhanced perfusion through the pre-generated vascular struc- 

ures ( Fig. 5 M-N). However, the construct only survived 4 days 

ost-implantation due too high hemodynamic pressures in vivo , 

ndicating that further optimizations and improvements are still 

equired for the model. Nevertheless, this study still serves as a 

tepping stone towards integrating hydrogel-based hollow vascular 

etwork with native vasculature and most certainly shows great 

trides in the right direction for the field [113] . 

. Tissue engineering of vascularized bone constructs: current 

pproaches, challenges and future perspectives 

While significant improvements have been made in the field for 

he development of multiscale vasculature, a majority of the exam- 

les highlighted throughout this review are focused on standalone 

ascular structures, or are examples of applications for vascular- 

zing soft tissues (e.g. liver). When it comes specifically to bone 

issue engineering however, the combination of functional vascular 

nd osteogenic components within a single construct has not been 

s widely reported in literature; likely due to the highly distinct 

iochemical and mechanical requirements each tissue possesses. 

rom a mechanical standpoint, the fabrication of a prevascularized 

issue engineered bone construct is complicated by the different 

iomechanical profiles needed to facilitate osteogenic and vascu- 

ar growth. For example, in order to permit cellular migration and 

prouting within a system, capillary networks typically require soft 

ulk matrices [114] . In contrast, osteogenic differentiation of pro- 

enitor cells is better supported by more rigid matrices [115] . For 

his reason, a majority of biofabrication approaches in bone tissue 

ngineering have thus far relied on the body’s intrinsic capacity for 

egeneration to achieve vascularization and bone ingrowth through 

ethods such as manipulation of scaffold design [116–118] and/or 

se of bioactive composite scaffolds [119–122] . For instance, it has 

een shown that scaffolds consisting of large pores ( > 300 um) 

ith a porosity of greater than 50% have superior angiogenic and 

steogenic capacity in vivo [80] . However, as previously pointed 

ut, in order to upscale to more clinically relevant sizes, a more 

ophisticated vascularization strategy needs to be adopted such as 

he (co)implantation of vascular and bone progenitor cells. 
261 
The process of bone formation is tightly intertwined with 

asculogenesis, both during development and in the remodelling 

tage. Likewise, the success of bone regeneration and integration 

argely depends on adequate vascular supply for the delivery of nu- 

rients, growth factors and hormones required by bone cells [123] . 

hus, bone tissue engineering approaches that combine both os- 

eogenic and vascular components are necessary in order to de- 

elop long-lasting functional grafts that are permissive for tissue 

egeneration. Both in vitro and in vivo , the indirect and direct cell- 

o-cell contact between MSCs and ECs has been reported to in- 

uce the differentiation of multipotent MSCs into a pericyte-like 

henotype, which not only plays a role in the stabilization of the 

icrovascular structures formed by the ECs but also aids in their 

aturation [124–126] . In the presence of osteogenic differentia- 

ion growth factors, multipotent MSCs can also differentiate into 

steoblasts, mimicking the process of intramembranous ossifica- 

ion. The presence of osteoblasts is not only important for induc- 

ng osteogenesis, but also further reinforces the crosstalk with the 

Cs. For instance, formed osteoblasts secrete VEGF, which in turn 

romotes the expression of bone morphogenetic protein 2 (BMP- 

) by ECs; thus creating a positive feedback loop that can be ex- 

loited for both osteogenesis and vasculogenesis to create a pre- 

ascularized engineered bone construct [127] . Capitalizing on this 

oncept, a multitude of vasculogenic and osteogenic growth fac- 

ors has been immobilized onto scaffolds to augment vasculariza- 

ion and bone formation. For the purpose of bone tissue engineer- 

ng, this approach is particularly advantageous as multiple growth 

actors, which support angiogenesis and osteogenesis, can be im- 

obilized onto a single scaffold. To mimic cellular processes in 

ivo , the release system of growth factors plays a pivotal role [128] .

ultiple growth factors need to be delivered in a controlled and 

imely manner in order to recapitulate physiological signaling pro- 

esses. Examples of growth factors with distinctive roles in vas- 

ular development include VEGF [129–131] , fibroblast growth fac- 

or (FGF) [ 129 , 132 , 133 ] and platelet-derived growth factor (PDGF) 

 131 , 132 ] responsible for the recruitment of ECs, activation of EC 

roliferation and migration and maturation of blood vessels, re- 

pectively. In addition to the timely release, the 3D spatial arrange- 

ent of growth factors on or inside scaffolds that orchestrates ves- 

el organization is seldom considered. The incorporation of distinct 

atterns of angiogenic growth factor gradients within a scaffold 

ould permit improved spatial control over vascular organization. 

ecent technological advancements and improved understanding 

f bone development has enabled the delivery of angiogenic and 

steogenic growth factors and genes with distinct spatiotempo- 

al (release) profiles to improve bone regeneration [ 130 , 131 , 134 ].

n example of such an approach was demonstrated by Freeman 

t al. who utilized nanoparticle functionalized bioinks to fabricate 

mplants with distinct growth factor patterns and release profiles 

o accelerate bone healing [130] . The coupling of a VEGF gradi- 

nt with spatially defined BMP-2 localization led to improved bone 

ormation in vivo , demonstrating the potential of spatiotemporally 

ontrolling the delivery of growth factors to concurrently enhance 

issue specific maturation [130] . 

The application of biofabrication in bone tissue engineering 

ould allow for the generation of complex tissues through the 

oncomitant deposition of multiple bioinks with different mechan- 

cal properties within a single system to meet each the individual 

issue requirements. Furthermore, as previously mentioned, differ- 

nt growth factors can be incorporated within each bioink to drive 

ell proliferation, differentiation and maturation. Current biofabri- 

ation approaches for vascularized bone tissue engineering can be 

ivided into two categories, namely scaffold-free or scaffold-based 

pproaches. Scaffold-free approaches typically rely on the self- 

ssembly of ECs to form a microvascular network, mimicking the 

rocess of vascular development in vivo within an osteoinductive 
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Fig. 6. Scaffold-free and scaffold-based approaches f or vascularized bone tissue engineering. A) Process of aspiration-assisted bioprinting of HUVEC/MSC cell aggregates 

into a diamond architecture, depicting an optical image of the printed aggregates, LIVE/DEAD image to assess cell viability and a μCT scan showing bone formation and 

mineralization post-printing; images reproduced with permission from [135] . Bi) Graphical overview of pre-vascularized and osteogenically differentiated gelMA constructs, 

containing embedded ECFC-MSC co-cultures and a central channel seeded with ECFCs. ii) cross-section fluorescent image of the endothelialized channel and iii) a zoomed 

out image of the channel and surrounding embedded cells, showing sprouting between channel cells and the embedded co-cultures. iv) ALP-stained cross-section of the pre- 

vascularized, osteogenically differentiated construct showing alkaline phosphatase presence after 12 days of culture in optimized media; images reproduced with permission 

from [42] . C) Schematic of the printed heterogeneous tissue consisting of a sacrificial vascular network seeded with HUVECs, a printed hMSC lattice and casted NHDF within 

an ECM that fills the interstitial space. D) Confocal microscopy image through a cross-section of the thick vascularized osteogenic tissue construct after 30 d of active 

perfusion and in situ differentiation showing expression of osteocalcin in the printed and cast regions of the scaffold. E) Osteocalcin intensity across the thick tissue sample 

inside the red lines shown in D. F) Alizarin red staining of calcium phosphate deposition, and fast blue staining of alkaline phosphatases, indicating tissue maturation and 

differentiation over time; images reproduced with permission from [49] . 
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nvironment. This approach takes advantage of cell-cell and cell- 

CM interactions to closely mimic the native cellular environment 

equired for vascularized bone tissue formation via the intramem- 

ranous route. This approach was reflected in a work by Heo et al. 

ho generated vascularized bone tissue from spheroids consisting 

f human umbilical vein endothelial cells (HUVECs) and hMSCs 

sing a bottom-up approach ( Fig. 6 A) [135] . Utilizing aspiration- 

ssisted bioprinting (AAB), in which cellular aggregates are indi- 

idually picked up through the application of negative pressure 

nd patterned in a spatially controlled manner, they were able 

o precisely tailor the positioning of each spheroid without dam- 

ging these multicellular structures. After 10 days of osteogenic 
262 
ifferentiation, spheroids of > 500 μm in diameter containing HU- 

ECs/hMSCs displayed enhanced osteogenesis and cell viability in 

he core in comparison to hMSC-only spheroids. However it is 

nclear if this was attributed to the shorter diffusion distances 

hroughout the spheroids resulting from the emergence of vascular 

tructures in the co-culture model or as a result of a more compact 

UVECs/hMSCs spheroid in comparison to the hMSC-only spheroid 

esulting in enhanced diffusion. While the self-assembly of such 

mall cellular units into distinct osteogenic and vascular structures 

s feasible to a certain extent (or dimension in this context), the 

eneration of clinically relevant sized grafts that can be used in 

he clinic is extremely time consuming and cannot currently be 
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chieved without the development of high throughput manufactur- 

ng approaches. Furthermore, cellular self-assembly provides little 

patial control over the orientation and 3D structure. 

A more common and perhaps a more promising way to cre- 

te a vascular network within bone tissue engineered constructs is 

hrough scaffold-based approaches in which a diverse range of bio- 

aterials, from soft cell-supporting hydrogels to mechanically sta- 

ilizing polymers, can be precisely patterned to support and guide 

issue architecture and function. Thus far, very limited studies have 

ombined vascular and osteogenic culture within the same con- 

truct presumably due to the different nutrient requirement and 

hysical environment required for each cell type, posing the ques- 

ion of how to achieve vascular and osteogenic co-cultures in a 

ingle in vitro system. This was eloquently addressed in a proof- 

f-concept set up by Klotz and colleagues who demonstrated the 

mportance of modulating biomaterial properties and tailoring me- 

ia composition to allow vascular and osteogenic growth in a sin- 

le construct. By tuning the chemical properties of the widely used 

ydrogel GelMA, a permissive environment for vasculogenesis, an- 

iogenic sprouting and migration, as well as osteogenic differen- 

iation was created ( Fig. 6 B). The construct consisted of a central 

ndothelialized macrovessel-like structure embedded within a co- 

ulture of ECs and MSCs. Upon cultivation, vessel sprouting from 

he endothelialized channel connecting to the capillary-like struc- 

ures inside the bulk hydrogel was observed, establishing of an in- 

erconnected multi-scale vessel network inside an osteogenic con- 

truct [42] . Such an approach demonstrated the feasibility of cre- 

ting a multicellular tissue graft that possessed both osteogenic 

nd angiogenic properties. In this classical tissue engineering ap- 

roach however, the intricate bone architecture was not fully reca- 

itulated, given the design limitations of conventional casting tech- 

iques. Nevertheless, the study highlighted the complexity of dif- 

erentiating multiple cell types within a single system. In a pre- 

iously discussed paper by Kolesky et al., the research group also 

howed the fabrication of a 10 cm 

3 heterogeneous tissue architec- 

ure by simultaneously bioprinting a cell-laden gelatin-fibrinogen 

ioink loaded with MSCs and as fugitive ink Pluronic F-127, creat- 

ng a branched vascular network [49] . The 3D symmetrical lattice 

hannel network, with a single inlet and outlet, facilitated perfu- 

ion throughout the construct enabling nutrient and growth fac- 

or delivery into the core of the centimeter-scale tissue to enhance 

ell survival and to facilitate tissue differentiation ( Fig. 6 C) [49] . 

his study showed transvascular delivery of osteogenic differentia- 

ion media within a thick biofabricated tissue ( Fig. 6 D) [49] . Their

esults confirmed that their system facilitated growth factor de- 

ivery deep within the core of the construct as indicated by os- 

eocalcin expression being proportional to the distance from the 

rinted channels ( Fig. 6 E). Furthermore, these thick bioprinted con- 

tructs were maintained under constant perfusion for up to 30 

ays, thanks to the enhanced nutrient transport achieved through 

he patterned channels embedded in the prints, and displayed cal- 

ium phosphate and alkaline phosphatase production during this 

ime ( Fig. 6 F) [49] . 

In recent years, there has also been a growing interest in mim- 

cking endochondral ossification, the process of long bone forma- 

ion where a transient cartilage template is remodelled into bone 

pon following vascular invasion [136–140] . In pursuit of recapit- 

lating the intermediate stage of endochondral ossification, Nulty 

t al. proposed to prevascularize hypertrophic cartilage microtis- 

ues in vitro prior to implantation in vivo [136] . Using a microw- 

ll system, a large number of hypertrophic cartilage microtissues 

ere generated from MSCs. Upon 5 weeks of differentiation, using 

 bottom-up approach, the microtissues were encapsulated within 

 fibrin-based hydrogel within PCL scaffold and prevascularized in 

 co-culture of HUVECs/MSCs for a week before implantation in an 

ctopic model. The prevascularized microtissues showed enhanced 
263 
apacity to undergo mineralization in vivo after 4 weeks [136] . 

hese cartilage microtissues could also be incorporated within a 

ioink and serve as building blocks that can be used to upscale 

one tissue engineered constructs with pre-formed vascularized 

nits. 

Despite the promising developments in recent years in the cre- 

tion of vasculature for bone tissue engineering, there are still sev- 

ral obstacles that must be considered and addressed before fully 

unctional grafts can be generated for use in the clinic. From an en- 

ineering standpoint, the introduction of biofabrication approaches 

as greatly enhanced the size and complexity of tissue engineered 

onstructs that can be created. As shown in this review, the use 

f different bioprinting technologies in combination with conven- 

ional tissue engineering strategies has allowed for the creation of 

ulti-scale vascular networks that represent a major step in sup- 

orting long-term survival of tissue engineered constructs. How- 

ver, these approaches still face important limitations for graft up- 

caling and maturation of native-like tissue functionality. While the 

ntroduction of a vascular network or template has been shown to 

ncrease the survival time of large bioprinted grafts (10 cm 

3 ) [49] , 

he architectural and multi-scale complexity of native vasculature 

as been difficult to recapitulate with a single fabrication approach 

lone. In recent years, researchers have proposed and began to ex- 

lore the possibility of multitechnology biofabrication, in which 

he convergence of complementary bioprinting approaches could 

ose an answer to develop more advanced tissue engineered con- 

tructs and encompass a larger range of achievable resolutions and 

echanical properties, as well as enhanced tissue-specific func- 

ionality [141] . For example, drop-on-demand (DoD) techniques 

ave recently demonstrated the power of such convergence both in 

itro and in vivo. Briefly, DoD approaches allow cellular aggregates 

f controllable sizes (including single cell resolutions) to be en- 

apsulated in droplets of a biomaterial and precisely printed upon 

 substrate [142] . In vitro , these printed cellular aggregates have 

een shown to form hollow channels lined by a monolayer of ECs 

pon cellular self-assembly post-printing, reaching resolutions of 

p to 250 μm in fibrin/collagen substrates [143] . However, building 

omplex 3D shapes using DoD is challenging given the difficulty 

n stacking multiple droplets on top of one another. Upon converg- 

ng DoD techniques with extrusion-based bioprinting however, it is 

ar more achievable to create complex, pre-vascularized scaffolds, 

y taking advantage of each technique’s strengths. In this case, 

ukavina et al., used extrusion bioprinting to create an adipose- 

erived stem cell (ASC)-laden bone mimic that would also serve to 

tabilize interspaced layers of DoD, self-assembling HUVEC aggre- 

ates in a fibrinogen gel that facilitated hollow channel formation 

ithin the stable bone-like construct. DoD drops of thrombin were 

lso patterned next to the HUVEC aggregates to induce chemical 

rosslinking. Upon subcutaneous implantation in immunodeficient 

ice, extensive matrix calcifation was observed within the con- 

truct after 12 days, and vessels with lumens ranging from 9-190 

m were formed, supported by mouse-derived mural cells, sug- 

esting integration with the mouse tissue at the implant site [144] . 

uch studies demonstrate the advantages of converging different 

ioprinting strategies with differing strengths and limitations and 

ring about great promise for future developments using the many 

echniques discussed throughout this review. When looking at the 

otential for clinical translation of current biofabricated constructs 

owever, other concerns arise. Critically, the fabrication times of 

arge and convoluted structures needed to repair critical tissue de- 

ects are extremely time consuming. The layer-by-layer fabrication 

pproach employed by most bioprinting strategies to date means 

hat increasing the size of printed constructs results in a signifi- 

antly longer printing times, during which cells are subjected to 

uboptimal conditions. Given that processing times of just 30 min- 

tes can lead to detrimental effects in cell metabolism [145] , this 
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Fig. 7. Volumetric bioprinting as a promising approach for creating large-scale vascularized constructs at high speeds. A) Graphical overview of the volumetric bio- 

printing process, in which visible light projections are orchestrated towards a light-sensitive resin and elicit a one-step polymerization approach to create large constructs 

within seconds; images reproduced with permission from [146] . B) Recent developments of this technique allow for high resolution of positive ( ∼40 μm) and negative ( ∼100 

μm) features; images reproduced with permission from [148] . Ci) Digital image and ii) μCT reconstruction of an anatomical trabecular bone model printed via VBP, iii) 3 

days after seeding the pores of the printed structure with ECs and MSCs angiogenic sprouting was observed;; images reproduced with permission from [146] . D) Bifurcated 

channel structure printed with a mechanically tunable hydrogel (gelatin norbornene) using VBP; images reproduced with permission from [149] . 
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eans that creating large-scale constructs of clinical relevance in 

he range of cubic centimeters (1-10 cm 

3 for large bone defects) 

ould result in significantly hampered cellular activity and would 

ikely impair optimal function upon implantation. While steps can 

e taken to ensure physiological temperatures and oxygen levels 

an be matched inside the printer, to guarantee that all cells and 

aterials are homogenously exposed to these factors remains a 

hallenge, and may result in different cellular responses through- 

ut a construct printed over time. 

Recently, a novel optical tomography-inspired bioprinting ap- 

roach has come to light that brings a paradigm-shift to conven- 

ional bioprinting methodology and could be the key to overcome 

he upscaling and design limitations from past bioprinting stud- 

es [146] . Volumetric printing is a light-based, single-step print- 

ng approach, in which tomographic light projections are directed 

owards a light-sensitive polymer and lead to the formation of a 

D object within tens of seconds ( Fig. 7 A) [147] . This layer-less

pproach has been used for the ultrafast volumetric bioprinting 

VBP) of biocompatible hydrogels, proving to support cell survival 

nd function, while allowing for high accuracy printing of anatom- 

cal structures. Recently, positive features of ∼40 μm and open 

hannels of ∼100 μm in diameter have been achieved, showing 

reat promise for the development of higher resolution vascular- 

zed constructs ( Fig. 7 B) [ 146 , 148 ]. In a study introducing VBP for

issue engineering applications, an anatomical model of equine tra- 

ecular bone with positive features in the range of 140 μm was 

uccessfully printed, showing a complex, interconnected pore net- 

ork ( Fig. 7 Ci-ii) [146] . When ECs were seeded inside the open

ores of the printed bone structure, angiogenic sprouting into the 

rinted osteogenic compartment was observed within three days 

 Fig. 7 Ciii). Given the single-step nature of this printing approach, 

onstructs of up to 4.14 cm 

3 have been obtained within tens of 

econds, thus taking an important step in the upscaling capabilities 

f such a printing approach [146] . Research on VBP has also elu- 

idated the potential for engineering large-scale perfusable grafts 
264
sing mechanically tunable biomaterials ( Fig. 7 D) [ 149 ]. The pos- 

ibility to print out-of-plane, highly convoluted vessel networks is 

lso enhanced by the design freedom offered by the layer-less na- 

ure of VBP. Despite the promising advantages of VBP in the devel- 

pment of large-scale convoluted constructs and given the young 

ge of this technique, some work remains to be done regarding the 

rinting resolution needed to create an anatomically-scaled vascu- 

ar network that includes the high-resolution microcapillary struc- 

ures essential for efficient vascularization of tissue models. Fur- 

hermore, given that this technology is still in its infancy, a broader 

ange of biomaterials and combination of cell types will need to be 

valuated for use in VBP, in order to advance this technique and to 

nsure clinical translatability is possible in the future. The incor- 

oration of different materials, inductive for distinct target tissues, 

nd multiple cell types in the same printed construct using this 

ltra-fast technique could open doors to create more intricate vas- 

ularized bone implants in coming years. 

. Conclusion 

One of the most arduous challenges in upscaling the size of 

ngineered bone tissue to clinically relevant sizes has undoubt- 

dly been the lack of an integrated vascular network. As an engi- 

eered construct exceeds the diffusional limit, a vascular network 

s required for the delivery of nutrients to cells and in the case 

f bone tissue engineering, to drive differentiation of cells in the 

ulk matrix during the construct’s maturation process. The engi- 

eered network should be able to connect to the host vascula- 

ure system upon implantation, ideally via microsurgical anasto- 

osis to allow for immediate perfusion throughout the construct. 

n recent decades, significant technological advancements, particu- 

arly in the field of biofabrication have brought about impressive 

rogress and encouraging steps towards engineering complex vas- 

ular networks. Continuous improvements in resolutions and ever- 

ncreasing freedom of design offered by different bioprinting ap- 
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roaches discussed above have enabled the generation of vascular 

hannels of diameters ranging from the centimeter down to the 

icrometer scale. However, while current technologies have been 

ble to tackle different scales of the vascular tree, only a handful 

f studies highlighted in this review have demonstrated the capa- 

ility to print and perfuse a multi-scale, interconnected standalone 

ascular network. 

Furthermore, integrating such a complex vascular network to 

one tissue engineered constructs poses additional biological and 

echnological challenges given the two tissue’s distinct biomechan- 

cal requirements. Thus far, very few studies have used an inte- 

rated approach to create an osteogenically differentiated tissue 

ngineered construct composed of multiscale vasculature. In order 

o recapitulate the cellular organisation of native bone tissues, it 

s clear that multiple biofabrication approaches need to be com- 

ined into one unified multi-faceted approach. Another promising 

pproach is VBP, a game changer in the field which overcomes sev- 

ral limitations associated with traditional 3D printing in terms of 

esign freedom and more importantly printing time. In this review, 

e have highlighted some of the key technological advancements 

hich have the potential to drive the field forward and breakdown 

xisting barriers in order to achieve the ultimate goal of biofabri- 

ating the vascular tree in engineered bone. As both the versatil- 

ty of fabrication technologies and our understanding of (vascular) 

iology progress to address these open challenges, huge progress 

ould be expected in the realization of a vascularized tissue en- 

ineered bone construct that can be reliably implanted and reach 

linical relevance for the field of regenerative medicine. Despite the 

any advancements discussed in this review, there is still a long 

ay to go before this technology becomes common practice. How- 

ver, if the development of technological advancements continues 

t the current rate, the feasibility of creating a functional bone tis- 

ue engineered construct may be within the bounds of possibility 

n the near future. 
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