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Abstract

Design and fabrication of effective biomimetic vasculatures constitutes a relevant and yet unsolved 

challenge, lying at the heart of tissue repair and regeneration strategies. Even if cell growth 

is achieved in 3D tissue scaffolds or advanced implants, tissue viability inevitably requires 

vascularization, as diffusion can only transport nutrients and eliminate debris within a few hundred 

microns. This engineered vasculature may need to mimic the intricate branching geometry of 

native microvasculature, referred to herein as vascular complexity, to efficiently deliver blood and 

recreate critical interactions between the vascular and perivascular cells as well as parenchymal 

tissues. This review first describes the importance of vascular complexity in labs- and organs­

on-chips, the biomechanical and biochemical signals needed to create and maintain a complex 

vasculature, and the limitations of current 2D, 2.5D, and 3D culture systems in recreating vascular 

complexity. We then critically review available strategies for design and biofabrication of complex 

vasculatures in cell culture platforms, labs- and organs-on-chips, and tissue engineering scaffolds, 

highlighting their advantages and disadvantages. Finally, challenges and future directions are 

outlined with the hope of inspiring researchers to create the reliable, efficient and sustainable tools 

needed for design and biofabrication of complex vasculatures.
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1. Introduction

1.1. The importance of vascular complexity in vascular–parenchymal interactions

The vasculature distributes blood from the heart to the rest of the body and back again. 

Blood distribution is critical to oxygen and nutrient delivery, to waste removal from tissues, 

and to the distribution of hormones, blood cells, fluids, and heat throughout the body. 

Blood leaves the heart through a single blood vessel, the aorta, which then branches 

repeatedly through a tightly genetically controlled mechanism into the smaller arteries of 
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the macrovasculature. Further down the vascular tree, the microvasculature forms a dynamic 

hierarchical branched structure unique to each individual as vessel size decreases from the 

arterioles to capillaries. Microvascular development is likely prescribed in the genome by 

a specific set of recursive patterning rules that are repeatedly applied to maintain all cells 

within about 100 μm of a blood vessel [1] as well as to deliver blood with minimal work 

required by the heart [2]. In this review, we use the term microvascular complexity to define 

this hierarchical branched geometry, which is perhaps best described visually (figure 1).

Recapitulating the complex microvascular structure is essential to any tissue engineered 

organ, whether for eventual implantation or for in vitro study of disease, i.e. by means 

of labs- and organs-on-chips or microfluidic systems. While whole organ perfusion can 

be determined by dividing blood flow through the supplying artery by organ mass, local 

perfusion within the organ is highly variable and correlated with vascular structure [4, 

5]. Microvascular structure and the resulting perfusion heterogeneity are important in 

modeling vasculature-parenchymal tissue interactions because they are coupled to many 

flow physical parameters that determine microvascular function, including: blood flow 

rate, average flow, velocity and effective vascular permeability [6], which are essential 

for oxygen transport and exchange [7-10]; microvascular pressure and wall shear stress 

[11], which determine endothelial cell function; thermal conductivity, which is important 

for body temperature regulation with changing metabolism and environmental conditions 

[12, 13]; blood cell deformation [14, 15], which impacts thrombosis and inflammation; and 

microvascular remodeling [16-18], which is critical to development, growth, healing and 

disease. In fact, studies have shown that neglecting microvascular structure and subsequent 

blood flow heterogeneity can result in 20%–50% underestimation of important blood flow 

characteristics such as capillary permeability [19].

In addition, microvascular structure is highly dynamic and variable in different organ 

systems in health and disease [20]. Corrosion casting, which is used to visualize 

microvascular complexity by perfusing blood vessels with resin that is then cured prior 

to dissolving the surrounding tissue, has been used to observe microvascular structure 

and quantify important differences in morphogenesis and in normal developed organs [21, 

22]. In some cases, for example pancreatic islet distribution, microvascular structure can 

even determine the parenchymal tissue structure [23]. Significant disease-related changes 

in microvascular structure have been measured in the coronary circulation in cardiac 

hypertrophy and heart failure [24-28], pulmonary arterial hypertension [29], diabetic 

retinopathy and glaucoma [10, 30], as well as in the liver, lung, and heart with aging [31-33]. 

Microvascular structure also has predictive diagnostic value, including distinguishing 

ischemic from non-ischemic tissue [34], differentiating healthy from cancerous tissue 

[35-40] or benign from malignant lesions [41], and in monitoring tumor treatment response 

[42-44]. Retinal vasculature fractal analysis was even shown to predict future coronary heart 

disease mortality [45]. Since microvascular geometric complexity differs in individuals in 

both health and disease, recreating microvascular complexity in in vitro systems is critical to 

enabling personalized medicine.

Although vascular complexity is critical to tissue engineered organs and labs- and organs­

on-chips that model both health and disease, the design and fabrication of 3D microvascular 
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structures is challenging. Despite significant advances in both imaging and biofabrication, 

we do not yet have a comprehensive tool set to engineer a complex vasculature within 

a tissue engineered structure or lab- or organ-on chip. In this review, we outline the 

background, state-of-the-art, and future of the design and biofabrication of complex 

microvasculatures. Specifically, we describe biomechanical and biochemical signals that can 

be used to promote complex vascular network formation, discuss limitations of traditional 

2D, 2.5D and 3D vascular models, and evaluate the advantages and disadvantages of 

current design and biofabrication strategies for creating in vitro systems that model vascular 

complexity and vascular–parenchymal interactions. Finally, we outline challenges and future 

directions in creating in vitro tissue models that include vascular complexity. We focus on 

a design for (bio-) manufacturing approach, integrating engineering design methodologies 

with biofabrication processes to promote ease of manufacture, while achieving the 

required biophysical and biochemical complexity for cell and tissue development. We 

hope that this review will inspire new multi-scale, multi-material, multi-phase and multi­

dimensional strategies that are critical to progress in bioinspired and biomimetic design and 

manufacturing of complex 3D and 4D microvascular structures for tissue engineered and 

organ-on-chip systems. Only when we can build fully vascularized tissues, with an arteriole 

that connects to both an external blood supply (e.g. tissue recipient vasculature) on one end 

and a complex microvasculature on the other end, will we be able to understand multiscale 

biotransport and its impact on physiological systems in health and disease [46].

2. Biomechanical and biochemical signals to promote complex vascular 

network formation

Both biomechanical and biochemical signals are critical to stimulating endothelial cells to 

create a complex vasculature within another engineered tissue. Both types of stimuli should 

be taken into account when designing innovative labs- and organs-on-chips, in which precise 

interactions among the vasculature and parenchymal tissue are sought. Furthermore, the 

behavior and fate of stem cells, which may be needed to create a device that changes with 

time in a physiologically biomimetic way, are regulated by biomechanical and biochemical 

signals which come from their microenvironment, called the stem cell niche [47, 48]. The 

spatial-temporal configuration and deployment of biomechanical and biochemical signals 

can further be changed by the cells themselves. Thus the design, implementation, and 

operation of biomedical microsystems that include a complex vasculature becomes even 

more difficult due to interactions among the various stimuli and cells in the biodevice.

A wide variety of biomechanical stimuli are well known to affect vascular endothelial 

cells and blood vessel formation. Perhaps the most established is the effect of fluid shear 

stress from the flowing blood. Endothelial cells are highly sensitive to both low and 

high shear stress levels, and shear stress that moves outside of the normal range appears 

to stimulate new vasculature formation perhaps through paracrine chemical signaling 

[49-51]. The vasculature also experiences both tensile and compressive stresses due to 

blood pulsation and forces from the parenchymal tissue. Stretch in particular has been 

shown to induce angiogenesis and alter extracellular matrix fiber patterning, which in turn 

changes vascular network geometry [52-54]. More recently, the stiffness of the vascular wall 
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and the parenchymal tissue have proven critical to endothelial cell function. Extracellular 

matrix stiffness impacts endothelial cell migration, Matrix metalloproteinase (MMP) and 

growth factor expression, and even growth factor response [55-57]. Extracellular matrix, 

porosity, viscoelasticity, roughness and surface topography can further regulate endothelial 

and stem cell function [58]. Additional mechanical stimuli can also be applied to cell 

culture platforms and microsystems, including: mechanical vibrations, typically by means 

of piezoelectric resonators [59]; pulsed fluid excitations, using peristaltic and diaphragm 

(micro)-pumps, which work using principles similar to those pumping mechanisms in 

human organism [60]; and artificially produced pressure losses, narrowings, blockages and 

leaks in microfluidic models, so as to mimic the effect of different physiological interactions 

and even disease processes [61].

Biochemical stimuli are also key for controlling microvascular network formation, 

evolution, and parenchymal tissue interactions in organ-on-chip models. Growth factors, 

in particular vascular endothelial growth factor (VEGF) and fibroblast growth factor-2 

(FGF2), stimulate angiogenesis and vasculogenesis when included in the right spatio­

temporal configuration [62]. MMPs are critical to breaking down the extracellular matrix 

to enable vascular network formation and modification. Growth factors and MMPs may 

be deposited in carefully designed chemical gradients within the biodevices by taking 

advantage of material properties, or they may be produced by the vascular or parenchymal 

cells in response to a primary stimulus [63]. Since biomechanical and biochemical stimuli 

generally occur concurrently and often interact, particularly interesting possibilities arise in 

microsystems capable of combining biomechanical and biochemical stimuli for controlled 

modulation of cellular responses [51, 57, 64]. Some of the smallest and more functional 

biomimetic models of physiological structures include both types of stimuli at protein and 

cell size scales [65, 66].

3. Limitations of conventional 2D, 2.5D, and 3D vascular models

3.1. 2D culture models

The majority of cell culture continues to rely on 2D mono- and co-culture of vascular 

cells in polystyrene tissue culture dishes. Traditional tissue culture is useful for isolating 

cell phenotype in response to a specific biochemical stimulus and, in some specific 

cases, for examining cell–cell interactions using simple side-byside or layer-by-layer co­

cultures. However, 2D cell culture lacks many important biomechanical and biochemical 

aspects of the vascular microenvironment, including both apical and basolateral adhesions 

with the surrounding extracellular matrix; adhesive and paracrine interactions with a 

diversity of vascular and parenchymal cells, including smooth muscle cells, pericytes, 

and stem cells; signaling activation from soluble factors and their spatial gradients, such 

as nutrients, oxygen, and growth factors; and mechanobiological cues from the substrate 

topography and stiffness [67]. For example, endothelial cell invasion of a 3D collagen matrix 

requires a signaling complex formed of adhesion molecules and a membrane-anchored 

metalloproteinase, among others, whereas endothelial migration in 2D culture does not [68]. 

In 3D culture, cancer cells form structures that resemble their in vivo architecture, and 

cells within these 3D structures alter critical intracellular signaling pathways to become 
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more resistant to chemotherapy than cells in 2D culture [69-71]. Furthermore, the ability of 

cancer cells to recruit new blood vessels through angiogenesis is regulated through integrin 

engagement in 3D but not 2D culture [72]. Thus conventional 2D cell culture cannot emulate 

the complex biochemical and biomechanical interactions within the vasculature itself, much 

less the interactions between the vasculature and parenchymal tissue.

3.2. 2.5D culture models

2.5D culture, in which cells are cultured on top of a thin extracellular matrix layer, provides 

improvements over strictly 2D cell culture systems by providing a substrate that is more 

physiologically relevant in terms of both biochemical composition and biomechanics. A 

variety of matrix-based 2.5D assays were developed to study new blood vessel formation 

from a pre-existing vascular network (angiogenesis). A simple and widely used assay 

for creating capillary-like structures relies on plating endothelial cells at low density on 

Matrigel, a laminin and growth factor-rich extracellular matrix isolated from Engelbreth­

Holm-Swarm tumors [73]. Since this assay is 2.5D, it is simple to set up, image and analyze. 

In our recent work, we demonstrated that this system can be used to study endothelial­

parenchymal interactions that do not occur in traditional 2D culture. When human umbilical 

vein endothelial cells (HUVEC) were co-cultured with the breast cancer cell line MDA­

MB-231 in 2D culture for 24 h, the breast cells grew on top of the endothelial cells, 

resulting in endothelial cell death. We then used 2.5D Matrigel culture to separately form 

HUVEC into capillary-like structures and MDA-MB-231 cells into spheroids. When the 

MDA-MB-231 spheroids were pipetted out of their Matrigel culture and onto the endothelial 

capillary-like tubes, both cell types remained viable for up to 96 h and breast cancer cells 

were observed to migrate out of the spheroid and along the endothelial tubes within 24 h 

(figure 2). This example illustrates how heterogeneous cell interactions differ in 2D culture 

as compared to 2.5D or 3D culture. However, even in this 2.5D system, the endothelial 

network is still formed primarily of cell cords or processes, rather than tubes with lumens, 

which means that cancer cell intravasation cannot be observed nor can the effects of blood 

flow be studied.

Transwell® or Boyden chambers enable co-culture of different cell types in a 2.5D 

configuration. These systems are comprised of a well with a permeable, micro-porous 

membrane assembled into a tissue culture dish. One type of cells is typically grown within 

the well, and a chemoattractant can be placed on the opposing side or a second type of 

cells can be grown on the bottom surface of the well or on the bottom of the tissue culture 

dish. Boyden chambers have been extensively used to investigate cell migration, invasion, 

and cell–cell interactions [74]. For example, endothelial cell migration through a fibronectin­

coated Boyden chamber was shown to increase in response to VEGF, and smooth muscle 

cell migration was inhibited by an intact endothelial monolayer [75, 76]. Boyden chambers 

have also been used to study cross-talk between tumor cells and the microenvironment, in 

particular the effect of cancer-asociated fibroblasts on cancer cell migration and invasion 

[77]. Tumor-endothelium interactions, including transendothelial cancer cell migration in 

metastasis, have also been extensively studied using Boyden chambers [78-80]. However, 

Boyden chambers impose an artificial membrane between the two cell types, which limits 

physical interactions between cells (e.g. myoendothelial gap junctions) and extracellular 
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matrix; present a stiffer, polymeric surface between the cells; maintain each cell type 

in a 2D configuration; and enable only transient chemotactic gradients to form. Thus 

Boyden chambers are not effective in modeling vascular complexity, either with or without 

parenchymal interactions.

More recently, Boyden chamber-type culture has been combined with microfluidics in 

the development of vascularized organs-on-chips, in which endothelial cells are cultured 

on the opposite side of an intermediate porous membrane from parenchymal cells on 

a single microdevice to recreate an important blood-tissue interface [81]. Organ-on-chip 

development has been facilitated by novel manufacturing techniques to create thin, porous 

membranes [82]. In alternative designs, gates or openings have been micro-manufactured 

across PDMS membranes to connect parallel adjacent channels and let co-cultured vascular 

and parenchymal cells interact [83, 84]. For example, human blood–brain barrier-on-a­

chip devices, which recapitulate physiologically relevant flow rates and tightly controlled 

endothelial barrier function, were created by culturing brain microvascular endothelial cells 

and brain cells (e.g. astrocytes, neurons, microglia) on opposite sides of a porous membrane 

or on the inside and outside of a hydrogel channel [85-87]. A commercially available 

device manufactured by Flocel provides an in vitro model of the blood–brain barrier through 

micro-porous tubes immersed in a cylindrical chamber. Inside the tubes, endothelial cells are 

cultured under the appropriate fluid flow conditions, while outside the tubes, astrocytes and 

glial cells are cultured with stimuli from growth factors. The neural cells can then interact 

with the endothelial cells through the tube pores in a biomimetic way. In a human lung-on-a­

chip, microvascular endothelial cells were cultured on one side of a porous matrix-coated 

membrane, and alveolar epithelial cells were cultured on the other side [88]. By flowing 

medium over the endothelial cells and air over the epithelial cells coupled with stretching the 

membrane, the device mimicked flow from blood and air as well as strain from breathing. 

Hepatocytes and endothelial cells were co-patterned using dielectrophoresis, or hepatocytes 

were cultured on the opposite side of a nanoporous membrane from an endothelial cell lined 

microfluidic channel to create liver-on-a-chip models [89-91].

Organs-on-chips have potential as personalized, reasonable and sustainable alternatives 

for physiological and pathophysiological research, as compared to conventional animal 

models. These systems allow real-time imaging and analysis coupled with the tight 

control typical of in vitro system. Unfortunately, their relatively simple geometry causes 

them to suffer from many of the same challenges as Boyden chamber, and the 2.5D 

configuration does not permit the full recapitulation of microvascular complexity. However, 

by recreating multicellular culture and mechanical forces applied by vascular perfusion, 

these biomimetic microsystems can partially emulate cell and biochemical microvascular 

interactions and some of the significant functionalities of complex organs, which may 

enhance our understanding of vascular–parenchymal interactions and their role in disease.

3.3. 3D culture models

Microfluidic systems allow the 3D recreation of microvascular structures, either molded 

within the polymeric system or within an extracellular matrix gel. Microfluidics can 

reproduce both microvascular hemodynamics and biochemical signals at a physiologically 
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relevant scale [92-94]. Microfluidic-based strategies enable researchers to expose vascular 

cells to precisely controlled flow due to the low Reynolds number in small channels; mimic 

the microvascular geometry; and make high throughput experimentation possible through 

reduced reagent usage, multiplexed configurations, ease of manufacture, and dynamic 

imaging capability [93], for which the use of transparent materials in their manufacture is 

beneficial. Flow can be applied in microfluidic systems through hydrostatic pressure, syringe 

or peristaltic pumps, pneumatic valves or electrokinetics, among other options, to achieve 

steady, pulsatile, or oscillating flow [95, 96]. In addition, some devices can synergistically 

apply flow on samples that are cyclically stretched or have different substrate stiffness, so 

that physiological mechanical forces can be applied to both the apical and basal sides of the 

endothelial monolayer [97, 98].

Microfluidic microvascular systems can be templated in polydimethylsiloxane (PDMS) 

using photolithography, which enables the cheap and rapid manufacture of complex 

structures at high resolution. However, PDMS is relatively impermeable, stiffer than most 

tissues, and does not promote cell attachment unless it is functionalized. Therefore, many 

vascular microfluidic models have shifted to incorporate 3D hydrogel microenvironments to 

mimic the extracellular matrix. These hydrogels can enable time-responsive, 4D systems, 

depending on the properties of the incorporated hydrogels. The challenge is to create a 

hydrogel that is strong enough to withstand the flow pressure and that sends adequate 

signals for the cells and tissues under development. Endothelialized channels have been 

created using both synthetic and natural hydrogels, including polyethylene glycol diacrylate 

(PEGDA), alginate, collagen, fibrin, silk, and agarose among others [99-103]. These 

channels can be created by patterning gels and then bonding them to flat layers [99], 

by molding the hydrogel around a cylindrical structure such as a needle [104], by 

using micromolded dissolvable templates (e.g. gelatin, sugar, salt, Pluronic®) to create a 

microfluidic network [105-107], or by additive or subtractive photopatterning [108-110]. 

When coupled with secondary channels to create soluble factor gradients, these microfluidic 

chambers become powerful tools to study angiogenesis in response to both biochemical and 

biomechanical cues [111-114].

More recently, vascularized cancer-on-a-chip devices have been created with a 

microvasculature in a hydrogel that can be laden with tumor cells. In these systems, 

endothelial cells embedded within Matrigel, collagen, or another extracellular matrix protein 

self-assemble to form a 3D, branched structure model [115-117]. In one case, spheroids 

composed of endothelial and tumor cells were embedded in fibrin matrix containing 

fibroblasts. The endothelial cells sprouted out of the spheroid and into the matrix, enabling 

spheroid vascularization including the visualization of tumor cell intravasation [118]. In a 

more complex model, endothelial cells were mixed into the extracellular matrix, which was 

then injected into the center of a microfluidic system with two perfused side channels. The 

endothelial cells self-assembled into complex, perfusable vascular networks, which were 

then co-cultured with cancer cells to determine drug efficacy [119]. These systems have 

enabled in vitro studies of vasculature-tumor cell interactions critical to metastasis and drug 

delivery [120-123]; however, these sprouting networks are difficult to control in terms of 

their morphology and no studies have yet shown that these systems recapitulate a similar 

microvascular complexity to that observed in healthy states or in cancer.
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While significant advances have been made in creating in vitro microvascular models, 

there remains an unfortunate tradeoff between engineering a specific vascular geometry, 

which is largely done in PDMS, and replicating the vascular biochemical and biomechanical 

microenvironment, which is better achieved within hydrogels. In fact, both are needed 

to recreate and study microvascular complexity, since channels with non-physiological 

geometry and/or non-physiologic mechanical and biochemical properties induce endothelial 

dysfunction [98, 124, 125]. The challenge becomes even greater when vascular complexity 

is to be incorporated in tissue engineered organs, in which the microvasculature must be 

fabricated within a variety of macro- and microenvironments (e.g. mechanical properties, 

surface topography, porosity and pore distribution) in varied engineered tissues [126]. The 

temporal dimension (4D) must also be considered as these multi-material, multi-scale, multi­

phase and multi-dimensional engineered tissues develop towards mature organ formation. 

In the future, more complex devices will be needed to assess, model and understand 

how a physiologically relevant microvascular structure impacts vascular cell dynamics and 

parenchymal tissue interactions in health and disease. In the remainder of this review, we 

will describe recent advances in imaging, computer-aided engineering (CAE), materials 

science and technology, micro- and nano-manufacturing, and surface functionalization that 

can be used to recreate the complex microvasculature through precise control of materials 

geometry and surface properties [67].

4. Biofabrication of in vitro systems that model vascular complexity

4.1. Design and analysis of vascular complexity

The design of vascular complexity into labs- and organs-on-chips or engineered tissues 

begins with quantifying the properties of microvascular geometry in vivo. Traditional 

techniques to describe vascular patterns rely on mean vessel diameter, mean vessel segment 

length, branch angle, vessel area density or vessel length density, among others. When 

applied to the design of microvascularized in vitro devices, these parameters fail to fully 

recapitulate microvascular properties because they do not take into account the complex 

microvascular geometry [127]. Alternative quantitative methods to describe complex 

structures each have advantages and disadvantages. Hierarchical branching can be used 

to define the branching order using simple measures; however, this technique works best 

in parent-child branch architectures and is less suitable for vascular networks that lack 

hierarchical structure but instead are more homogenously distributed (e.g. microcirculation). 

Imaging techniques, such as micro-CT, enable detailed 3D microvascular mapping, but since 

in most cases they lack the temporal dimension, vessel order and flow cannot be evaluated 

and therefore cannot be designed into an engineered replicate [128]. Contrast-enhanced 

ultrasound using micro-bubble destruction can enhance imaging techniques to visualize 

both architecture and flow direction, and thereby enable a person’s specific vasculature to 

be replicated; however, these techniques are time-consuming and expensive and therefore 

impractical for widespread implementation [34]. Fractals perhaps best describe vascular 

complexity. Fractal analysis, as well as variants including multi-fractals, lacunarity, and 

the Lindenmeyer system, has been used to analyze microvascular geometry in tumor, 

pulmonary, myocardial, renal, skeletal muscle, and cerebral perfusion [20, 32, 129-134]. For 

example, perfusion heterogeneity, which is independent of the measured volume size, can be 
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effectively described as a self-similar or fractal quantity. Unfortunately, as we describe later 

in this review, fractal analysis are not as easily converted into a design for biomanufacturing 

due to current limitations in computational tools.

Once vascular complexity has been imaged and quantified, it then must be converted into 

an engineered design. Design is most quickly implemented when supported by software 

that directly connects to manufacturing tools. CAE refers to the use of software to aid in 

these engineering tasks, and in its broadest sense includes computer-aided design (CAD) and 

manufacturing (CAM). Here we focus first on CAD for designing vascular complexity and 

then on CAE as the simulation tool for verifying CAD model geometries, materials, and the 

effects of loads and boundary conditions.

CAD is a primary part of computer-aided tissue engineering (CATE), [135, 136] which can 

be connected with additive manufacturing technologies to fabricate advanced biostructures 

made from novel biomaterials [137]. CAD can be used to design 2D UV-lithographic 

masks for vascular-like channel creation, 2.5D chips with integrated planar vasculatures, 

and 3D complex vasculatures within tissue constructs. CAD software uses Euclidean 

geometry operations, such as extrusions, grooves, holes, sweeps along guides or surfaces 

through curves, together with Boolean operations, pattern-based design processes and 

matrix-based procedures, to create complex geometries. More complex structures can 

be designed using geometries based on constructal law [138], fractal descriptions [139] 

and topological optimization procedures [126, 140]. These may involve mechanical, 

thermal, fluidic or even mass-transport phenomena to achieve complex and in many cases 

biomimetic geometries. Computational models can be created to minimize or maximize 

a given function under a system of constraints in vascular network design. Examples 

include minimizing perfusion work [141-143], minimizing vascular volume fraction while 

maintaining oxygen concentration[144], maximizing extravascular transport efficiency [144, 

145], and maximizing transmural pressure to maintain vascular stability [146]. These 

innovative CAD approaches are currently being used to create biodevices with improved 

biomimicry and design-controlled knowledge-based vascular structures.

The CAD model then serves as input for CAE, which uses the finite element method 

(FEM) to produce integrated analysis of the complex biodevice design. FEM software solves 

complex engineering problems through mesh discretization of a continuous domain into a 

set of discrete elements (connected by nodes) and by transforming initial partial differential 

and integral equations into an approximate system of ordinary differential equations (forced 

to be valid in the nodes) for final numerical integration. This method is especially well­

suited to solving partial differential equations over a complicated domain or geometry 

when the domain changes during the whole simulation, when the desired precision varies 

over the system under study or when the solution lacks smoothness. These characteristics 

are particularly useful for mechanical, static and dynamic, structural, thermal, fluidic 

and electromagnetic models of multiscale biomaterials and biodevices, including complex 

engineered vasculatures in labs- and organs-on-chips and tissue engineered constructs. For 

instance, fluid dynamics simulations in scaffolds with inner dendrite fractal-like structures 

were used assess their potential benefits for nutrient delivery [147]. Vascular complexity has 

also been considered in combined studies of the effects of scaffold physical and degradation 
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properties on cell and tissue growth with respect to nutrient transport, drug distribution, 

and debris elimination [148-150]. CAE has potential to combine models working at 

different scales, from molecular to cellular to organ level, to promote multi-scale modeling 

approaches and enhance our toolset for creating biodevices with vascular complexity.

To highlight the versatility and potential of connecting design and computational modeling 

with advanced micro-manufacturing, some case studies are presented. Figure 3 presents a 

multi-chamber organ-on-chip, in which chambers arranged in series incorporate different 

cell types and their optimal 3D matrices. The chambers are connected through micro­

perforated walls to promote vascularization between the chambers and thus enable fluid 

flow and paracrine interactions between the different cell types. This multi-chamber system 

can be used for example to study how the microvasculature affects stem cell differentiation 

or cell phenotypic expression in a multicellular milieu while maintaining each cell type 

in its preferred matrix. After the CAD model is realized (figure 3(a)), the multi-chamber 

organ-on-chip can be rapid prototyped first by laser stereolithography for conceptual 

manufacturability tests (figure 3(b)) and later by additive selective laser sintering of titanium 

powder for cell studies (figure 3(c)). This multi-chamber system stands out for including 

three parallel sets of three interconnected chambers integrating scaffolds with different 

porosities, hence enabling multiplexed experiments for analyzing, in a single device, the 

impact of porosity, addition of growth factors and flow rate, on cell behavior and fate. A 

related system based on scaffolds integrated within fluidic chambers with interconnectable 

inlets and outlets follows a ‘plug-and-play’ approach. Different functional tissues can 

be cultured in the chambers and connected in varied configurations to rapidly establish 

interconnected multi-organ-on-chip systems (figure 3(d)). In this case, the fluid flow rates 

can be directly derived from the CAD files, which helps in pump selection tasks and 

performance optimization.

Figure 4 shows the CAD model of modular tissue engineering constructs with a 3D 

branching microvasculature designed using the constructal approach (figure 4(a)). The 

vascular network and the 3D scaffold structure for mechanical support can be manufactured 

by additive processes, as detailed in the next section. This construct is also modular and 

could be connected to other building blocks for increased complexity. Once the CAD 

vascular network is obtained, CAE resources (e.g. FEM simulations) can be used to analyze 

flow velocities, their associated shear stresses, and pressure drops through the system at 

different volume flow rates. For example, the system in figure 4(b) shows a pressure loss 

of 33 kPa across the construct. NX (Siemens PLM Solutions) and Catia v.5 (Dassault 

Systèmes) are used as CAD and engineering resources for the conceptual designs and 

simulations of figures 3 and 4. Laser stereolithography (SLA-3500 by 3D Systems) with 

epoxy resin (Accura® 60 by 3D Systems) and selective laser sintering of titanium powder 

(Materialise NV) are used for analyzing manufacturability of the different concepts.

4.2. Manufacturing vascular complexity

Since several review papers have described broad strategies for creating vasculatures in 

labs- and organs-on-chips and in tissue engineered constructs [151-153], we instead focus 

in depth on biofabrication techniques that can be used to manufacture a 3D complex 
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vasculature. While microvascular self-assembly can be induced after construct fabrication 

through growth factors, this is costly and slow and therefore impractical for widespread use. 

Spatially defined endothelial patterns can also accelerate engineered tissue vascularization 

after implantation [154]. It is therefore essential to be able to design and manufacture a 

complex microvasculature at the same time as the initial construct. Each technique has 

advantages and disadvantages, depending on the desired geometrical complexity, the device 

type and final application (i.e. in vitro device or final implant), and on the types of cells 

and tissues being created. We present the most interesting available technologies, analyze 

their advantages and disadvantages, and present some challenges and strategies for achieving 

complex vascular geometry. For clarity we grouped the technologies into several categories, 

including subtractive methods, additive methods and biochemical patterning techniques.

4.2.1. Subtractive methods—Conventional subtractive manufacturing, in which 

material is removed from the starting shape to produce the final product, has been 

miniaturized to create micromachining methods that enable the creation of features smaller 

than 100 μm. Computer numerical control (CNC) micromilling, which is primarily done 

in plastics and metals, uses cutting tools as small as 25 μm to create molds for further 

fabrication or to directly create the final part [155]. Micromilling enables rapid transfer of 

a 3D CAD file into the final part, often in less than an hour, and therefore is useful for 

rapid prototyping. However, micromilling has significant limitations in precision, which is 

determined by cutting tool dimensions and micromill accuracy; surface roughness, which 

can affect cell function as well as optical transparency for microscopy; and the ability 

to create internal features, which means that micromilling is primarily useful for 2.5D 

applications such as microfluidics. Laser micromachining has the advantages of being 

able to accurately place small features with controlled cutting depth in a wide variety 

of materials. Nearly 20 years ago, the Vacanti group micromachined silicon to create a 

template for microvascular patterning. The microvascular networks were then lifted off the 

template and folded into 3D tissues [156]. While this technique similarly has the advantage 

of allowing designed geometry to be directly transferred into the part, laser micromachining 

also has the disadvantage of limited ability to create inner geometries as well as slower 

manufacturing speeds. In addition, the molding and transfer steps are labor-intensive and 

may require new molds to be produced for each engineered tissue.

Current subtractive methods move far beyond CNC machining. For example, phase­

separation procedures can be considered subtractive, as the liquid or vapor phases are 

eliminated to leave a porous structure. 3D porous structures for tissue regeneration and 

repair have also been created using sol–gel and foaming techniques [157]. In one example, 

sol–gel glass foams of silicon dioxide and calcium oxide were shown to induce macrophages 

to differentiate into osteoclasts, osteoblasts to deposit mineralized bone, and endothelial 

cells to form tube-like structures between cell clusters, suggesting that these cells could 

possibly form a functional microvasculature [158]. These techniques have the advantage 

of creating a highly porous structure through which endothelial cells can be seeded to 

create a complex microvasculature, as well as the ability to select materials that enable 

growth factor controlled release for microvascular self-assembly. The primary disadvantage 

of phase-separation is the challenge in controlling the biomaterial micro-structure and 
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hence the microvascular geometry and personalized vasculature design. However, the use 

of micro-fluidic devices for foam generation may improve homogeneity and control over the 

biomaterial and vascularized tissue final properties [159, 160].

For improved design of complex microvascular geometry, sacrificial molds or inserts 

provide a promising alternative. In the simplest case, needles are inserted into the device 

prior to hydrogel addition and then removed once the matrix has gelled. The technique 

forms hollow tubes that can be as small as 100 μm in diameter after the needles are removed 

[104, 105]. While the tubes are straight and homogeneous, a more complex vasculature can 

be formed by fabricating multiple tubes and promoting microvascular formation between 

the molded tubes [161]. Straight channels can also be created through viscous fingering, 

which occurs when a less viscous fluid is used to displace a more viscous fluid, was used 

to pattern a cylindrical channel within a hydrogel [162]. A PDMS microfluidic channel was 

filled with collagen, which was then briefly incubated at 37 °C to initiate polymerization 

and increase solution viscosity. Cell culture medium was then passively pumped through 

the microfluidic channel to create a single continuous lumen along the channel length. This 

procedure has since been used to create models of angiogenesis as well as the blood–brain 

barrier [113, 163]. Alternatively, sacrificial molds or inserts with more complex geometry 

can be created using design-controlled additive manufacturing (commonly 3D printing). For 

example, fugitive inks or water-soluble materials were rapid cast on 3D printed complex 

microvascular structures, assembled into a hydrogel microdevice, and then dissolved after 

gel polymerization occurred [78, 120, 121]. Alternatively, the sacrificial material can be 

directly printed within the hydrogel. Examples include: omnidirectional printing of fugitive 

inks within photocrosslinkable hydrogels [122], printed alginate templates within fibrin 

gels [123], 3D printing of Pluronic® [125], which dissolves when cooled (while other 

bioinks typically gel when cooled), among others. Hence, multi-material 3D printing can 

be employed to generate both the structure and the sacrificial element to be dissolved, 

extracted or eliminated to enable vascularization. While sacrificial molds have the advantage 

of creating controlled complex vascular geometries in a variety of materials, they remain 

limited to relatively large microvascular diameters and fairly simple structures. Thus these 

sacrificial molds do not yet enable engineering of physiologic microvascular complexity.

Subtractive manufacturing can also be used to improve physiologically relevant cell–cell 

interactions in labs- and organs-on-chips after cells have been introduced by removing the 

artificial membranes that separate endothelial cells from parenchymal cells. For example, 

chitosan membranes (<100 μm thick) were created at the interface of an acidic chitosan 

solution and a basic buffer solution within a microfluidic channel [164]. After cells were 

seeded on either side of the chitosan membrane, the membrane was then removed using an 

acidic solution. This technique was then used to create a blood–brain barrier device in which 

endothelial cells and astrocytes were able to directly interact [165]. Human astrocytes in 

Matrigel were seed on one side of a chitosan membrane. The chitosan membrane was then 

removed through brief exposure to acetic acid, after which brain microvascular endothelial 

cells were seeded into the empty side of the channel to grow on the Matrigel surface. This 

same technique could be used with other sacrificial hydrogels like alginate to enable direct 

cell–cell interactions in an organ-on-a-chip system. While this technique has the advantage 
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of enabling direct endothelial-parenchymal interactions, it still is limited by the lack of 

vascular geometric complexity.

4.2.2. Additive methods—Additive manufacturing has revolutionized biofabrication 

(and also the traditional manufacturing sectors) [166]. In additive manufacturing, materials 

are added usually layer-by-layer to create the final part. Additive manufacturing can now be 

achieved with a wide variety of materials, from metals to ceramics to extracellular matrix 

proteins and even cells themselves. While each technique has its own specifications, the 

layer-by-layer approach likely has the highest potential for controlling geometric complexity 

to achieve biomimetic and even personalized vascularized constructs. Since there are now 

many additive manufacturing techniques, we split them into two groups: non-biological 

materials and biological materials.

4.2.2.1. Additive manufacturing of non-biological materials: Electrospinning uses 

electric force to draw a charged polymer jet out of a spinneret and deposit it onto a grounded 

collector. A spinning collector can be used to create structures with aligned fibers, and the 

spinneret design can be varied to create small fibers (down to hundreds of nanometers) 

and core–shell fibers made of two immiscible materials. In some cases, the inner material 

can be removed to produce hollow fibers. Due to the manufacturing conditions, it remains 

difficult to electrospin biological materials and therefore proteins and cells are usually added 

after the fabrication is complete. However in one case, fibrinogen and polylactic acid (PLA) 

were electrospun into either randomly distributed or aligned nanofibers. Endothelial cells 

on the aligned nanofibers showed an elongated shape and increased motility, suggesting 

that this material could be used for guided neovascularization [167]. While electrospinning 

is one of the only manufacturing techniques to truly create nanofibrous materials that 

guide endothelial cell growth, this technique does not allow complex geometries to be 

fabricated according to a specific design and since the polymeric mats are usually dense, cell 

infiltration is often poor resulting in primarily 2.5D devices.

Fused deposition modeling is the most widely used 3D printing method for conventional 

additive manufacturing. Thermoplastic materials such as acrylonitrile butadiene styrene 

(ABS) and PLA are melted and extruded through a nozzle in a computer-controlled layer­

by-layer process that eventually builds a 3D part. By using a support removable material, 

complex controlled geometries can be fabricated directly from CAD files. However, 

traditional 3D printing has several significant disadvantages, including the inability to print 

biological materials, the limited precision (with features generally on the scale of hundreds 

of microns), and the relatively slow fabrication speed. Therefore, fused deposition modeling 

has primarily been used to create molds or to print sacrificial materials which are later 

removed to form channels [168, 169]. In one example, a polyvinyl alcohol (PVA) network 

was printed within a PLA supporting material. The PLA was then dissolved and replaced 

with a HepG2 cells embedded within crosslinked gelatin. Finally, the PVA was dissolved 

with water to create the microvascular network within the HepG2-gelatin biomaterial [170]. 

In another example, electrospun fibers were molded around a PVA sacrificial template to 

form microvascular channels within the structure [171]. Unfortunately the large size and 

limited geometrical complexity of these sacrificial templates means that traditional 3D 
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printing has limited applications in creating a complex vasculature; however, this technique 

has inspired many other additive manufacturing techniques that start to overcome these 

limitations.

Selective laser sintering expands the types of materials supported by additive manufacturing. 

In this technique, powdered polymers, ceramics, or metals are fused together by scanning 

a high power laser over the powder bed in a pattern determined from a CAD file. As 

each cross-sectional layer is added, the remaining powder supports the part features, which 

enables complex geometries to be created without supporting materials. Perfusable channels 

were created within porous 3D tissue engineering scaffolds by selective laser sintering 

polycaprolactone with sodium chloride as the porogen [172]. Selective laser sintering has 

the advantages of rapidly creating biocompatible parts with high strength and stiffness and 

complex open internal structures. However, precision limits the technique to feature sizes 

greater than 50 μm, biological materials cannot be used due to the laser intensity, interior 

features must all be open so that extra powder can be removed, and the cost of powder 

materials is high. Thus this technique does not allow the design of a true microvasculature, 

nor can microvascular self-assembly easily be induced within the material through growth 

factors.

Microstereolithography also uses a laser to transfer a CAD shape into a 3D part. In this 

layer-by-layer process, a UV laser draws the design cross section into a photopolymer resin, 

eventually creating a complex geometry with feature sizes down to tens of microns. In one 

example, laser stereolithography was used as a mold for PDMS casting of a multichamber 

system for reliably creating linear vascularized channels using a needle or other sacrificial 

material (figure 5). This simple system was then modified to enhance vascular complexity 

by creating a vascular mold with a bifurcation and varied vessel size, as well as parenchymal 

tissue wells in the space around the vasculature. By varying the branching pattern (hierarchy, 

branch size and number, branch angles, etc) and the parenchymal tissue well distance from 

the vasculature, we can now use this device to determine how varied aspects of vascular 

geometric complexity affect tissue properties such as biotransport (figure 6). Advances in 

multiphoton lithography (also called direct laser writing) enable fabrication of features with 

100 nm resolution, albeit with a cost in fabrication time [173, 174]. In one case, confocal 

microscopy was used to image retinal microvasculature. The pattern was then recreated 

using a combination of simple shapes, which were used as input for the scanning confocal 

laser to recreate the microvascular pattern within a photocrosslinkable polyethylene glycol 

(PEG)-RGDS hydrogel. Endothelial cells encapsulated within the hydrogel organized into 

capillary-like tubule structures, forming a retinal model that was personalized to a given 

patient [109]. While the need for photopolymers limits the materials that can be used, 

ceramic particles can be added to the photopolymer suspension to create dense ceramic 

components. Stereolithography and its derivative techniques rapidly create strong parts 

with complex geometries, and the use of bio-photopolymers enables the use of biological 

materials (detailed in the next section). However, supports are still needed to create certain 

structures, and the systems remain expensive especially for high precision applications.

Additive manufacturing processes to create complex metal geometries for later 

vascularization are limited. However, recent efforts to add electrodeposition to the additive 
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manufacturing toolbox have expanded the ability to create metal parts and objects with 

nanometer level vertical resolution. In electrochemical fabrication (EFAB) and its second 

generation technology (MICA), a metal (often nickel) is electrodeposited in a specific 

pattern using a micromask, after which a sacrificial metal (often copper) is deposited. The 

surface is then flattened prior to depositing the next layer. After all layers are deposited, 

the sacrificial metal is removed to create the final part [175]. While this technique enables 

creation of complex geometries with 5–20 μm features in biocompatible metals and alloys, 

the process is not true additive manufacturing due to the need for the mask, part size 

is limited, and biological components can only be added after the fabrication process is 

complete. EFAB has also been used to deposit and align adhesive extracellular matrix 

proteins into tissue engineered structures or on biological electrodes [176, 177]. Thus there 

is potential that EFAB could enable vasculature fabrication into multicellular structures, 

potentially with electrical signaling or sensing.

4.2.2.2. Additive manufacturing of biological materials: In many cases, adding 

biological components such as proteins as cells after manufacture is challenging due to 

slow or limited penetration inside the non-biological material. Therefore several of the 

aforementioned techniques have been adapted to include proteins and cells directly in the 

fabrication process. The inclusion of biological components necessarily limits the use of 

high temperatures and voltages, toxic materials and solvents, and extended fabrication times. 

However, the advantage of directly creating the 3D culture system or tissue often outweighs 

these limitations.

3D bioprinting uses the layer-by-layer approach to deposit bioinks composed of cells 

and biocompatible hydrogels into pre-designed tissue-like structures. Multiple cell types, 

including endothelial cells, can be bioprinted in different hydrogels and into specific 

locations by using multiple nozzles. Endothelial cells have been successfully bioprinted 

in alginate, gelatin, fibrin, and Matrigel® among many others [178-181]. Furthermore, 

scaffolds can be printed with intrinsic channels or a gridded structure to enable flow 

through the bioconstruct [161, 182]. Ink jet printers, which use drop-on-demand technology 

to precisely place picoliters of bioink, can be used to achieve smaller features including 

bifurcations down to around 100 μm [183, 184]. Despite the significant advantages of being 

able to print biomaterials and cells together into a pre-determined 3D design, 3D bioprinting 

generally produces feature sizes on the order of hundreds of microns and therefore cannot 

be used to create a complex microvasculature except by inducing vascular self-assembly 

through growth factors.

Stereolithography has also been modified to use photopolymerizable biopolymers with cells 

of different types encapsulated within the material. In live cell stereolithography, UV lasers 

can directly pattern multiple biopolymers, depending on the way in which the pre-polymer 

solution is added, with excellent cell viability over time [185]. Since the line-by-line writing 

approach in stereolithography is time-consuming and may impact material integrity at the 

line interfaces, alternative photopolymerization techniques have been developed to overcome 

these limitations. Digital light processing (DLP) based biofabrication, in which a digital 

micromirror array rather than a physical mask controls photopolymer illumination, improves 

upon the speed, resolution, and therefore scalability of live cell stereolithography. In one 
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case, endothelial cells were directly printed into the designed vascular channels without 

using a sacrificial material and formed lumen-like structures [186]. These new techniques 

enable production of larger parts with good cell viability, while maintaining the advantages 

of sub-micron resolution 3D fabrication of biopolymers and cells into complex geometries. 

Thus light-based biofabrication strategies may hold the highest potential for building 

complex microvasculatures into tissue engineered constructs and labs- or organs-on-chips.

To achieve even greater resolution in single cell placement, laser assisted cell printing 

techniques such as laser-induced forward transfer (LIFT) and its variations allow cell level 

resolution. In these processes, cells are attached to a laser transparent print ribbon using 

a biopolymer, usually Matrigel®. The ribbon is moved over a receiving substrate, which 

is often also a biopolymer such as Matrigel®. Individual cells are then propelled off the 

ribbon and onto the receiving substrate using a pulsed laser beam. Endothelial cells have 

been placed in precise patterns with other cell types via direct laser writing, for example 

to create hepatic sinusoid-like structures [187, 188]. Other laser based single cell patterning 

techniques such as optical tweezers enable single endothelial cells to be placed into a 

main channel and then guided down branch channels [189]. While direct cell writing is 

unparalleled in terms of the cell patterning precision, there are significant disadvantages 

including the limited ability to pattern and build in the z dimension, difficulty in producing 

the ribbon, and the potential damage to the cell by the laser and deposition process.

Biostructures of several cubic millimeters in size, with micrometric features, have been 

created using a combination of biomimetic designs and novel additive manufacturing 

processes combining 3D printing and laser-based polymerization of photo cross-linkable 

resins, hydrogels and polymers [190, 191]. Growth factor incorporation into the bioprinted 

materials or bioinks can be used to further improve vascularization after fabrication. These 

additive 3D prototyping approaches can form biological structures with [192] and without 

[193] scaffold support. On a smaller scale, micro-fluidic bio-printing combines printed 

bio-inks and encapsulated living cells to generate heterogeneous 3D tissue constructs 

with highly defined biomimetic structures and vascularization potential [194]. The advent 

of high-performance low-cost systems (i.e. Inkredible 3D printer system by CellInk and 

Biobot1 from Biobots) and of the fabber movement and related open-source hardware and 

software approaches (i.e. RepRap), as alternative to the initial and much more expensive 

bioprinting systems (i.e. Bioplotter by EnvisionTec), is promoting the exponential growth 

of bioprinting. In addition, conventional 3D prototyping machines can be converted into 

‘bio-plotters’ and ‘cell-printers’ [195] to manufacture biosubstrates with incorporated living 

cells and nutrients, thus enhancing vascular network formation within a complex 3D tissue 

[196].

Microfluidic systems can also be combined with additive manufacturing techniques to 

develop models of vascular–parenchymal interactions. In the commercially available 

OrganoPlate® by Mimetas, adjacent lanes of cell-laden Matrigel and liquids (usually flowing 

cell culture medium) are patterned using phaseguides [197]. Phaseguides are lines of 

material of either a different surface wettability than the rest of the chamber or a geometrical 

change that make it energetically advantageous for the hydrogel to advance along the 

phaseguide before crossing it [198]. Cells suspended in liquid Matrigel are taken up into 
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the phaseguide defined channels by capillary action, after which the Matrigel is gelled. 

The remaining channels are then filled with either cell culture medium or other cell types 

suspended in Matrigel. Since the phaseguides are significantly smaller than the chamber 

height, gradients and cell–cell communications are possible among the adjacent channels. 

This combination of additive manufacturing in a microfluidic channel has since been used 

to create a variety of organ-on-a-chip systems, including lung, liver, and breast cancer 

[199-201].

Stacking of 2D and 2.5D materials or microsystems can also be used either as an alternative 

or as a complement to additive manufacturing techniques. As example of this approach, 3D 

stratified tissues created by stacking cell sheets in co-culture with endothelial cells led to 

pre-vascular network formation in vitro and promoted neovascularization after implantation 

in vivo [202]. More recently, researchers engineered a prevascularized cell sheet for tissue 

regeneration by culturing human bone marrow-derived mesenchymal stem cells (hMSCs) to 

form a thick cell sheet, and then seeding human umbilical vein endothelial cells (HUVEC) 

on the hMSC sheet. In vitro, the hMSC sheets promoted HUVEC migration to form 

horizontal and vertical networks. In vivo, many blood vessels grew into the hMSC/HUVEC 

sheets after implantation. These prevascularized hMSC/HUVEC sheets were then folded 

to form a 3D construct using a modified cell sheet engineering technique [203]. Similar 

stacking procedures were used to develop sandwiched micro-environments, which were 

used to manipulate cell phenotype and differentiation [204-206]. Once vascularized, these 

stacked cell sheets can be used in tissue engineering, for example of cardiac tissue [207]. 

Unfortunately the stacking procedure is labor intensive, and therefore difficult to scale up to 

mass manufacturing or to use to create personalized in vitro models.

4.2.3. Biochemical patterning (adhesive ligands, growth factors and others)
—Biochemical patterning started with soft lithography, in which soft stamps are used 

to pattern planar surfaces. Cells can then attach in desired locations, forming complex 

patterns and cellular circuits which promote the first stages of vascularization [208]. The 

soft stamps are obtained by casting PDMS into micro-manufactured molds, which can 

be micro-machined by laser ablation or high-precision CNC machining, or additively 

manufactured by laser stereolithography. Typical stamp features are limited to 75–100 μm, 

which may not be small enough if single cell interactions are desired. A higher degree 

of precision can be achieved by patterning surfaces with biomolecules using atomic force 

microscope tips, a procedure called dip-pen nanolithography, which acts at the molecular 

scale to create biomimetic single cell patterns [209, 210]. In spite of the advantages of low 

cost and micron-level precision, these 2D and 2.5D technologies are limited in terms of 

geometrical complexity and the protein patterns may not be stable in the long term. Thus 

these techniques are more suited to labs and organs-on-chips than to 3D tissue constructs.

To achieve biochemical patterning in 3D structures, light-based procedures, using either 

physical or digital masks, provide interesting alternatives in terms of attainable size and 

precision. For instance, VEGF and RGD photopatterned in micron-scale regions within a 

poly(ethylene glycol) hydrogel using laser scanning lithography enabled endothelial cells 

to form tubules with lumens [211]. To create more biomimetic structures, an image-guided 

micropatterning method was used to directly transfer 3D vascular patterns derived from 
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labeled tissues into hydrogel scaffolds via two-photon laser scanning photolithography. 

This process used both structural and biochemical cues to guide endothelial cells into 

recapitulating complex vascular structures into a 3D hydrogel [109]. E-beam lithography 

enables protein patterning at even smaller size features, but the method is costly and time 

consuming. These lithographic techniques can be used on many different materials, is 

precise, and has resolution down to hundreds of nanometers. However, 3D applications 

remain difficult and thus these techniques are also more applicable to 2 or 2.5D cultures and 

systems.

Summarizing, figure 7 schematically presents strategies for the development of lab- 

and organ-on-chip systems and tissue engineering constructs with incorporated complex 

vasculature. Table 1 presents a comparative overview of technologies, detailing materials, 

attainable precision, limiting aspects and key applications in the field of study. Also 

included are processes specifically designed for mass production, including micro-injection 

molding and hot-embossing. The desired multi-scale, multi-material, multi-phase and multi­

dimensional systems rely on synergistic combinations among them, as further analyzed 

in the section on current challenges and future research directions. We believe that the 

combined use of present approaches, together with technological advances to come in 

the next five years, will enable versatile, multi-scale, multi-material, multi-phase, time­

responsive complex vasculatures within biohybrid devices and tissues.

5. Challenges and future directions

5.1. Integration of design and manufacturing procedures

A primary challenge in fabricating complex biomimetic vascular structures is the limitations 

inherent in current imaging and design software. CAD programs use Boolean, patterning 

and matrix-based operations to create micrometric details and microstructures. These 

programming algorithms increase file sizes into the Gbyte scale, resulting in files that 

cannot be adequately handled by the related automated manufacturing resources. The 

‘universal’ .stl, .igs, .dxf…, formats are not optimal, especially for fractal-based designs 

that better describe natural system complexity [139]. Such fractal features, as well as 

other mathematical descriptions of porous structures and vasculatures, can be described 

and programmed in just one line of code in other software, while their conventional 

CAD geometrical description unnecessarily increases file size. The shift to algorithmic 

rather than descriptive geometry in CAD programs is key to promoting advanced design 

and manufacturing of bioinspired and biomimetic complex vasculatures within labs- and 

organs-on-chips, as well as within tissue engineered constructs. Continuous advances in 

the software used to convert medical images into 3D and 4D inputs for CAD tasks (most 

medical imaging software used in hospitals already includes .stl file generation) will further 

enable the development of personalized biomimetic vascularized microsystems for studying 

physiological phenomena [218].

5.2. Manufacturing technologies with increased precision and operative scale range

Additive manufacturing continues to have important challenges in reliably and repeatably 

creating complex vasculatures within engineered biodevices. Most additive manufacturing 
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technologies do not provide the required precision for constructing micron-scale details 

(table 1). At the same time, those technologies with higher precision are not capable of 

manufacturing objects larger than a few cubic millimeters, which proves ineffective for 

most medical needs. Consequently, technologies with both increased precision and operative 

scale range are needed. In one recent development, hierarchical metallic metamaterials 

with 3D features that ranged from the nanometer to centimeter scale and overall part 

sizes of several centimeters were created using a high-resolution, large-area additive 

manufacturing technique [219]. Similar techniques must be developed using biomaterials, 

bioinks, extracellular matrix components and even living cells as printing materials.

Other current research in processes that produce both increased precision and operative 

scale range focuses on combinations of synergistic technologies. For example, 3D and 4D 

printing techniques can be used to create the larger vessels, while smaller vessels can be 

obtained with biomaterials that stimulate micro-vasculature formation [128]. Combinations 

of additive and subtractive laser-based procedures have also been used to manufacture 

the components of vascularized organs-on-chips [83]. A master model was obtained using 

additive laser stereolithography, while laser ablation was applied to generate the smaller 

details. Final metallization for mold insert creation connected this process with mass­

production techniques, for example micro-injection molding of thermoplastic materials. 

Alternatively, multi-scale approaches can be developed in materials acceptable for cell 

culture by combining lithographic and high-precision additive manufacturing technologies 

[220]. Such combinatorial approaches can be further exploited down to the molecular size 

scale if additional combinations, for instance with nano-pen lithography, are developed [209, 

210]. Systematically combining and analyzing potential synergies among the technologies 

described in table 1 can lead to truly multi-scale, multi-material and time-responsive systems 

that better emulate the interactions between the vasculature and the parenchymal tissues.

5.3. Collaboration and education

For complex 3D and 4D biofabrication of complex vascular structures to become a reality, it 

is essential to encourage collaboration among researchers from multiple fields including 

biology, medicine, pharmacy, physics, chemistry and engineering. Collaborative design 

methodologies and online resources and platforms to promote such collaboration play an 

important role. For instance, the ‘Chips and Tips’ website designed by the Royal Chemical 

Society provides ideas and solutions through interactions with colleagues regarding practical 

issues frequently encountered in the laboratory. Similar collaborative platforms for the 

integrated design and manufacture of complex vasculatures may also help to enhance 

progress, especially if linked with open-access software similar to recent advances in open­

source medical devices.

Another key issue for advancing biofabrication technologies is to create teaching-learning 

activities to educate future researchers, designers, manufacturers and even marketers of 

these technologies. A simple and reproducible infrastructure to inspire the next generation 

to innovate in biofabrication might include hands-on workshops using modular kits that 

illustrate the basic biofabrication concepts. For example, researchers at MIT developed 

low-cost kits for diagnostic-oriented microfluidic systems, which are even compatible with 
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LEGO, so that K-12 students can easily construct a lab-on-a-chip. The kits have been so 

successful that they led to spin-off MEDIkits [221]. The extension of this approach to 

biofabrication will inspire the next generation of bioengineers who will advance our current 

technologies.

6. Conclusions

Recent progress aimed at recreating complex vasculatures and their interactions with 

parenchymal tissues in vitro have laid the foundations for biomimetic labs- and organs-on­

chips. These devices create advanced cell culture niches that enable new ways of effectively 

and sustainably modeling and studying disease. Unique combinations of computational 

design and modeling resources, and a wide set of synergistic micro- and nano-manufacturing 

techniques, help to improve the operational and dimensional ranges covered by these 

biodevices (from single cells to interacting cell colonies and tissues) and to achieve realistic 

representations of relevant physiological processes. Our personal view is that there will be 

remarkable advances in the upcoming five years, which will provide researchers with a wide 

range of reliable, efficient and sustainable tools to create in vitro models of disease and 

advance medical professionals towards a future of personalized medicine.
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Figure 1. 
Rabbit dermal vascular cast [3]. Reproduced from [3]. © IOP Publishing Ltd. All rights 

reserved.
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Figure 2. 
Conventional 2D cell culture does not enable the study of vascular–parenchymal 

interactions. (top) Human umbilical vein endothelial cells (HUVEC) (labeled with orange 

CellTracker) were cultured for 24 h with the breast cancer cell line MDA-MB-231 (labeled 

with green Calcein) in 2D culture. Breast cancer cells grew on top of HUVEC, resulting in 

endothelial cell death. (bottom) In contrast, when HUVEC (labeled with red CellTracker) 

were cultured in 3D tubes in Matrigel, and MDA-MB-231 3D spheroids (labeled for nuclei 

with Hoescht (blue) and integrin α6 (green), also formed in Matrigel) were pipetted onto 

the endothelial tubes, both cell types remained viable for up to 96 h and breast cancer cells 

migrated out of the spheroid and along the endothelial tubes within 48 h. Scale bar = 100 

μm.
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Figure 3. 
Combining computer-aided design and rapid prototyping resources for the straightforward 

development of in vitro systems that model vascular complexity and interaction among cells 

and tissues. (a) CAD of inter-connected multi-scaffold chambers. (b) Conceptual prototype 

for geometrical validation by laser stereolithography and (c) selective laser sintered device in 

alloy appropriate for culture. (d) Modular plug and play alternative design shows how these 

chambers can be connected to create larger structures. Support with CAD modeling: Beatriz 

Lopez and Jesús Puertas.
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Figure 4. 
Combining computer-aided design and simulations for engineering biomimetic constructs. 

(a) Three-dimensional vasculature following the constructal approach and modular tissue 

constructs. (b) Fluid flow simulation for selecting the adequate pumping system for a (c) 

high-throughput system and completing the design of modular plug and play systems with 

scaffold chambers and vascular channels.
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Figure 5. 
A multi-chamber system with inserted functionally graded scaffolds and different number 

of vascular channels to promote performing several experiments with a single device. (top) 

Device CAD design and laser stereolithography prototype of rapid mold for PDMS casting 

of the outer device frame. (bottom) Final PDMS frame, for needle placement, scaffold 

insertion or hydrogel casting and vasculature formation by needle removal, obtained by 

vacuum casting and placed upon microscope slide and fluorescently labeled endothelial cells 

(labeled with Calcein, green) lining the inside of a collagen channel in the device. Scale bar 

= 100 μm.
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Figure 6. 
A hydrogel-based complex vasculature, complete with bifurcation, varied vessel size, and 

wells for co-culture of a parenchymal cell type at varying distances from the vasculature 

to study biotransport effects. (left) PDMS mold for the device and (right) hydrogel device 

seeded with endothelial cells (green) in the vascular channels and breast cancer cells (red) in 

the adjacent wells. Scale bar = 3 mm.
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Figure 7. 
Schematic representation of alternative technologies for the development of (lab and 

organ)-on-chip systems and tissue engineering constructs with incorporated vascular 

structures: (a) UV photolithography combined with soft lithography for 2.5D microvascular 

sheets or fluidic layers. (b) Biochemical patterning by stamping with AFM tips or with 

arranged micropillars. (c) Soluble mold inserts and casting with porogens towards final 

3D porous and vascularized structures. (d) Lattice or porous tissue scaffolds with inner 

microvasculature controlled from design. (e) Bioprinting with gels laden with different cell 

types for design controlled vascular structures.
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