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Abstract

Organ printing can be defined as layer-by-layer additive robotic biofabrication of three-
dimensional functional living macrotissues and organ constructs using tissue spheroids as building
blocks. The microtissues and tissue spheroids are living materials with certain measurable,
evolving and potentially controllable composition, material and biological properties. Closely
placed tissue spheroids undergo tissue fusion — a process that represents a fundamental biological
and biophysical principle of developmental biology-inspired directed tissue self-assembly. It is
possible to engineer small segments of an intraorgan branched vascular tree by using solid and
lumenized vascular tissue spheroids. Organ printing could dramatically enhance and transform the
field of tissue engineering by enabling large-scale industrial robotic biofabrication of living human
organ constructs with “built-in” perfusable intraorgan branched vascular tree. Thus, organ printing
is a new emerging enabling technology paradigm which represents a developmental biology-
inspired alternative to classic biodegradable solid scaffold-based approaches in tissue engineering.
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1. Introduction

The ultimate goal of tissue engineering is to design and fabricate natural-like functional
human tissues and organs suitable for regeneration, repair and replacement of damaged,
injured or lost human organs [1-4]. The engineered tissues and organs are technically
“artificial” or “man-made” based on methods of their generation, but at the same time they
are also “natural-like” living tissues and organs. At least theoretically, an ideal tissue
engineered human organ must eliminate, dramatically reduce, or more realistically reinvent
the problem of biocompatibility [5], which is a critically important issue for any biomaterial-
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based approach for creating artificial organs, devices or prostheses. Without tissue
engineering, living functional human organs can be produced only during natural embryonic
development. How close tissue engineers can recapitulate and capture the most essential
structure—function features of normal natural human tissues and organs, and how far they
must try to imitate developmental histogenesis, morphogenesis and organogenesis, are still
open for debate. Because of economic constraints and the intrinsic limitations of producing
living tissues and organs, it is reasonable to assume that biofabrication technology will
probably not allow one to create a 100% authentic copy of functional living human organs.
Rather, engineering of natural-like functional vascularized tissue engineered organ
constructs capable of restoring essential function is a more realistic technological goal and
represent a great accomplishment if successful. Developmental processes already serve as a
positive control or reference point and provide powerful insights into tissue engineering
[6,7]. Furthermore, the integration of developmental biology and tissue engineering, or the
so-called biomimetic approach, is not wishful thinking but rather work in progress [8]. It is
interesting that one initially suggested term for the tissue engineering field was “chimeric
neomorphogenesis” [9]. Thus, it is safe to predict that deep understanding, biomimicking
and employing developmental mechanisms of embryonic histogenesis and organogenesis
can be very beneficial for tissue engineering. The goal of this paper is to introduce and
discuss a novel, rapidly emerging developmental biology-inspired paradigm of solid
biodegradable scaffold-free minitissue-based biomimetic approach, or more specifically,
organ printing using self-assembled tissue spheroids as a possible alternative to classic solid
biodegradable scaffold-based approach in the field of tissue engineering.

2. Intrinsic limitations of biodegradable solid scaffold-based approaches in
tissue engineering

Classic biodegradable solid scaffold-based approaches, that still represent a dominating
conceptual framework or paradigm in tissue engineering, originated from attempts by
chemical engineers to create porous scaffolds from biodegradable polymers as a temporal
template-like instructive support for cell attachment and tissue neomorphogenesis [9,10].
Thus, as clearly outlined in a recent insightful review on the mechanism of biocompatibility
[5], the classic solid biodegradable scaffold-based approach in tissue engineering has its
roots in biomaterial science and represents an adaptation of degradable polymers used in
medical devices for the purpose of engineering living tissues. However, as pointed out in the
review [5], at least initially, “... the successful use of degradable materials in medical
gevices has, unfortunately, been extrapolated into the ‘potential’ for such materials to be
used in tissue engineered products, without an understanding of the requirements and
specifications for these two quite different applications’. There are several basic
assumptions behind classic biodegradable solid scaffold-based tissue engineering
approaches: 1) cell growth is substrate attachment-dependent; cells need a solid substrate for
attachment and proliferation; 2) tissue constructs must have an organo-specific shape; a
solid scaffold is essential to keep the desired shape; a tissue construct could not maintain its
shape without a solid rigid scaffold; 3) the scaffold serves not only as an attachment
substrate, but also as a source of inductive and instructive signals for cell differentiation,
migration, proliferation and orientation; 4) the porous structure of a solid scaffold will allow
optimal cell seeding, tissue construct viability, and vascularization; and 5) mechanical
properties initially provided by the rigid solid scaffold after its biodegradation will be
maintained by controlled neomorphogenesis of parenchymal and stromal tissue synthesized
in vitro or in vivo in the tissue construct [2,9,10].

Indeed, it has been proven that cells can attach to the scaffold; the solid scaffold can
maintain a tissue construct shape; functionalized scaffolds can serve as a tool for instructive
morphogenetic signaling and directed cell differentiation; and, finally, cells inside porous
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scaffolds can maintain viability and eventually neoformed tissue can replace the
biodegradable scaffold [10-12]. However, in spite of proven feasibility of solid scaffolds,
this classic approach still faces some limitations and challenges [13,14]: 1) vascularization
of thick tissue constructs is an unsolved issue, 2) precise placing of different multiple cell
types inside 3D porous scaffolds is technologically challenging; 3) achieving organo-
specific level of cell density in tissue constructs remains a big challenge; and 4) recent
reports on the effect of matrix rigidity on stem cell differentiation [15] can undermine the
value of solid rigid biodegradable scaffolds at least for certain tissue applications.

Another important limitation, somehow overlooked, is the fact that from a cell's point of
view even three-dimensional sophisticated porous nano-structuralized scaffolds often
represent a two-dimensional substrate or basically the same 2D plastic Petri dish. In essence,
the nature of interactions between cells and solid scaffolds on the cellular level at least
initially is basically two-dimensional. Moreover, it has been shown that collagen and other
extracellular matrix molecules secreted in soluble forms are washed out from a Petri dish
due to the absence of a confined space typical for real 3D tissue [16,17]. Thus, synthesized
but not cross-linked yet extracellular matrix molecules could be potentially washed out from
3D porous scaffolds, too.

Another issue is biodegradability. As written in the above-cited influential review, “ There is
no point in designing a system that will facilitate complex tissue regeneration if that tissue is
ultimately destroyed by the influx of inflammatory cells associated with degradation process
or if material stimulates the immune system as it degrades and releases antigenic material
[5]”. From another view, in vitro cell seeding on a solid biodegradable scaffold with
sequential, relatively slow, complete scaffold biodegradation and tissue neomorphogenesis
leads to laborious, expensive, time consuming and commercially unsuccessful tissue
engineering technology. As Chris Mason boldly stated, “ 7/e time has come to engineer
tissues and not just tissue engineer’ [18]. It is also not immediately obvious how a
chemically modified and functionalized 2D surface of a solid scaffold designed to
biodegrade can maintain its functional activity in a 3D tissue construct in vivo [5]. Recent
reviews on the problem of vascularization in tissue engineered constructs based on using
biodegradable solid scaffolds also state that after two decades of intensive efforts the
effective solution of this problem has not yet been found [19-21].

Thus, it appears that at least some of these limitations are probably intrinsic to the tissue
engineering approach of using 3D porous solid biodegradable scaffolds as an instructive
template. Moreover, the absence of clearly formulated pathways or roadmaps for automated,
industrial scale tissue engineering using solid scaffolds is another serious reason to suggest
that the search for possible alternatives is becoming a technological imperative [22]. It is
becoming obvious that the minimal essential and sufficient criteria for an alternative
approach — one that is technologically more advanced and potentially superior — must
include enabling precise placement of cells at a high level of cell density, efficient
vascularization of thick 3D tissue constructs, automated robotic large-scale industrial
biofabrication, and greater reliance on developmental biology-inspired biomimetic
principles of 3D tissue self-assembly, rather than on template-based tissue assembly.

3. Back to the future: developmental biology origin of minitissue-based
tissue engineering concept

One of the most logical and obvious ways to look for possible alternatives to solid
biodegradable scaffold-based tissue engineering approaches is to understand how tissues and
organs are formed during normal embryonic development. The knowledge of developmental
biology as a science can provide powerful insights for tissue engineering as a technology
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[6]. In this context, probably the most interesting fact is that, during embryonic
development, tissues and organs are formed without any solid scaffolds. Although overall
embryonic development is a relatively slow process, certain essential morphogenetic steps
and events during embryonic histogenesis and organogenesis are relatively fast. The main
technological and economic imperative in tissue engineering technology is a rapid tissue
biofabrication. Thus, the challenge which developmental biology-inspired approach to tissue
engineering is facing is the balanced combination of powerful biological insight with
technological imperatives and constraints. It means that even if it is possible to recapitulate
or biomimic certain essential developmental biology processes in tissue engineering
technologies in order to develop commercially sound technologies, the bioassembly process
must be as a minimum both accelerated and automated.

Organ printing or the biomedical application of rapid prototyping, also defined as layer-by-
layer additive biomanufacturing, is an emerging transforming biomimetic technology that
has potential for surpassing traditional solid scaffold-based tissue engineering [3,4]. Organ
printing has certain advantages: it is an automated approach that offers a pathway for
scalable, reproducible, mass production of tissue engineered products; it allows for precise
simultaneous 3D positioning of several cell types; it enables creation of tissue with a high
level of cell density; it can solve the problem of vascularization in thick tissue constructs;
and finally organ-printing can be done /n situ [4]. The ultimate goal of organ-printing
technology is to fabricate 3D vascularized functional living human organ constructs suitable
for clinical implantation. The conceptual framework of solid biodegradable scaffold-free
tissue engineering is based on the assumption that tissues and organs are self-organizing
systems, and that cells and especially microtissues can undergo biological self-assembly and
self-organization without any external influence in the form of instructive, supporting and
directing rigid templates or solid scaffolds.

Self-organization is defined as a process in which patterning at the global level of a system
emerges solely from numerous interactions among the lower-level components of the system
[23]. Self-assembly is defined as the autonomous organization of components into patterns
or structures without human intervention [24]. In this context, the evolving morphological
pattern in embryonic development is an emergent property of the self-assembling system,
rather than a property imposed on the system by an external ordering influence [23]. The
best possible examples of tissue self-organization and self-assembly are again in the field of
developmental biology. An historical analysis strongly indicates that the emerging solid
biodegradable scaffold-free minitissue-based biomimetic approach in tissue engineering has
deep and strong roots in developmental biology. It began with Aron Moscona's pioneering
works on dissociation and aggregation of cells from organ rudiments of the early chick
embryo [25-27]. It continued through a series of remarkable papers with another intriguing
title “Reconstruction of tissues by dissociated cells” by Malcolm Steinberg who formulated
fundamental thermodynamic rules determining tissue self-assembly and developed the well
validated, both in vitro and in vivo, “differential adhesion hypothesis” explaining the fluidic
nature of cell sorting and tissue self-assembly [28-30]. As early as 1960, one of the world's
leading developmental biologists at that time, Paul Weiss, expressed hope in his paper with
the impressive title “Reconstruction of complete organs from single-cell suspension of chick
embryos in advanced stages of differentiation” that his pioneering study “... will deffect at
least some attention and investigative effort back towards the fundamental problems of self-
organization’’ [31]. Thus, the early work of developmental biologists demonstrated that in
vitro tissue assembly (“tissue and organ reconstruction”) from single cells or tissue
aggregates is feasible. The valuable contribution of several generations of outstanding
developmental biologists must be respected and appreciated. It is important from an
historical perspective, but it may be even more valuable for proper future development of
the tissue engineering field. Hence, this section is called “back to the future”.
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The most essential element of the conceptual framework underlying the emerging
minitissue-based approach in tissue engineering is based on the developmental biology-
inspired assumption that 3D tissues and organs of desirable material properties and
composition could be fabricated without using solid porous biodegradable synthetic or
natural scaffolds. There are several partly already validated and some still not validated
assumptions or arguments that taken together constitute a conceptual basis for minitissue-
based approaches in tissue engineering: 1) functional macrotissues can be fabricated from
functional minitissue blocks without solid scaffolds;2) scaffold-free tissue assembly and
maturation can be accelerated (see corresponding section below); 3) initially strong material
properties are non-essential and/or may even impede efficient organ biofabrication; 4)
viability and shape of solid scaffold-free 3D tissue constructs could be maintained by other
means such as a microfludics-based irrigation dripping perfusion bioreactor with removable
porous tubes; 5) macrotissues and organs can be built by directed tissue self-assembly of
robotically placed tissue spheroids with “built in” intraorgan branched vascular system (see
corresponding section below). Perhaps the most compelling conceptual framework of novel
solid biodegradable scaffold-free minitissue-based biomimetic tissue engineering paradigm
could be presented as an integrated combination of ten basic assumptions summarized in
Table 1.

4. Tissue spheroids as building blocks

4.1. Material properties of tissue spheroids

A recently published review paper with the characteristic title “Cell as a material” [32]
logically implies that minitissues, and more specifically tissue spheroids, can also be
considered as a material or more correctly a “living material” with certain measurable,
evolving and potentially controllable material properties (Fig. 1). The most popular direct
method for measuring material properties of rounded microtissues is tensiometry or
controlled compression of cell aggregates between two parallel plates [33,34] (Fig. 1a).
However, the requirement of ideal spherical shape is a limitation of this approach. Recently,
a novel tissue aspiration method was developed (Fig. 1b), successfully tested on cushion
tissue explants, that showed a desirable level of sensitivity [35]. Fluorescent microbeads
have been embedded in tissue engineered constructs for studying material properties based
on microbead-induced mobility [36] (Fig. 1c). Material properties of tissue constructs
formed by fusion of tissue spheroids placed on very elastic and thin electrospun
polyurethane scaffolds could be also measured by classic tensile test (Fig. 1d—g).
Biofabrication of tissue spheroids incorporating magnetic or fluorescent microbeads is one
of the most intriguing approaches to be explored for development of novel assays for
studying material properties of microtissues and tissue spheroids before and after their
fusion into larger tissue engineered constructs, as well as for non-destructive biomonitoring
of tissue maturation in these constructs. Semi-quantitative estimation of material properties
of tissue spheroids can be also based on the enveloping behavior of two adjacent tissue
spheroids during the tissue fusion process [37]. Theoretically, the more cohesive tissue
spheroid will be enveloped by the spheroid with lower cohesive tissue or inferior material
properties (Fig. 1h—j). The fluorescent recovery after photobeaching (FRAP) method is
based on the assumption that there is a certain correlation between fluorescent probe
diffusion and density of extracellular matrix molecules such as collagen [38]. The estimation
of electro-conductivity and electric impedance is another indirect non-invasive high-
throughput approach based on similar correlations [39]. The development of a broad arsenal
of highly sensitive, direct and indirect quantitative and semi-quantitative methods for the
estimation of material properties of tissue spheroids and microtissue is an essential task in
the development of predictive solid scaffold-free microtissue-based tissue engineering
approaches (Fig. 1). This is especially true in the context of controlling the tissue fusion
process, achieving a desirable level of tissue maturation, and for high-throughput screening
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of ‘maturogenic factors’ or factors that enhance extracellular matrix deposition (see Section
7).

4.2. Scalable methods of tissue spheroids' biofabrication

Tissue spheroids have been used as an in vitro 3D model system in biomedical and tumor
research for several decades [40-43]. It is not surprising that an impressive arsenal of
methods for the biofabrication of tissue spheroids has been eventually developed. This topic
was recently systematically and comprehensively covered in excellent review paper [44]. In
order to estimate what method of spheroid biofabrication is most suitable for large-scale
industrial tissue engineering and for organ printing, it is essential to formulate appropriate
criteria or well defined specifications. First and most important, it must be a scalable
technology. For example, in order to build a human kidney we need to generate one million
glomeruli and nephrons. Second, these spheroids must be maximally standardized in their
size in order to make them processible or be dispensable through a bioprinter nozzle or by
other means without clogging problems and their destruction. Thus, standardization of tissue
spheroid size is desirable for continuous dispensing. Third, the method of tissue spheroid
biofabrication must not induce significant cell injury and/or DNA damage. Fourth, the
method of tissue spheroid biofabrication must not compromise the tissue spheroids' capacity
for sequential tissue fusion. Finally, the biofabrication method must be flexible enough to
allow generation of a diversity of tissue spheroids of complex composite structure. Thus,
facing the fact that most of the existing methods are not scalable [44], it is safe to predict
that development of methods for scalable biofabrication of tissue spheroids will soon
became a rapidly growing field in solid scaffold-free tissue engineering.

4.3. Fluidic nature of tissue fusion process

Fusion is sometimes defined as “melting together”, which is logically implying the liquidic
nature of the fusion process. Tissue fusion is a ubiquitous process during embryonic
development and can be recapitulated in vitro [45]. It has been shown that the kinetics of
tissue fusion of two rounded embryonic heart cushion tissue explants placed in an hanging
drop fits perfectly to fusion kinetics described for two droplets of fluids [46]. Moreover,
based on direct measurement of surface tension and calculation of viscosity, tissue spheroids
are indeed fluidic-like structures [46]. Thus, tissue fusion is in essence a phenomenon of
fluid mechanics driven by surface tension forces and can be adequately explained by
physical laws and Malcolm Steinberg's “differential adhesion hypothesis” [28-30]. From
another point, motile living cells, cytoskeleton and number, and redistribution and activation
of cell adhesion receptors are also essential for the tissue fusion process [46,47]. The
accumulation of ECM and associated restriction of cell motility and enhancing tissue
cohesion in tissue spheroids [48] can change kinetics or impede the tissue spheroids' fusion
process. Thus, the exact effect of accumulation of extracellular matrix and specific ECM
molecules, as well as ECM remodeling on material properties of microtissues and tissue
spheroids and associated modulation of the tissue fusion process, remains to be elucidated.

5. Organ printing as directed tissue self-assembly

The term “directed tissue self-assembly” looks like a strange combination of words because
it is basically a contradiction of terms. One can logically argue that it can be either “directed
assembly” or “self-assembly”, but not both together. However, we found an even more
controversial combination of words in the title of a recently published Nature paper: “Self-
directed self-assembly of nanoparticle/copolymer mixtures” [49]. It is interesting that the
authors of this paper use similar arguments in describing their novel approach in
nanotechnology which is different from the scaffold-based approach: “Previous efforts have
concentrated on using such scaffolds to spatially arrange nanoscopic elements as a strateqy
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for tailoring the electrical, magnetic or photonic properties of the material. Recent
theoretical arguments have suggested that synergistic interactions between self-organizing
particles and a self-assembling matrix material can lead to hierarchically ordered structures”.
Extrapolation of the last sentence in this quote provides a powerful insight into similar
principles of self-assembly based scaffold-free tissue engineering. It appears that the terms
“directed self-assembly” and even “self-directed self-assembly” are acceptable at least in the
nanotechnology field. Self-assembly of closely placed tissue spheroids by the tissue fusion
process into macrotissue constructs is a documented proven reality confirmed by different
groups around the world. Direct contact of adjacent tissue spheroids in a permissive
environment is an essential precondition for tissue fusion driven process of macrotissue
construct self-assembly. Thus, organ printing or robotic additive biomanufacturing using
precise layer-by-layer placement (“direction™) of self-assembled tissue spheroids (“bioink’)
in sprayed tissue fusion permissive hydrogels (“biopaper”) is in essence an example of
technological implementation of the concept of “directed tissue self-assembly” (Fig. 2). The
scalability and suitability for automation with using special robotic bioprinters (Fig. 3) are
probably the most attractive aspects of directed tissue self-assembly technologies.

Organ-printing technology using self-assembled tissue spheroids in certain aspects is also
conceptually very close to the recently invented concept of digital printing [50,51].
Conventional freeform fabrication has already been adapted for printing a variety of
sophisticated 3D tissue engineered scaffolds from synthetic biodegradable polymers with
sequential bioreactor-based cellularization (two step biofabrication process) making them
especially suitable for fabrication of hard tissues. The continuous rapid prototyping
technology based on simultaneous robotic dispensing or photopolymerization of stimuli-
sensitive biomaterials containing living cells (one step biofabrication process) was also
recently applied to bioprinting soft tissues. However, continuous (analog) rapid prototyping
technology is usually limited to a single, homogeneous material such as hydrogels or
hydrogel mixture with specific rheological and stimuli-sensitive properties ensuring non-
destructive bioprocessing of living cells into 3D living tissue construct. Digital printing
offers much more flexibility in selection materials for bioprinting. Digital (discrete)
materials are fundamentally different from analog (continuous) materials [50,51]. Digital
materials may be broken into two main classes. The first class involves accurate placement
of drops of material that harden in place like droplets jetted from an inkjet system. The
second class of digital materials involves assembling of prefabricated voxels. In this context,
a voxel is defined as ‘a physical bit in digital matter’ [50,51]. According to the digital
printing concept, ‘the physical voxel” must passively self-align with its neighbors while
being capable of self-assembly and be easy to make precisely in large quantities. Tissue
spheroids could be considered as ‘spherical physical voxels’ that are relatively easy to
fabricate at desirable standard size at large scale. The attractiveness of using tissue spheroids
is based on their relatively easy industrial biofabrication at large scale and potential
suitability for both emerging variants of bioprinting technology. In continuous (analog)
bioprinting, tissue spheroids could be continuously dispensed with hydrogel. In digital
bioprinting, tissue spheroids could be used as a discrete materials (‘physical voxels’) and be
digitally ‘punched’ into sequentially sprayed layers of hydrogel or even be digitally self-
assembled without using any hydrogels.

6. Bioprinting of an intraorgan branched vascular tree

Another potential advantage of the minitissue-based approach is its promise to solve the
problem of vascularization of thick tissue constructs, arguably the most critical and still
unsolved problem in tissue engineering. Recent reviews on this topic summarized the
existing approaches to vascularization and stated that the optimal solution of this problem
has not yet been found [19-21]. Moreover, even the term and the meaning of the word
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“vascularization” is basically not very well defined. For optimal perfusion, organs such as
kidney need a well developed hierarchically complex branched intraorgan vascular tree.
Inspired by recent progress in micro-fluidics hydrogels assumptions that effective perfusion
of thick 3D macrotissues and organs are similar to assumptions that it is possible to design
effective transport system by building dense network of interconnected narrow roads
without highways. Thus, one can argue that a correct definition for proper vascularization of
tissue engineered organs must include all essential elements of the intraorgan circulatory
system and not just capillaries and micro-vessels. First, we must have an intraorgan
branched vascular tree “built-in” 3D macrotissue construct, which allows perfusion of the
tissue engineered organ most effectively. Organization and branching patterns of an
intraorgan vascular tree must be, of course, organospecific and vasospecific. Secondly, the
arteries and veins at the onset of an intraorgan vascular tree must have material properties
sufficient for surgical connection by sutures with recipient large vessels. Finally, the arterial
and venous vascular trees must be seamlessly connected through microvascular network and
be suitable for perfusion.

Our approach to building an intraorgan vascular tree is based on using three basic types of
tissue spheroids: solid (non-lumenized) vascular tissue spheroids; mono-lumenized vascular
spheroids (cyst-like spheroids with one big lumen); and histotypical micro-vascularized
tissue spheroids. The principal concept of building large diameter, intermediate diameter and
microvascular segments of a vascular tree or roadmap for organ printing is demonstrated in
Fig. 4. The microvascular networks can be self-assembled either from single cells placed
into hydrogel by vacuole accumulation [52] or from endothelial tissue spheroids [53].
Biofabrication of microvascularized histotypical tissue spheroids is also a reality [54]. It is
already proven that essential parts or segments of a vascular tree can be engineered at least
separately (Figs. 5-7). Moreover, it has been shown that small isolated fragments of the
microvascular tree can be reunited by self-assembly in vitro and in vivo [55,56]. Thus, we
can argue that building a complete intraorgan branched vascular tree with 10-12 orders of
branching is technologically feasible. The proposed concept of bioengineering a natural-like
intraorgan branched vascular tree from three types of self-assembled vascular tissue
spheroids is specially designed for organ-printing technology. It is important to mention that
the layers of vascular tissue spheroids for bioassembly of the vascular tree will be placed
simultaneously with the layers of microvascularized organo-specific tissue spheroids. Thus,
after finishing bioprinting, post-printed tissue fusion, and accelerated tissue maturation, the
bioengineered vascular tree will be suitable for perfusion and integrated into 3D tissue or
organ constructs. Bioengineering a natural-like hierarchically branched intraorgan vascular
tree that can be*built in” a bioprinted 3D tissue construct represents an enormous challenge,
but it is obvious that without bioengineering perfusable intraorgan branched vascular tree, it
is practically impossible to print viable human organ constructs.

7. Concept of accelerated tissue maturation

The biomimetic concept of accelerated tissue maturation in microtissue-based approaches
implies that the desirable material and biomechanical properties of engineered constructs
could be rapidly achieved without using supporting biodegradable solid scaffolds. In order
to achieve specified biomechanical properties of tissue engineered constructs it is essential
to know in advance not only the material properties of mature adult human issues and
organs, but also the developmental kinetics of tissue and organ maturation, as well as the
structural determinants of material properties of specific tissues or organs at different stages
of development. Although cell membrane, cytoskeleton, cell nuclei, cell-to-cell and cell-to-
matrix contacts also contribute in certain degree to material properties of most living human
tissues, it is obvious that any advanced accelerated tissue maturation technology must deal
predominantly with enhancement of synthesis, deposition, assembly, cross-linking and
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intermolecular interactions of extracellular matrix molecules especially in case of organs
consisting of dense connective tissues. However, stromal elements of human parenchyme
organs such as kidney and liver also determine a substantial part of organ material
properties. Collagen and elastin are two of the most essential structural extracellular matrix
proteins in the human body that determine material properties of dense connective tissues as
well as connective tissue stromal elements of parenchyme organs. Thus, accelerated tissue
maturation in essence is about enhancing collagen and elastin deposition.

In the absence of a solid scaffold, biofabricated 3D macrotissue constructs must undergo a
rapid process of tissue maturation or fluid—solid transition in order to maintain their shape,
composition and integrity. Traditional relatively slow physical, chemical and genetic
approaches for tissue maturation — typical for biodegradable solid scaffold-based tissue
engineering — is not well suited for requirements of rapid tissue maturation in a scaffold-
free minitissue self-assembly based approach. New innovative approaches must be explored.
Rapid polymerization of photo-sensitive or stimuli-sensitive polymers is probably the most
logical option [57], but increased hydrogel stiffness can interfere with the tissue fusion
process [58]. Designing hybrid bioprinter-processible tissue spheroids with rigid internal
microscaffolds, or using biodegradable macroporous microcarriers [59] in combination with
exploring “jamming effect” [60] or rapid transition from fluid state (spheroids' suspension)
to solid state (spheroids' jamming) as a function of spheroid packing density, could be
potentially fruitful approaches.

Although these two approaches conceptually can rapidly enhance material properties of
tissue constructs, they represent a compromise between solid scaffold-based and
microtissue-based approaches and do not fit well to the definition of true biological process-
based accelerated tissue maturation. The development of irrigation dripping tripled perfusion
bioreactor with temporal non-biodegradable removable porous tubes (Fig. 8) can also help to
maintain fragile tissue constructs and “buy” time necessary for post-processing tissue fusion,
remodeling and maturation, and also can be used for delivery of “maturogens” [4]. Another
interesting approach is based on using so-called ‘sacrificial’ hydrogels. The removal of
hyaluronan by hyaluronidase and sequential tissue condensation is a critical step in
embryonic chondrogenesis [61]. It has been shown that removal of hyaluronic acid by
hyauronidase enhances material properties of embryonic heart cushion tissue explants [35].
The recently discovered, strong enhancing effect of “molecular crowding” or “excluding
volume effect” on collagen deposition [16,17] opens a very promising approach for
accelerated tissue maturation. The recruitment of circulated soluble forms of extracellular
matrix molecules such as fibronectin and collagen type 1 can also be employed as an
effective rapid method of accelerated tissue maturation. Soluble variants of ECM molecules
could directly contribute to accelerated extracellular matrix assembly and deposition. For
example, it has been shown that the addition of soluble fibronectin and collagen type 1
increases tissue cohesion [62—64]. Finally, emerging methods of nanoassembly and self-
assembly of extracellular matrix molecules are another possible approaches [65]. Thus,
development of effective “maturogenic cocktails” and innovative technologies of rapid
tissue maturation including methods of rapid self-assembly of extracellular matrices is
extremely challenging, but feasible and important goals.

8. Conclusions and perspectives

The emerging microtissue-based approach emphasizes the increasing recognition of the
value of fundamental developmental biology expertise in tissue engineering, which is
extending far beyond the already generally accepted fundamental role of research in stem
cell biology and regenerative biology in advancing tissue engineering. Thus, it is safe to
state that the ongoing integration of developmental biology and tissue engineering is already
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a work in progress. However, it will be also fundamentally wrong to assume that
microtissue-based approaches do not have any technological challenges. It is obvious that
large-scale biofabrication of tissue spheroids; development of continuous and digital
industrial bioprinters; robotic bioprinting of 3D macrotissues and living organ constructs
using microtissues; bioengineering of a perfusable intraorgan branched vascular tree “built-
in” these 3D macrotissue constructs; development of microfluidic-inspired irrigation
dripping tripled perfusion bioreactor with removable non-biodegradable porous tubes and
accelerated tissue maturation technologies are serious technological challenges that need to
be systematically addressed in order to facilitate successful development of a microtissue-
based approach. The minitissue-based approach also demands synthesis of more
sophisticated soft natural-like biomaterials and extracellular matrices such as bioprocessible
and biomimetic stimuli-sensitive functional hydrogels [4]. The most attractive feature of the
microtissue-based approach is that it is suitable for industrial scale robotic and automated
biofabrication of human tissue and organs. The rapidly evolving microtissue-based
biomimetic approach employing developmental biology-inspired principles of directed
tissue self-assembly is a potentially transforming and superior technology and, thus,
represents an emerging paradigm which, if successfully developed, can dramatically
enhance our technological arsenal and significantly advance the tissue engineering field.
Finally, the fact that growing number of research groups are employing solid scaffold-free
microtissue-based approach provides certain optimism for further exploring and
development of this new direction in tissue engineering [66—70].
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Fig.1.

Methods of biomechanical testing of tissue spheroids: a) tensiometry: experimental device
and changing shape of tissue spheroid before (A) and after (B) tissue compression; b)
aspiration assay; c¢) fluorescent microbead assay; d) SEM of elastic scaffold for tensile
testing; e) fused tissue spheroids attached to elastic scaffold; f) tensile testing using tissue
construct fabricated from fused tissue spheroids; g) example of force—displacement
relationship for tissue construct fabricated from fused tissue spheroids; h) envelopment
assay — initial step of tissue spheroid fusion; i) fusion of tissue spheroid with equal level of
cohesion; j) fusion of tissue spheroid with different levels of tissue cohesion — lower
cohesive tissue spheroid (green) is enveloping more cohesive tissue spheroid (red).
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Fig. 2.

Principles of bioprinting technology: a) bioprinter (general view); b) multiple bioprinter
nozzles; c) tissue spheroids before dispensing; d) tissue spheroids during dispensing; €)
continuous dispensing in air; f) continuous dispensing in fluid; g) digital dispensing in air; h)
digital dispensing in fluid; i) scheme of bioassembly of tubular tissue construct using
bioprinting of self-assembled tissue spheroids illustrating sequential steps of layer-by-layer
tissue spheroid deposition and tissue fusion process.
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Fig. 3.

Bioprinters: a) 3D dispensing Laboratory Bioprinter — ‘LBP’ (designed by Neatco, Toronto,
Canada in cooperation with MUSC Bioprinting Research Center, Charleston, SC); b) 3D
robotic printer — ‘Fabber’ (designed by Cornell University, USA); ¢) 3D robotic industrial
bioprinter — ‘BioAssembly Tool” (designed by Sciperio/nScript, Orlando, USA).

Biomaterials. Author manuscript; available in PMC 2013 September 16.



Mironov et al. Page 17

STEP1 (HOMOCELLULAR CELL AGGREGATES)
CELL AGGREGATE w s
’ ' NETWORK
SHEET

ﬁ;‘;. ANy
_.

BRANCHING
TUBE ROD

STEP2 (HETEROCELLULAR CELL AGGREGATES)

I'R.7. PO

THREE-DIMENSIONAL
VASCULARISED TISSUE BRANCHING INTERMEDIATE DIAMETER
(MICROVASCULAR NETWORK) LARGE TUBE BRANCHING TUBE

-
a -l IDI

STEP3 ORGAN (3D VASCULARISED TISSUE)

3D ORGAN

Fig. 4.
Roadmap for organ printing.
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Fig. 5.

Bioprinting of segments of intraorgan branched vascular tree using solid vascular tissue
spheroids: a) kidney intraorgan vascular tree; b) bioprinted segment of vascular tree; c)
physical model of bioassembly of tube-like vascular tissue construct using solid tissue
spheroids; d) bioassembled ring-like vascular tissue constructs of tissue spheroids fabricated
from human smooth muscle cells. Tissue spheroids are labeled with green and red
fluorescent stains in order to demonstrate absence of cell mixing during tissue fusion
process; e-g) sequential steps of morphological evolution of ring-like vascular tissue
construct during tissue fusion process.
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Fig. 6.

Bioprinting of segments of intraorgan branched vascular tree using uni-lumenal vascular
tissue spheroids: a) fusion of uni-lumenal vascular tissue spheroids in hanging drop; b)
physical model of fabrication of branched vascular segment from uni-lumenal vascular
tissue spheroids; ¢) sequential steps of tissue fusion of vascular tissue spheroids placed in
collagen type 1 hydrogel; d) fabrication branched vascular segments from uni-lumenal
vascular tissue spheroids in collagen type 1 hydrogel (before and after tissue fusion process).
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Fig. 7.
Computer simulation (using ‘Surface Evolver’ software) of morphology evolution of a tube-

like vascular tissue construct during tissue fusion. The initial tube-like vascular tissue
construct (a) is becoming shorter and more narrow (b). The hexagonal pattern of tissue
spheroid packing is clearly demonstrated (b).
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Fig. 8.

Scheme of the design of irrigation dripping tripled perfusion bioreactor: a) general view; b)
view with opened lid; c) sectional view; d) design of removable microporous non-
biodegradable tube.

Biomaterials. Author manuscript; available in PMC 2013 September 16.



1duasnuey Joyiny vd-HIN 1duasnue Joyiny vd-HIN

wduosnue Joyiny vd-HIN

Mironov et al. Page 22

Table 1

Conceptual framework for organ-printing technology.

The most important assumption is a developmental biology-inspired belief in the possibility of creating functional human tissue and
organs without solid biodegradable scaffolds or template-based approaches.

High cell density is essential for fast tissue assembly and accelerated tissue maturation.

Minitissue or tissue spheroids can fuse and be assembled into macrotissues through the tissue fusion process or directed tissue self-
assembly.

Standardized size and viable minitissues or tissue spheroids with different compositions and organization, including
microvascularized tissue spheroids, can be rapidly fabricated in large quantity.

Due to their size, the material properties and shape of minitissue or tissue spheroids represent a processible “bioink™ suitable for
precise, automated dispensing or digital ‘punching’ onto sprayed hydrogel layers (“biopaper”) and sequential bioassembly and
biofabrication into macrotissues and living organ constructs with the help of sophisticated computer-aided robotic devices
(“bioprinters”).

Self-assembled vascular tissue spheroids allow generation of a “built-in” intraorgan branched vascular tree within 3D thick tissue or
organ constructs, suitable for perfusion.

Microvasculature can be formed by the self-assembly process and be seamlessly integrated with an intraorgan branched vascular
tree by self-assembly, tissue fusion and sprouting processes.

It is possible to develop accelerated methods of tissue maturation.

A microfluidic-based, irrigation type tripled perfusion bioreactor with temporally removable porous microtubes will enable the
construct to maintain shape and buy time necessary for tissue maturation of the perfusable intraorgan branched vascular tree.

A minitissue-based solid, biodegradable scaffold-free tissue engineering approach enables automated, robotic, large-scale industrial
tissue engineering using computer-aided design of organs (“blueprints”).
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