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Abstract

Importance of the field—Effective vascularization of thick three-dimensional engineered
tissue constructs is a problem in tissue engineering. As in native organs, a tissue-engineered intra-
organ vascular tree must be comprised of a network of hierarchically branched vascular segments.
Despite this requirement, current tissue-engineering efforts are still focused predominantly on
engineering either large-diameter macrovessels or microvascular networks.

Areas covered in this review—We present the emerging concept of organ printing or robotic
additive biofabrication of an intra-organ branched vascular tree, based on the ability of vascular
tissue spheroids to undergo self-assembly.

What the reader will gain—The feasibility and challenges of this robotic biofabrication
approach to intra-organ vascularization for tissue engineering based on organ-printing technology
using self-assembling vascular tissue spheroids including clinically relevantly vascular cell
sources are analyzed.

Take home message—It is not possible to engineer 3D thick tissue or organ constructs without
effective vascularization. An effective intra-organ vascular system cannot be built by the simple
connection of large-diameter vessels and microvessels. Successful engineering of functional
human organs suitable for surgical implantation will require concomitant engineering of a ‘built
in’ intra-organ branched vascular system. Organ printing enables biofabrication of human organ
constructs with a ‘built in” intra-organ branched vascular tree.
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1. Introduction

“l have learned to use the word ‘impossible’ with the greatest caution”, Wernher von Braun.

1.1 Vascularization as a main impediment in tissue engineering

As described in a number of recent reviews [1-6], vascularization of thick three-dimensional
(3D) tissue constructs is still an unsolved problem in tissue engineering despite almost two
decades of intensive efforts. To date, neither sophisticated synthetic nor natural solid
scaffolds have proved to be an effective solution to the problem of vascularization.
Ilustrative of great focus and interest in this problem, which is a constant topic for special
sessions at tissue engineering meetings, the National Institute of Biomedical Imaging and
Bioengineering has identified design, optimization, and formation of vascular networks in
engineered tissues as one of the highest priority topics for the NIH’s 2009 Challenge Grants
in Health and Science Research [5]. Thus, it is becoming increasingly recognized that the
problem of vascularization is one of the main impediments to successful engineering of
thick 3D human organs. It is reasonable to argue that the obvious difficulty in solving the
problem of vascularization of thick 3D tissue constructs is a manifestation of the intrinsic
limitations of solid-scaffold-based ‘top down’ approaches in tissue engineering. If this is the
case, then one logical way to overcome this problem is switching to ‘bottom up’
bioassembly approaches such as using layer-by-layer additive biofabrication technologies
like organ printing that will enable engineering of ‘built in” intra-organ hierarchically
branched vascular systems that can perfuse 3D tissue and organ constructs [5-7]. Emerging
additive biofabrication technologies open new exciting opportunities and, from a theoretical
point of view, provide a logically justifiable and feasible approach to address one of the
main unsolved problems in tissue engineering.

1.2 Definition of vascularization in tissue engineering

In tissue engineering, effective vascularization is defined as the formation of a network of
perfuseable endothelialized vascular channels capable of delivering oxygen and nutrients
and removing waste products to ensure viability and function of tissue engineered
constructs. Developmental mechanisms of vascular morphogenesis include vasculogenesis
(formation new microvessels from non-endothelial cells, usually stem or progenitor cells)
[8], angiogenesis (formation of new microvessels from pre-existing endothelial cells) [9]
and arteriogenesis (remodeling of arterioles/small vessels into larger ones) [10]. These
mechanisms produce precise intra-organ vascular systems in human organs constructed from
hierarchically branched vascular segments of different diameters, not simply microvascular
networks. Therefore effective vascularization in tissue engineering applications, especially
thick 3D organs like the kidney, must include construction of the entire spectrum of
hierarchically branched vascular segments of the intra-organ vascular tree in addition to
microvascular segments. It is well established that without differentiation of the vascular
system into vessel segments specialized for coaxial and transmural transport, it will not
function effectively. An effective transportation system includes both highways and small
roads; establishment of a high capillary density in tissue-engineered constructs is not
sufficient.
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1.3 In vitro vascularization: solid-synthetic-scaffold-based approach

In classic solid-scaffold-based tissue engineering approaches, there are three main strategies
to enhance vascularization of tissue engineered constructs: designing solid synthetic porous
scaffolds that are highly permissive for angiogenic growth, developing effective endothelial
cell seeding technology, and loading scaffolds with angiogenic growth factors. The rationale
for these strategies has been clearly described in a number of classic reviews [11,12].
However, these strategies have failed to provide effective vascularization of 3D thick tissue
constructs, both separately and in combination [1-4,6,13]. Development of effective
technologies for in vitro vasculzarization or endothelial cell seeding of solid scaffolds is
probably the most promising approach. Using angiogenesis-permissive and even
angiogenesis-promoting hydrogels in composite scaffolds is another possible approach. To
date, however, ongoing attempts to improve vascularization of thick tissue constructs using
scaffold-based approaches have not produced the desired outcome. There are growing
doubts that effective vascularization will be ever accomplished using solid-scaffold-based
technologies due to the intrinsic limitations of “top down’ approaches in tissue engineering

[71.

1.4 In vitro vascularization: natural-derived-scaffold-based approach

After two decades of frustrated efforts aimed at solving the problem of vascularization of
tissue engineered constructs using solid synthetic scaffolds, a growing number of tissue
engineers have turned to a natural or native scaffold approach. Several recent publications in
leading journals have highlighted this switch [14,15] The fact that relatively thin,
decellularized, naturally-derived scaffolds can be vascularized in vivo and used as scaffolds
for tissue engineering organs such as the urinary bladder has been well documented by the
pioneering studies of Dr Anthony Atala’s group at Wake Forest [16]. However, Doris
Taylor’s recent report that decellularized rodent hearts can be effectively seeded [15] and
eventually vascularized raised difficult questions. First, a source of human cardiac
decellularized scaffolds is not known. Second, that decellularized human cadaveric hearts
can be effectively recellularized is not proven. Finally, the effective reendothelization of a
complete intra-organ vascular system remains to be demonstrated. It has however been
demonstrated that introduction of laser-machined micropores helps to improve
recellularization of natural-scaffold-derived vascular grafts and enhances its vascularization
after implantation [17]. How this technology can be adapted to thick 3D decellularized
whole organ scaffolds remains to be seen. There is indirect evidence that targeted
recruitment of circulating endothelial or endothelial progenitor cells can be accomplished if
specific antibodies are immobilized on the preexisting ECM of the intra-organ vascular
system located within the decellularized organ scaffold. However, the possibilities of
incomplete endothelization and intimal hyperplasia cannot be excluded [18]. While the
likelihood of success of this approach is far from guaranteed, the main impediment to
clinical application of this approach will be identification of sufficient numbers of high-
quality standardized cadaveric human organs. It is also safe to predict that using unfixed
animal-derived (xenogenic) organ scaffolds would be even more challenging from a
regulatory point of view.
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1.5 In vivo vascularization

In vivo vascularization of tissue-engineered constructs is becoming a popular approach in
tissue engineering [2,19-22]. There two main approaches to vascularization of tissue
engineered constructs in vivo. If the tissue engineered construct is pre-vascularized in vitro
then the main goal for in vivo vascularization is connection of the intraconstruct
microvasculature of the engineered tissue with the host microvasculature. Due to inherent
limitations, this approach would work well only for relatively thin tissue constructs and,
even in that case, effective vascularization would require time. The rate of sprouting
angiogenesis is around 1.0 mm per week. Therefore constructs would have to be placed in
very close apposition to the preexisting host microvasculature or the process must be
stimulated by the addition of angiogenic growth factors. Furthermore, newly formed vessels
are very fragile and leaky, generating the associated risk of bleeding or edema. Finally, as
mentioned above, effective perfusion of thick 3D tissue constructs requires not just
microvasculature but also large-diameter segments of the vascular tree. In the second
approach, which could be called “surgical engineering’, large diameter vessels create sites
for implantation of tissue-engineered constructs and angiogenic sprouts from these vessels
gradually will invade and vascularize the tissue-engineered construct [20,21]. If the tissue-
engineered construct is prevascularized in vitro, this process can be relatively fast. The
obvious advantage of the second approach is that the vascularized tissue construct can be
surgically dissected together with a large diameter vessel, making it suitable for surgical
implantation [19,21]. This could be a very effective approach for certain applications but the
associated medical cost, risk and inconvenience associated with growth of tissue constructs
in vivo using the human body as a bioreactor (even in the case of subcutaneous growth) limit
the practical feasibility of such an approach.

2. Concept of organ printing

2.1 Definition of organ printing

Organ printing is the biomedical application of well-established rapid prototyping
technology. It is defined as a layer-by-layer additive biofabrication approach using self-
assembling tissue spheroids as building blocks. The fundamental biological and biophysical
principle of organ printing technology is tissue fusion driven by surface tension forces or the
capacity of closely placed tissue spheroids to fuse into a single entity. Fusion is usually
defined as ‘melting together’. This implies that organ printing is in essence a microfluidic
technology. There are many rapidly emerging and competing variants of bioprinting
technology. The three principal characteristics of organ printing technology that make it
unique are the following: i) organ printing is not based on using solid scaffolds — it is a
solid-scaffold-free technology; ii) organ printing is based on using self-assembling tissue
spheroids or cell aggregates with maximum possible cell density; and iii) organ printing is a
direct processing technology where cells and a hydrogel are dispensed simultaneously
without intermediate steps such as creation of a synthetic solid supporting scaffold.

2.2 Three main steps in organ printing technology

Using an analogy to rapid prototyping, organ-printing technology can be divided into three
main steps: pre-processing, processing and post-processing. Pre-processing means designing
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an organ ‘blueprint’ or converting computer-aided design (CAD), derived from clinical
bioimaging, into a bioprinter friendly standard template library (STL)-like file that
represents direct instruction software for printing a patient-specific human organ. Processing
is the actual printing or dispensing cells and hydrogel using a bioprinter. It is important to
realize that the immediate product of processing is only a printed organ construct. Post-
processing will involve transformation of the printed tissue construct into a functional
tissue-engineered organ suitable for surgical implantation. The main goal of post-processing
is accelerated tissue maturation and achieving a desirable level of construct functionality.

2.3 Five main essential elements of organ printing technology

Using an analogy to the 2D printing process invented by Johannes Guttenberg, we highlight
the five most essential elements of organ printing technology. In order to print a book, it is
necessary to have written text, a printing press, ink, paper and movable type. Similarly, to
print an organ it is necessary to have an organ ‘blueprint’ (CAD in STL file format), a
bioprinter (computer-aided robotic automated dispensing device), ‘bioink’ (self-assembling
tissue spheroids), ‘biopaper’ (sprayable or dispensible hydrogel), and a cartridge (container
for dispensing tissue spheroids). Finally, a bioreactor is essential for post-processing. It can
be an integrated but removable part of the bioprinting device or the printed construct could
be transferred into bioreactor immediately after completion of the bioprinting process.

2.4 Advantages of organ printing technology

Organ printing is an emerging transformative technology that has the potential for
surpassing traditional solid-scaffold-based tissue engineering [6,7,13,23,24]. Organ printing
has several advantages: it is an automated approach that offers a pathway for scalable and
reproducible mass production of tissue engineered products; it allows the precise
simultaneous 3D positioning of several cell types; it enables creation of tissues with a high
level of cell density; it can solve the problem of vascularization in thick tissue constructs;
and finally, organ printing can be performed in situ [6]. The ultimate goal of organ-printing
technology is industrial, scalable robotic biofabrication of complex vascularized functional
3D living human organs suitable for clinical implantation [6].

2.5 Challenges in organ printing technology

Organ printing is a multidisciplinary technology and creating a well-managed
multidisciplinary team and a cross-disciplinary research center is an important challenge [6].
Access to biofabrication raw materials such as a broad spectrum of stem or progenitor cells,
hydrogels and biomaterials is equally important. Biofabrication research centers must also
have sophisticated hardware and software that constitute the organ printing tools including
cell sorters, spheroid fabricators, bioprinters, rapid prototyping machines, bioreactors,
confocal and multiphoton microscopes and CAD software. In silico biofabrication can
enhance and ensure the effective optimization of all steps of the biofabrication process. To
that end, utilization of professional expertise in mathematical modeling and computer
simulation of all steps of the biofabrication process is critically important. The effective
development of organ printing technology will require long-term sustainable financial
support. Finally, in order to ensure effective industrial translation and commercialization of
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organ printing technology, the often-ignored issues of scalability and cost-effectiveness must
also be considered as significant intellectual challenges.

3. Designing the intra-organ vascular tree

3.1 Design principles of a vascular tree

The design principles of an optimal intra-organ branched vascular tree are a well-
investigated area. The vascular tree can be classified as a symmetrically and asymmetrically
branching tree with intermediate variation (Figure 1A). The main unit of the vascular tree is
a ‘Y’ shape branching unit in the case of a dichotomous branching pattern (Figure 1B).
Murray described the optimal principles of the vascular tree in the early 20th century [25].
Topological numeric nomenclature as a function of branching order permits a detailed
mathematical description of the vascular tree. Branching angle, ‘daughter’ segment diameter
and ‘daughter’ segment length, and ratio of ‘maternal’ and ‘daughter’ segment diameters
presented as a function of branching order enables the reconstruction of an entire vascular
tree (Figure 1C). Thus, the original design of a vascular tree can be reconstructed using
quantitative information about branching order.

3.2 Bioimaging of the vascular tree

Modern methods of clinical bioimaging such as MRI, 3D ultrasound and X-Ray
angiography permit generation of detailed high-resolution 3D images of the vascular system
of human organs in living patients [26—32]. See Figure 1A. For example, it has been shown
that the kidney vascular tree consists of 10 — 12 branching orders and includes 10,000
segments [30]. Organospecific organization of vascular trees in human organs is the subject
of intensive ongoing research [33-39]. Classical anatomical techniques such as corrosion
casts have been combined with high-resolution scanning electron microscopy [40,41]. Thus,
the clinical anatomy of intra-organ vascular trees is sufficiently developed for effective use
in organ printing technology. Moreover, advanced computer reconstruction techniques
enable conversion of these images of intra-organ branched vascular trees to a format that is
readable by software used in rapid prototyping.

3.3 Designing the ‘blueprint’ of a vascular tree

High-resolution imaging of intra-organ vascular trees is only the starting point, not a final
‘blueprint” for organ printing technology. In a recent paper, we have shown that subsequent
to bioprinting, vascular segments undergo retraction resulting in a dramatic two-fold
reduction in the internal diameter and length of the printed vascular segment; (Figure 2A, B)
[42]. This finding strongly suggests that in order to print vascular segments of desirable
diameter, the initial ‘blueprint’ for the bioprinted vascular tree must be twice the final size.
Estimation of the post-printing tissue compaction and tissue retraction coefficient is an
important prerequisite for designing a ‘blueprint’ for organ printing (Figure 2C, D). It is
logical to assume that compaction and retraction properties of different tissues are not the
same, thus additional systematic research is necessary to accurately predict the post-printing
geometrical evolution of printed tissue and organ constructs. Our experience also
demonstrates that employing computer software such as ‘Surface Evolver’ enables
prediction of post-printing vascular tissue construct evolution (Figure 2E).
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4. Clinically relevant vascular cell sources

4.1 Mature vascular cells

Mature vascular cells were a logical choice during the early stages of vascular tissue
engineering (see for review [43-45]). Microvascular endothelial cells isolated from fat tissue
have been shown to work well for endothelization of large vessels [46]. Lipoaspiration
provides a sufficient amount of autologous endothelial cells. Smooth muscle cells were
originally isolated from a small segment of vein dissected from patients [45,47]. Because in
vitro propagation of mature smooth muscle cells was not satisfactory, leading researchers in
vascular tissue engineering suggested use of telomerized vascular smooth muscle cells
[48,49]. However, use of genetically modified cells will face significant regulatory
challenges. Related to this, the USA-based vascular tissue engineering company Cytograft
Tissue Engineering switched to using fibroblasts instead of vascular smooth muscle cells,
based on commercial considerations. Although their tissue engineered vascular grafts have
impressive mechanical properties [50,51] and proven clinical utility, the absence of elastin
in their tissue engineered vascular graft strongly suggests that fibroblasts may be not the
optimal cell source [5].

4.2 Bone-marrow-derived vascular cells

Isolation of bone marrow stem cells is a well-established clinical procedure and FDA-
approved cell sorters made harvest a clinical reality. These factors make bone marrow stem
cells a very attractive source of autologous vascular cells for vascular tissue engineering
[52-57]. However, since yield of plastic stem cells is limited, expansion ex vivo (with its
inherent challenges) will probably be necessary, especially in the case of building the
vascular system of an entire organ. One of the most elegant outcomes of the application of
bone-marrow-derived mesenchymal stem cells to vascular tissue engineering was achieved
by Robert Tranquillo’s group at the University of Minnesota [58]. However, their approach
required several months of bioreactor-based cultivation to achieve a desirable level of tissue
engineered vascular graft functionality and maturation.

4.3 Fat-tissue-derived vascular cells

The original report of isolation of progenitor cells from fat tissue and demonstration of their
multipotentiality is one of the most cited papers in the stem cell field [59]. This technology
was developed by the US company Cytori Therapeutics in cooperation with the Japanese
company Olympus and is now commercialized by GE Healthcare. This clinical cell sorter
(Cellutions) is specifically designed for isolation of adipose progenitor cells and is already
approved for clinical use in some countries. This sorting device permits isolation of a large
amount of progenitor cells from lipoaspirate in one hour. It has been demonstrated that fat-
tissue-derived progenitor cells can be differentiated to the smooth muscle lineage using
growth factors or other agents [59-62] Our studies support and extend this observation and
indicate that it is possible to derive functional smooth muscle cells from fat-tissue-derived
progenitor cells (unpublished). Combined with their ease of harvest, the above-mentioned
facts strongly suggest that fat-tissue-derived autologous stem cells hold great potential as a
clinically relevant cell source for engineering intra-organ vascular trees.
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4.4 Embryonic-stem-cell-derived vascular cells

Human embryonic stem cells are a controversial cell source both from an ethical and legal
point of view [63]. Although derivation of both endothelial and smooth muscle cells from
embryonic stem cells has been reported [64—66] serious scientific, technological and
economic challenges remain. Genetic instability has been detected in some embryonic stem
cell lineages [67,68]. The presence of allogeneic mitochondrial DNA in the donor cells,
even after nuclear transplantation can potentially lead to autoimmune diseases [69,70].
Furthermore, the recent report of recruitment of embryonic stem cells into CNS tumors in a
young Israeli patient who underwent ES cell transplantation in Russia as an experimental
treatment for ataxia telangiectasia [71] reminds us of long-standing concerns over the
detrimental side effects of embryonic stem cell therapy. Of course, the presence of
transplanted embryonic cells in the tumors does not mean that embryonic cells were the
main effectors of tumor development. It is also important to remember that embryonic stem
cells and vascular cells derived from embryonic stem cells are not the same thing. Although
endothelial cells and smooth muscle cells can be derived from human embryonic cells, their
potential value as a clinically relevant cell source as well as absence of potential
immunogenicity and tumorogenicity remains to be proven.

4.5 iPS-cell-derived vascular cells

Recent reports of induced pluripotent stem cells (iPS cells) derived from somatic cells (e.g.,
fibroblasts) present a source of pluripotent cells that do not raise the legal and ethical
concerns raised by ES cells. Derivation of endothelial and smooth muscle cells from iPS
cells has recently been reported [72,73]. However, the fact that induction of pluripotential
phenotype in these cells requires genetic modification raises legitimate questions about their
epigenetic stability. Compared with autologous cells that have not been genetically
modified, iPS cells will face more scrutiny from regulatory authorities. It is logical to
assume that it will eventually be possible either to induce ES cell-like pluripotency in adult
somatic cells without inducing genetic modifications or to identify and isolate embryonic-
like pluripotent stem cells in adult human tissues. Recently, the generation of human iPS
cells free of vector and transgene sequences has been reported [74]. Moreover, it has
recently been demonstrated that it is possible to generate viable progeny from murine IPS
cells [75]. Identification, isolation and induced differentiation of pluripotent adult stem cells
into vascular cells that are free of transgene sequences will be a very important advance in
the fields of stem cell biology, tissue engineering and regenerative medicine.

5. Vascular tissue spheroids as building blocks

5.1 Diversity of vascular tissue spheroids

In order to build a complete intra-organ branched vascular tree, we anticipate using three
types of vascular tissue spheroids: solid vascular tissue spheroids; lumenized vascular tissue
spheroids with a single lumen; and vascularized or multi-lumenal vascular or tissue specific
spheroids with well developed internal microvascular networks (Figure 3). Biofabrication of
all these type has already been accomplished [7,42]. Such diversity of vascular tissue
spheroids is necessary and sufficient to build segments of vascular tree with any requisite
diameter. Moreover, at least theoretically, the seamless fusion of different types of vascular
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tissue spheroids would enable bioprinting of a complete ‘built in” vascular tree inside of
printed organ constructs. Bioprinting of branched segments of a vascular tree using tissue
spheroids has recently been reported [7].

5.2 Biofabrication of vascular tissue spheroids

Bioprinting of a complete intra-construct/intra-organ branched vascular tree will require
millions of tissue spheroids. This will require the development of an effective scalable
method of tissue spheroid biofabrication. Although a recent excellent review on this topic
[76] demonstrated that there are a variety of different methods of tissue spheroid
biofabrication, only small number of them could be considered scalable technologies.
Hanging drop culture, the most popular method of tissue spheroid fabrication, is also
potentially automatable and scalable [77]. Recent progress in digital microfluidics
technology strongly suggests that microfluidics-based large scale biofabrication of tissue
spheroids is a feasible goal [78,79]. The high productivity of microfluidics technology
(generation of thousands of droplets per second) is especially attractive. Using a sacrificial
hydrogel such as a hyaluronan-based hydrogel could accelerate development of
corresponding technologies. Emerging large-scale methods of tissue spheroid biofabrication
suitable for organ printing must ensure standardization and precise control of tissue spheroid
size, shape and diameter. Biofabrication methods must also be flexible enough to fabricate a
diversity of tissue spheroids, including solid and lumenized spheroids. Finally,
biofabrication methods must not be cytotoxic and must not impede or interfere with post-
printing tissue spheroid fusion.

5.3 Vascular tissue spheroid fusion

Tissue fusion is an important biological and biophysical phenomenon that is driven by
surface tension forces. Tissue fusion is a ubiquitous event during embryonic development
[80]. Thus, tissue fusion represents a fundamental biomimetic principle employed and
explored in the emerging technology of organ printing. Fusion of tissue spheroids has been
demonstrated [7,42,81,82]. It has also been shown that the degree of tissue cohesion as well
as physical (for example, stiffness) and chemical properties (for example, level of Arg—
Gly-Asp (RGD) sequences) of the surrounding extracellular matrix may regulate the
kinetics of the tissue fusion process [83]. In this context, it is essential to use tissue-fusion-
permissive hydrogels that are specifically tailored for application in organ printing
technology [6,7,13,84].

5.4 Cell sorting during vascular tissue assembly

Persistent and legitimate concerns about the relatively low resolution of organ printing
technology due to use of relatively large diameter tissue spheroids rather than single cells
are often cited [85]. The diameter of tissue spheroids used in organ printing technology
ranges from 200 to 250 um while the average size of individual cells employed, for example,
in ink jet technologies is in the range of 20 — 30 um. The large diameter of tissue spheroids
does not preclude possession of a very complex and highly organized internal composition
and highly controlled spatial cell arrangement, which can be realized even before the
bioprinting process. Moreover, Malcolm Steinberg’s differentiation adhesion hypothesis
(DAH) [86-88] provides an important tool for controlled and predictable rearrangement of
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cells even after printing. For example, it has been shown by the Forgacs group (University
of Missouri, Columbia, MO), both theoretically and more recently experimentally, that
vascular tissue spheroids composed both of smooth muscle and endothelial cells undergo a
cell sorting process immediately after printing that results in localization of endothelial cells
predominantly to the inner, lumenal portion of printed vascular tubes [42,89,90]. In this
case, organ-printing technology is again a biomimetic process that employs the well-known
developmental biological principle of cell sorting. Mutually beneficial integration of
developmental biology and tissue engineering is an ongoing process [91].

intra-organ vascular tree

It is important to mention that the ultimate goal of bioprinting a branched vascular tree is not
just to engineer an isolated vascular tree but rather a branched vascular tree that is ‘built in’
or integral to a bioprinted tissue or organ construct. Simultaneous placement of three types
of tissue specific or microvascularized organ specific tissue spheroids (described in section
5.1) is essential for achieving this goal. In another words, sequential layer by layer additive
robotic deposition of diverse tissue spheroids, including both vascular tissue spheroids and
vascularized organo-specific tissue spheroids, will ensure that bioprinted organ constructs
will have a ‘built in” vascular system.

6. Expert opinion and conclusions

Bioprinting an intra-organ vascular tree is an enormously complex multidisciplinary task.
Many difficult challenges remain to be addressed (Table 1). For example, designing a
‘blueprint’ to guide the automated bioprinting of a specific organ or positioning of specific
types of tissue spheroids, although technologically feasible, is still an unsolved task.
Identification of the optimal autologous cell source is another important prerequisite for
organ printing. The optimal cell source should be harvestable in large numbers and have the
capacity to be induced to differentiate to the desirable cell lineage and phenotype. Large
scale and precise biofabrication of millions of tissue spheroids of desirable composition and
size is a hugely challenging task, but application of digital (droplet) microfluidics will
enable realization of this goal. Engineering structures with a vascular lumen is also a
technological challenge. However, this challenge may be met by placing a sacrificial or
removable hydrogel or cells with inducible pro-apoptotic transgenes in the center of the
printed vascular segment. Alternatively, application of bubble technology could be used to
solve the problem of lumenization. Although fusion of tissue spheroids and separate
vascular segments has been demonstrated [7,42] integration of vascular segments into a
complete vascular tree is still a challenge. Furthermore, a bioprinted vascular tree cannot be
perfused immediately after bioprinting because fusion of tissue spheroids into vascular tubes
and segments takes time. Therefore, preserving viability during the time required for
vascular tissue self-assembly is one of the major challenges of bioprinting. A specially
designed drip-irrigation perfusion bioreactor with a removable porous tube could potentially
solve this problem. Organ printing is a microfluidics-based solid scaffold-free technology.
The removable porous perfusion tubes in a drip-irrigation perfusion bioreactor could serve
as a temporary scaffold. However, the real challenge is designing a novel method of fast
transition from a semi-solid like to a solid state using the concept of accelerated tissue
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maturation [7]. A combination of non-invasive molecular imaging techniques such as
multiphoton microscopy for non-destructive visualization of elastin and collagen deposition
[92], utilization of cells transfected with reporter genes such as collagen type | and alpha
smooth muscle actin labeled with fluorescent proteins [93,94], nanotechnology such as
protease-sensitive nanoparticles [95] as well biochemical analysis of matrix remodeling
biomarkers in perfusate [96], will permit monitoring in real time of the most essential
aspects of vascular tissue maturation. The mechanical properties of the large segments of the
vascular tree must be strong enough to permit surgical anastomosis to pre-existing large-
diameter host blood vessels. Aspects of optimal biological function of the vascular tree must
include maintenance of an uninterrupted continuity of lumen, an athrombogenic endothelial
surface, adequate response to vasoactive and endothelial signals, proper material properties
and vascular permeability. Thus, bioprinting of a ‘built in” intra-organ branched vascular
system is an extremely challenging yet accomplishable task.

Faced with these challenges, it is logical to ask whether it is possible to engineer a functional
living human organ. This task has been already successfully accomplished for some human
tissues and organs: tissue engineered skin, blood vessels, urinary bladders and even tissue
engineered fingers are already a clinical reality [16,50,97-99]. Therefore tissue engineering
is already fulfilling its promise to become an exciting and increasingly fruitful biomedical
field. However, further advancement of the tissue-engineering field must be based on
continuous effective adaptation and incorporation of new emerging technologies. The
emerging fields of organ printing and robotic biofabrication offer additional or alternative
approaches to the use of solid-synthetic- and natural-scaffold-based approaches.

Recent plans to reform health care in the United States strongly indicate that the cost-
effectiveness of novel technologies does matter. Moreover, systematic analysis of new
product failures strongly suggests that cost-effectiveness must be given serious
consideration from the earliest stages of product development [100]. Moreover, as was
boldly put by Jonathan Rees “... what needs to be rewarded in medical research is the ability
to innovate within a financial envelope. Being able to invent solutions at an affordable price
is a design constraint, one that needs to be seen as a challenge. The solution ‘at any price’ is
lazy” [101]. Systematic standardization and automation, offered by emerging robotic
biofabrication technology, of biofabrication processes like organ printing could make tissue
engineering of human organs cost-effective. Another important lesson gleaned from the
modern manufacturing practices in engineering of bridges, cars and aircraft is that the
successful product must first be fabricated in silico using computer simulation. Design of
‘blueprints’ for organ printing technology using a seamless combination of sophisticated
clinical bioimaging, mathematical modeling and computer simulation is nothing more than a
manifestation of the global cross-disciplinary manufacturing and engineering trend.
Bioengineering with all its biological specifics is still an integral part of 21st century
engineering and manufacturing [102]. As an epigraph to this review, we reflect on the words
of Dr Wernher von Braun, a recipient of the National Medal of Science for his contributions
to rocket physics and astronautics engineering, that ‘nothing is impossible’. It is definitely
possible to engineer living human organs, but it is highly improbable to accomplish this task

Expert Opin Biol Ther. Author manuscript; available in PMC 2015 September 23.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Visconti et al. Page 12

without engineering a ‘built in’ functional intra-organ branched vascular system to perfuse
these organs.
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Figure 1. Design of vascular tree
A. The complexity of branching pattern of the intraorgan vascular tree is illustrated by this

view of the kidney vasculature [30]. B. Classification of branching patterns of a vascular
tree. From left to right: symmetrical, asymmetrical and mixed. C. Scheme for designing a
patient-specific ‘blueprint’ of a vascular tree: (top, left to right) image acquisition;
skeletonization; skeletonized model, (bottom, left to right) enlargement of the skeletonized
model using the coefficient of tissue retraction; ‘blueprint’ model; final printed segment of
vascular tree.
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Figure 2. Postprinting evolution of printed vascular constructs
A. Biofabricated vascular ring formed from 10 vascular tissue spheroids comprised of

human vascular smooth muscle cells. Fifty percent of spheroids were fabricated from cells
labeled with red vital fluorescent stain and fifty percent were fabricated from cells labeled
with green vital fluorescent stain. There is no apparent cell mixing during tissue spheroid
fusion. B. Sequential steps in changes to morphology and geometry during tissue fusion in a
ring-like tissue construct biofabricated from tissue spheroids comprised of human smooth
muscle cells. A dramatic reduction of internal ring diameter is evident while no change in
the diameter of the individual tissue spheroids was observed. C. There is a nonlinear
relationship between the coefficient of retraction and number of cell aggregates (tissue
spheroids). D. Scheme demonstrating calculation of changes in morphology of closely
placed tissue spheroids in a ring-like tissue construct into torus-like tissue constructs. The
diameter of tissue spheroids is constant during the tissue fusion process while the internal
diameter of the ring construct is dramatically reduced. E. Computer simulation (using
‘Surface Evolver’ software) of morphological changes in a tube-like vascular tissue
construct during tissue fusion. The initial tube-like vascular tissue construct becomes shorter
and narrower. The hexagonal pattern of tissue spheroid packing is clearly demonstrated.
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A.

Figure 3. Scheme for bioprinting an organ construct with a ‘built in’ intra-organ branched
vascular tree

A. Solid vascular tissue spheroids (red = endothelial cells; green = smooth muscle/pericytic
cells). B. Uni-lumenal vascular tissue spheroids with a single lumen (red = endothelial cells;
green = smooth muscle/pericytic cells). C. Tissue-specific spheroids with internal
microvascular networks (yellow = tissue-specific cells; red = microvasculature). D.
Bioprinting of a large-diameter vascular segment using solid vascular tissue spheroids. E.
Bioprinting of an intermediate-diameter vascular segment using uni-lumenal vascular tissue
spheroids with a single lumen. F. Bioprinting of an organ segment using tissue-specific
spheroids with internal microvascular networks G. Bioprinting of a vascularized organ
segment using all three types of tissue spheroids.
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Table 1

Challenges in bioprinting a branched vascular tree

Design of blueprint for vascular tree

Selection of a clinically relevant vascular cell source

Scalable methods for biofabrication of vascular tissue spheroids
Engineering a vascular lumen

Integration of segments of vascular tree

‘Buying’ time necessary for vascular tissue integration
Accelerated vascular tissue maturation

Non-invasive biomonitoring of vascular tissue maturation
Validation of functionality of the bioprinted vascular tree

Surgical integration with preexisting host vasculature
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