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ABSTRACT

Engineering complex tissues and whole organs has the potential to dramat-
ically impact translational medicine in several avenues. Organ engineering
is a discipline that integrates biological knowledge of embryological devel-
opment, anatomy, physiology, and cellular interactions with enabling
technologies including biocompatible biomaterials and biofabrication plat-
forms such as 3D bioprinting. When engineering complex tissues and or-
gans, core design principles must be taken into account, such as the struc-
ture-function relationship, biochemical signaling, mechanics, gradients,
and spatial constraints. Technological advances in biomaterials, biofabrica-
tion, and biomedical imaging allow for in vitro control of these factors to
recreate in vivo phenomena. Finally, organ engineering emerges as an in-
tegration of biological design and technical rigor. An overall workflow for
organ engineering and guiding technology to advance biology as well as a
perspective on necessary future iterations in the field is discussed. STEm
CELLS 2016, 00:000-000

SIGNIFICANCE STATEMENT

Organ engineering offers tremendous promise for regenerative medicine on
multiple fronts, including transplants for patients and improved preclinincal
diagnostic modeling. This review encompasses integrative approaches in
engineering in an accessible manner. In addition to its core subject, im-
proved culture systems are discussed which could benefit biologists across
fields, not just stem cell biology and regenerative medicine.

INTRODUCTION

Organ development is the intricate process of coordi-
nated differentiation, morphogenesis, and maturation
of diverse populations of cells into complex tissues [1].
Organ development is orchestrated by intricate physi-
cochemical and spatiotemporal cues including growth
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factors such as Wnts, bone morphogenetic proteins,
and fibroblast growth factors [2-4]. Gaining the ability
to engineer complex tissues and whole organs has tre-
mendous implications for advancing our understanding
of developmental processes and empowering transla-
tional and precision medicine. For example, model or-
gans have the promise of delivering next-generation
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drug testing platforms. This is greatly desired as the
number of new FDA approved drugs has steadily de-
clined, while drug development cost has progressively
risen to $2.6 billion [5]. This is largely caused by the low
likelihood of FDA approval; only 10,4 % of all drugs that
enter a phase | clinical trial will gain market approval, as
determined by Hay [6]. Generating platforms that yield
greater efficiency, accuracy, fewer false positives will
lower development costs and thus increase drug af-
fordability [7-9]. It is expected that recapitulating the
complexity of organogenesis in vitro could provide such
a platform, but achieving such complexity in a facile
manner is proving to be a significant engineering chal-
lenge. However, great advances have been made
through the combination of technological rigor and bio-
logical design (Figure 1). In this review, we will outline
key design principles and successful approaches for
engineering complex tissues and organ systems to max-
imize biological insight. Core physiological principles
that underlie development and disease progression will
be discussed. We also offer a perspective on future it-
erations and interdisciplinary collaborations that can
accelerate our understanding of organ systems and the
creation of complex functional tissue and organs.

Design Principles

Biomimicry of Organ Structure-Function

The structure of an organ is inherent to its function. For
example, bone’s trabecular structure determines its
load bearing capacity, kidney’s intricate anatomical
structure is essential for its filtering and resorbing func-
tion, and the high density vascular structure within the
pancreas enables a rapid glucose/insulin response rate
of islets of Langerhans, which prevents the occurrence
of hypoglycemia and hyperglycemia. Altering an organ’s
tissue structure therefore changes its ability to function,
and structural remodeling is often associated with
pathological organ function [10, 11]. For example, car-
diac muscle is a complex tissue as it is organized in
aligned, layered sheets, and alterations in cell morphol-
ogy or misalignment is associated with impaired force
production [12] and arrhythmia [13]. Despite cells’ abil-
ity to self-assemble into organized micro-organoids,
they are incapable of spontaneously self-assembling
into macro-sized organs that contain fully anatomically
correct complex tissue structures in vitro [14-16]. In-
stead, they must be carefully guided with structural,
mechanical, and biochemical cues.

When designing organs, it is crucial to have a firm
grasp of the organ’s basic tissue structures. With re-
gards to engineering complexity, tissues and organs can
be organized into three basic groups in ascending order:
two-dimensional, hollow, and three-dimensional/solid
tissues [17, 18]. Two-dimensional tissues have the few-
est engineering hurdles. Simple 2D deposition tech-
niques, such as sputter-coating or simple printing of
cells and materials, can be leveraged to replace dam-
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aged tissue [19-21]. For example, collagen-
glycosaminoglycan scaffolds improved the healing of
burn wounds. Moreover, the addition of mesenchymal
stem cells into these scaffolds can further improve heal-
ing, keratinization, and vascularization [22]. Less facile
are hollow tubes, such as large vessels and vasculature.
Hollow organs can be thought of as two-dimensional
tissues that are folded into three dimensions. Hollow
organ disorders, such as bladder cancer and vascular
calcification, are numerous and the ability to engineer
these in the lab for implantation will be a huge boon to
patients. For example, Atala successfully treated pa-
tients in need of cystoplasty with an engineered bladder
composed of omentum wrapped collagen-polyglycolic
acid bladder-shaped scaffold laden with autologous
cells [23]. The most complex organ type is composed of
solid tissues, which incorporate hollow tissues (micro-
vasculature), several types of tissue-specific adult cell
types, and stem cells. Solid organ engineering repre-
sents the final frontier, in which previous iterations and
approaches must be integrated to meticulously recapit-
ulate the native tissue’s structures/functions.

Multiscale Biological Imaging

A primary requirement for accurate recreation of a
structured organ is clean, detailed, and multiscale digi-
tal imaging data. A great deal of historical histological
data exist, which could be mined to create macroscale
digital printing data e.g. archives of histological, MRI,
and CT images. However, such data has often limited
resolution e.g. CT data is often limited to a few hundred
micrometer resolution, and may only provide planar
structural information about an organ e.g. single histo-
logical sections. In order to print whole, functional or-
gans, integration of imaging modalities across length
scales may be required. An elegant example of a mul-
tiscale and multi-image modality dataset is represented
by the Cancer Digital Slide Archive in which histological
and immunohistochemical data are paired with MRI
data and clinical data [24].

Recent advances in bioimaging may allow for the
collection of data to create blue prints for high resolu-
tion print designs. For example, CLARITY is a technique
that transforms tissues into transparent, porous hydro-
gels-tissue hybrids of which the lipid content is re-
moved, while maintaining intact tissue structures [25,
26]. This is achieved via the incorporation of a swellable
polymer that covalently links with the tissue’s proteins
and nucleic acid, while the lipids are actively removed
using charged ionic SDS-micelles via electrophoretic
tissue clearing. This technique can visualize it’s the tis-
sue’s structure and molecular composition with a reso-
lution as high as 70 nanometer [27]. Moreover, this
technique allows for precise, repeatable immunolabel-
ing of individual molecules with sectioning enabling the
mapping of numerous proteins within a single tissue
volume [28]. Although this technique is primarily used
for studying brain structures, it is uniquely suited to
provide comprehensive insights into the spatial compo-
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sition of a wide range of tissues. Such data might prove
valuable for the production of engineered native-like
tissues and organs. In addition, contrast-enhanced
nanotomography (nanoCT), magnetic resonance imag-
ing (MRI), or histological data can provide large-scale
structural information whereas molecular imaging can
provide information about how proteins and cells are
distributed through a tissue or organ. Such information
could be used to design multiphasic structures with
both structural and biochemical heterogeneity. Open
source workflows for converting and integrating multi-
ple imaging modalities into usable printing data are
needed.

Passive and Active Forces

Numerous factors are able to influence cell behavior
and organ function [29]. For the sake of brevity, we will
here discuss broad concepts in cell biology that can be
controlled in engineered systems.

A major advance in our understanding of the devel-
opment of bioengineered organs was the discovery of
mechanotransduction, the concept that mechanical
forces regulate cell fate and function through the entire
lifespan of an organ [30, 31]. The ability of cells to
sense, respond to, and impart forces is crucial to cellular
function and has been linked to behaviors ranging from
stem cell differentiation [32] to aging [33-35]. Mecha-
notransduction thus influences tissue behavior, and by
extension organ function, by stimulating cells through
cell-based forces. Mechanical forces can be sensed in
several ways, including protein-mediated signaling, cel-
lular deformations, and membrane tension [36-38].

Passive mechanical stimuli can affect how cells con-
form and respond to their environment. Stem cell line-
age commitment is partially determined by the stiffness
of the surrounding microenvironment [39]. For exam-
ple, Engler has reported that mesenchymal stem cells
seeded on hydrogels with a stiffness of ~0.5 kPa ac-
quired a neurogenic phenotype, while ~10 kPa or ~30
kPa induced a myogenic or osteogenic phenotype, re-
spectively [39]. In addition, Guvendiren reported that
temporally stiffening a methacrylated hyaluronic acid
hydrogel containing mesenchymal stem cells cultured
for 2 weeks with a 1:1 mix of osteogenic and adipogenic
medium from 1 kPa to 10 kPa shifted stem cell differen-
tiation from adipogenic to osteogenic [40]. This shift
became progressively weaker when the hydrogels were
stiffened at later time points indicating that substrate
stiffness is important throughout the differentiation
process. The stiffness of mature tissue is also a factor in
how organs and tissues function [41]. For example,
Weisbrod concluded based on a 5 month follow up
study of diet-induced obese mice that arterial stiffening
is not simply a consequence of hypertension, but in
fact, also a causing factor of the development of hyper-
tension and organ dysfunction as arterial stiffening pre-
ceded systolic hypertension [42]. Other physicochemi-
cal properties, including the distribution of adhesion
ligands [43] and the hydrophobicity/hydrophilicity of
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the environment [44, 45] have also been shown to af-
fect how cells function. Cells can sense mechanical cues,
amongst others, via integrin-mediated signal transduc-
tion and focal adhesions, a molecular complex that is
able to deform its environment, dynamically remodel in
response to external loads, and trigger signaling cas-
cades with a wide array of biological ramifications [31,
41, 46-48]. Interestingly, data of Huebsch has suggested
that mesenchymal stem cells might sense substrate
stiffness differently in 2D than in 3D, via integrin alphaV
and integrin alpha5, respectively [49]. In addition, ac-
tomyosin contractibility is essential to mechanosensing
as blocking this process using chemicals such as Cyto-
chalasin D, Y-27632, or Blebbistatin prevents stem cells
from appropriately responding to stiffness induced
stimuli [39, 40, 50]. It should be noted that focal adhe-
sion-based signaling is extremely sensitive not only to
stiffness but also the exact content of the extracellular
matrix [51, 52], suggesting a balance between stiffness
and biochemistry.

Active or imparted mechanical loads directly influ-
ence cell physiology from internal cell signaling to cell
morphology. A wide range of cells are known to be af-
fected by shear force and tugging forces from their
neighbors. During embryonic morphogenesis cells can
impart forces on their neighbors via cell-adhesion mole-
cules [36, 53]. For example, Farge reported that the
formation of the anterior gut formation was partially
orchestrated via the mechanical forces of morphoge-
netic movement, which controlled the expression of
important developmental genes. In this study, transient
10% uniaxial lateral deformation of early Drosophila
embryos induced ectopic expression of Twist around
the entire dorsal-ventral axis, which was triggered by
mechanically induced nuclear translocation of Armadillo
(Drosophila’s homologue for B-catenin) [54]. The polari-
ty of these molecules and the subsequent forces could
thus dictate the eventual shape of the organism. In
mammals, the presence of excessive shear forces on
vascular endothelial cells is associated with progression
of vessel disorders such as hypertension [55]. Shear [56]
and hydrodynamic [57] forces are able to dynamically
remodel cells by altering their volume or aspect ratio,
which are key parameters that affect the molecular
signaling gradients within cells [58].

When cells and tissues are removed from the body,
they begin to degenerate and malfunction. A critical
reason for this is the lack of proper mechanical feed-
back, which is a continuously ongoing process in most
tissue systems in vivo. It is of particular importance to
note that overstimulation can induce maladaptive re-
modeling, as in the case of hypertension-associated
vascular stiffening with age [59]. In addition to function
following form, form also follows function. For example,
it is known that hypertension can induce arterial stiffen-
ing through increased extracellular matrix production,
vascular thickness, and structural stiffness. However,
arterial stiffening can also induce hypertension through
increased structural stiffening [60]. Thus, balancing the
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design of an engineered tissue or organ with the pre-
sented mechanical environment is required for main-
taining proper tissue and organ function and preventing
maladaptive remodeling.

Spatiotemporal Biochemical Signaling
Biochemical cues such as medium composition, and in
particular growth factor supplementation, are the cur-
rent gold standard for inducing stem cell differentiation
e.g. TGB1 is standardly used to induce cartilage for-
mation, while BMP2 is standardly used to induce bone
formation. In vivo, organisms deploy protein gradients
to affect the motion of cells, a process known as chem-
otaxis. In this way, cells may be guided to their eventual
location in the body [61]. The neo-angiogenesis factor
VEGEF is a classic example of a concentrated growth fac-
tor that induces localized changes in physiology [62].
Growth factors embedded in the extracellular matrix
can stimulate cell adhesion and proliferation [63, 64].
These cues are highly variable in both space and time. A
canonical example of this effect is time-dependent Wnt
signaling in the heart. At different stages of cardiac tis-
sue development, Wnt is required and then must be
silenced for proper lineage specification [65]. Recapitu-
lating biphasic, time-dependent signals have yielded
extraordinarily results when differentiating cells in vitro.
Cyclical temporal signaling must also be appreciated
e.g. circadian clock genes can impact on stem cell dif-
ferentiation and proliferation [66]. Mice models have
demonstrated that Period Circadian Clock 3 (Per3) and
Nocturnin (Noc) play key roles in adipogenesis by con-
trolling peroxisome proliferator-activated receptor y
expression and activity [67, 68], and in vitro experi-
ments have shown that disruption of brain and muscle
Arnt-like 1 (Bmal) increased adipogenesis and de-
creased myogenesis potentially via WNT signaling in
vitro [69, 70]. Yet, most culture systems do not incorpo-
rate the concept of in vitro rhythm.

Spatial Constraints
Cells remodel and conform to the physical environment
in which they exist. A parameter as simple as cell seed-
ing density can impact cellular metabolism, migration,
proliferation, and differentiation [71]. In recent years,
various approaches have allowed for control of cell
spreading in 2D. Micropatterning and 2D printing allow
for deposition of cell-adhesive materials to which cells
conform [72]. Soft photolithography approaches allow
for materials with roughness or curvature, such as
channels or pits, in which cells align [73]. Such ap-
proaches have enabled insightful studies of how single
cell morphology impact function but also allowed for
careful engineering of 2D cell assemblies or microtis-
sues [48]. Bioprinting technologies, discussed below,
now allow for designing three dimensional structures
where cell alignment can be controlled.

Decellularized organs can also be thought of as
an enforced spatial constraint. In this technique, animal
organs are treated to remove all soluble matter, leaving
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behind a “ghost-white” scaffold composed of insoluble
extracellular matrix [74]. When cells are reseeded into
these scaffolds, a modest amount of organ function is
restored [75, 76]. Such approaches ignore time-
dependent changes in organ development but capture a
critical spatial component.

Technological Advances

The recognition of aforementioned design principles
and challenges in engineering biology has engendered
the creation of new technologies that can advance our
understanding of cell behavior and allow for controlled
engineering of tissues (Figure 2) [77-81]. In this section,
we will cover existing technologies, how they have ad-
vanced, and project how future iterations might enable
the engineering of complex tissues and whole organs.

Biomaterials and 2D Microfabrication

Stem cells interact with their external environment and
alter their structure and function in response [30, 52].
This knowledge has fueled the development of bio-
materials that are highly tunable, with the ability to
alter their mechanical and chemical properties, includ-
ing porosity, stiffness, cell-attachment sites, and hydro-
phobicity/hydrophilicity [30]. The biomaterial toolkit
continues to grow rapidly and provides solutions for
nearly all biological tissues or engineering challenges.
Regardless of these breakthroughs, nearly all attempts
at clinical translation have been attempted with rela-
tively simple materials e.g. distinct formulations of col-
lagen or alginate containing a possible growth factor. As
such, the true commercial value of advanced materials
with higher levels of control, and complexity, remains to
be proven.

Bioprinting has emerged as the premier method for
fabricating three dimensional, macroscale designs, and
has the promise of reproducible, reliable assembly of
biological structures. Early bioprinting approaches can
be traced back to microfabrication-based two-
dimensional matrix/protein deposition [82, 83]. In such
applications, selective adhesive domains can be ar-
ranged in specific geometries or “shapes” on a surface.
When cells are plated, they autonomously adhere to
these shapes and take on its form [48]. These studies
have enabled biologists to understand how geometric
symmetry relates to function. In particular, 2D printing
led to the insight that patterns that force cells to break
their geometrical symmetry can dramatically affect
their behavior [84]. For example, Downing reported
that patterned surfaces could improve cellular repro-
gramming efficiencies via mechanomodulation of the
cells’ epigenetic state. Specifically, microgrooved sur-
faces induced a cytoskeletal reorganization that corre-
lated with decreased histone deacetylase activity and
increased WD repeat domain 5 (WDR5) expression,
which resulted in increased histone H3 acetylation and
methylation and increased mesenchymal-to-epithelial
transition in adult fibroblasts [85].
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Scaffolding and Biofabrication

3D printing relies on a methodology known as additive
manufacturing [86]. In additive manufacturing, digital
data of a 3D structure is converted into an actual ob-
ject. In contrast to methods that involve sacrificial
molds or solvents, 3D printing can create complex struc-
tures from the bottom-up.

There are three major approaches for 3D bioprinting
currently: inkjet printing, extrusion printing, and stereo-
lithography [17]. Much like how ink in a cartridge is
used to deliver droplets to paper to create documents,
inkjet bioprinters can deliver biomaterials and cells in
controlled volumes. Inkjet printers have controllable yet
finite resolution (i.e. droplet size), high printing speed,
and relatively low material cost. However, droplets are
created from a reservoir through either thermal or me-
chanical means, which can perturb cells during the
printing process. Regardless, inkjet-based bioprinters
can operate with a dispensing frequency of 1-10,000 Hz
with a spatial resolution that ranges approximately
from 50 um to 1 mm. Dispensing speeds can be even
further improved via piezoelectric inkjet printing, which
can operate at speeds of approximately 15-25 kHz.
However, instant heat exposure and shear stress could
induce cell damage. Another drawback is that the “ink”
must be a fluid in order for droplets to form. This limits
the concentration of cells, thereby limiting cell density.
Additionally, in order to form actual tissue, deposited
droplets must be cross-linked via potentially-cytotoxic
factors (i.e. pH, photoinitiators, or ultraviolet light). As
such, inkjet printing is best for 2D tissues with relatively
low cell density and complexity, such as cartilage or
tendon.

For extrusion printing, cells and/or materials are ex-
truded through a small print head in a line-by-line fash-
ion [87]. Extrusion printing is an extremely efficient and
low cost method for printing cell encapsulating con-
structs or structures into which cells can be seeded.
However, printing resolution is limited by the print
head’s diameter, which in turn is limited by the viscosity
of the biomaterial. Depending on the printer’s design, it
can be challenging to print with viscous materials due to
the required pressures. Shear-thinning biomaterials
with strain rate [88] or temperature-dependent [87]
properties have emerged as a solution for this chal-
lenge. Shear-thinning materials flow like a liquid once
pressure is applied, but become solid once that pres-
sure is removed. Examples of shear thinning biomateri-
als are B-Hairpin peptide-based hydrogels, gelatin and
silicate nanoplatelets mixtures, adamantane modified
hyaluronic acid and B-cyclodextrin modified HA mix-
tures, and oppositely charged gelatin nanospheres [88-
90]. Extrusion printing of shear-thinning biomaterials in
tandem with microfluidics can enable continuous print-
ing of multiple materials and contribute to development
of biofabrication platforms that allow for the facile en-
gineering of chemically and structurally complex tissues.

In stereolithography, a photopolymerizable material
is printed layer-by-layer. As in extrusion printing, digital
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data is used to construct the object. Specifically, digital
data is used in in stereolithographic bioprinting to in-
struct where the light should be focused to locally pol-
ymerize the biomaterial. A related platform is digital
micromirror device (DMD)-based printing, in which an
array of digitally-controlled mirrors reflect light to cre-
ate a 2D projection on a surface. By changing the 2D
projection over the height of a biomaterial, a 3D object
of desired shape can be made.

A plethora of ultraviolet or blue-light curable bio-
materials make this a convenient platform for many
labs interested in using their “2D” materials for 3D bi-
oprinting [91]. Some drawbacks exist, however. The use
of light poses a risk of toxicity for cells, so printing time
and light source parameters must be optimized to en-
sure cells are not damaged during the printing process.
As in extrusion printing, complex scaffolds can be made
entirely from biomaterials with cells being seeded after.
In such ways, cells could be encouraged to adhere to
particular geometries by varying factors such as curva-
ture, porosity, roughness, or surface-to-volume ratio.
The ability to vary spatial properties over multiple
length scales is a crucial engineering requirement for
organs as structure is meticulously tied to function.

Biomaterials for 3D printing often require photoin-
itiators that cross-link monomers upon activation by
ultraviolet or blue light. However, materials and parti-
cles that react to visible [92] or near-infrared [93] light
for controlled cross-linking or release of biomolecules
have also been developed and been used to cage chem-
ical cues. “Dual-wavelength” bioprinters may be able to
print biological scaffolds with controlled distribution of
chemical signals or adhesive domains. This would offer
a huge advance for the field since organs are distin-
guished by spatial heterogeneity with regards to cellular
and molecular composition.

Integrated Engineering Approaches

Organ development is orchestrated by dynamic gradi-
ents and combinations of growth factors. Organs are
relentlessly perfused to replenish and control oxygen,
pH, nutrients, and temperature levels throughout their
lifetime. In contrast, standard cell culture is performed
in petri dishes under static conditions. Furthermore, the
concentration of cues can be varied in time and deliver
gradients of chemical factors to improve the biomimicry
in vitro. It is of note that no single factor can induce the
spontaneous self-assembly of a complex tissue or an
organ from a pool of stem cells. A concert of tunable
factors that can be deployed in a controlled manner
following their expression patterns during natural de-
velopment will likely yield the most promising results.
Organ development also requires long-term culture and
post-processing or maturation of naive tissues after cell
seeding.

Fortunately, engineering advances have enabled us
to recreate various aspects of organ development in
vitro (Figure 3). In the case of physical cues, materials
with tunable properties, e.g. stiffness and ligand density
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have allowed us to understand how these factors dic-
tate stem cell fate and guided their fate in well-
controlled in vitro environments. In recent years, the
engineering of complex tissues and organs has been
expanded by three integrated engineering approaches:
1) microfluidics-based organ systems or “organs-on-a-
chip”, 2) three-dimensional organoids, and 3) engineer-
ing complex tissues for whole organ replacement.

Organs-on-a-Chip

Drug development cost are rising progressively as drug
candidates fail in clinical trials despite promising results
from traditional preclinical model systems. The current
drug development cost has reached a record high of
$2.6 billion per FDA approved drug [5]. Moreover, the
development cost per approved drug has on average
doubled every nine year since 1950 [94]. Two main rea-
sons for the increased drug costs are 1) the limited pre-
dictability of in vitro results for in vivo outcomes and 2)
the small size of patient cohorts in phase | and phase I
clinical trials, which cannot sufficiently inform on prob-
able clinical efficiency [94]. Together this has led to a
large failure rate of highly expensive phase lll trials.
Improved in vitro models that better predict drug effi-
cacy and safety in humans are thus sorely needed. In
response to this need, and assisted by the advent of
induced pluripotent stem cells, the field of miniaturized
organ systems or “organs-on-a-chip” has emerged. Ad-
vanced organs-on-a-chip models can provide complex
physical and biochemical cues to human-derived cells to
form biomimetic research platforms [95]. The integra-
tion of these engineering efforts allow organs-on-a-chip
systems to surpass traditional “cells-in-a-dish” models
with regards to how well they can recapitulate in vivo
phenomena [96]. Furthermore, individual organ sys-
tems can be connected in an integrated circuit to form a
theorized “human-on-a-chip”. Systemic signals can
dramatically influence an organism’s health as organ
function is strongly affected by inter-organ communica-
tion [97, 98]. For example, muscle performance can
alter metabolism in distal tissues [99] and even influ-
ence aging [35]. With regards to drug testing, individual
drugs may perform well on their intended organ, but
once metabolized by another organ it can result in toxic
byproducts, unexpected side-effects, or attenuated
clinical effects [8, 100, 101]. By studying individual and
isolated organs, we risk forfeiting vital information that
emerges from integrated organ systems. Thus integra-
tion of physical, chemical, and biological variables and
continued iteration of systemic events will enable more
sophisticated drug screens in not only healthy systems,
but also those that mimic specific inherited or acquired
disease etiologies [7-9, 77, 102].

3D Organoids

Spatial constraints can be used to control cell assembly
in two dimensions in the lab. However, cells lack firm,
non-permissive physical constraints in the body. Yet,
organs are able to undergo controlled growth to appro-
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priate length scales in three dimensions. 3D organoids
have been developed to recapture this phenomenon in
the lab. These organoids typically are co-cultures of
pluripotent and adult cells that act in concert with ma-
trix and biochemical factors. Rather than adhere to a
preconstructed scaffold with firm, defined physical
cues, organoids undergo autonomous self-assembly
[103, 104], a process in which growth and remodeling
occurs spontaneously and in an externally-uncontrolled
fashion [105]. In recent years, organoids have shown
tremendous prowess as advanced culture models that
provide insight in the development and pathology of
miniature organ-like structures [106]. Long-term culture
is made possible through the use of microbioreactors,
extracellular matrices, or scaffolding to give cells an
initial platform in which to form tissue while maintain-
ing a stem cell population for continuous tissue renew-
al. Organoid cultures can be easily integrated with com-
plementary organ-on-chip models via microfluidics.

Outlook

Organs are highly complex structures that pose a tre-
mendous engineering challenge. Fortunately, rapid
technological and methodological developments have
advanced our capabilities to capture and recapitulate
crucial aspects of organ structure and function. Organ-
on-chip models can create two-dimensional models in
which cell function can be monitored over time in re-
sponse to precisely controlled physicochemical cues.
Organoid models enable our understanding of morpho-
genesis and developmental disorders. Moreover, nas-
cent organ replacement models are paving the way for
lab-grown, transplantable organs derived from a pa-
tient’s own cells. Recent advances in creating 3D organ-
on-chip models are expected to further aid this revolu-
tion [107].

Each individual organ poses its own engineering
challenge. The spatial constraints, biochemical cues,
role of physical forces, individual cell types, and growth
program varies between each tissue type. Early organ
models, while they have a large measure of effective-
ness over traditional culture techniques, cannot fully
replicate in vivo biology. Specifically, single organ mod-
els do not include interaction between different tissues
and organs and thus largely exclude the dynamic effects
of an organism’s metabolic, immune, and hormonal
status. For example, adipose tissue can influence skele-
tal muscles, cardiovascular tissues, and the pancreas’ -
cells, through endocrine organ crosstalk e.g. via adi-
ponectin, leptin, DPP4, and vistatin [108]. This suggests
that not all the requirements for proper organ for-
mation have become known. In addition, different stem
cell sources e.g. adult stem cells, embryonic stem cells,
and induced pluripotent stem cells most likely require
distinct design parameters to effectively induce their
differentiation and tissue formation. Therefore, engi-
neering expertise must be coupled with the ever pro-
gressing biological knowledge to drive the biodesign of
engineered tissues and organs.
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An excellent case study in organ design is a heart
that combines both solid organ engineering (ventricular
wall) with hollow organ engineering (four chambers).
Engineering cardiac tissue can be achieved via either
bottom-up, starting from organized sheets of myocytes
[109], or from the top-down, starting with decellular-
ized matrix and reintroducing the appropriate cells in
the right places [74]. Regarding the bottom-up ap-
proach, the need for myocyte alignment is a must;
misaligned myocardium underlies heart failure and dys-
function [73]. However, alignment sheets of myocytes
are organized in a particular way in the heart wall to
ensure proper contraction [110]. At this stage, two-
dimensional models of heart organ function exist, but
the ability to bottom-up engineer a tissue with a com-
plex such as a heart’s organized muscle has remained
largely out of reach. For example, despite our capability
to 3D print the macroshape of a trabeculated heart,
these printed constructs do not yet possess proper
alignment of cells and extracellular matrix [111]. In con-
trast, top-down approaches such as using decellularized
donor hearts as scaffolds provides an excellent tem-
plate of organized matrix in which patient-specific cells
can integrate. However, expanding and placing cells in
an efficient and aligned manner in the scaffold has re-
mained a challenge. The tissue development rates of
top-down approaches might also differ from those we
have evolved to form native tissues under embryologi-
cal conditions; the degree of self-assembly that is re-
quired or the remodeling that the engineered organ will
undergo after cells are properly seeded are still largely
unknown. Consequently, the final engineered organ

may be dissimilar from its native counterpart in both a
structural and a functional manner.

Combining top-down and bottom-up approaches
could lead to improved designs; a combination of intel-
ligent engineering and spatiotemporal control of cell
placement is needed along with an appreciation for the
changes that occur in an organ during development. In
the future, novel 3D bioprinting technologies may be
able to print heterogeneous and complex tissues with
diverse populations of cells, matrix, and growth factors
from high-resolution, multiscale imaging data. As addi-
tional data informs our understanding of organogene-
sis, these insights can be folded back into engineering
platforms, which can in turn generate more nuanced
experiments in developmental biology.
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Figure 1. Organ Engineering Workflow. The principle workflow for organ engineering can be divided into three major
components: discovery, design, and technology. In this process, the discovery of new biological phenomena (e.g.
mechanotransduction, genome editing) informs the design of technologies, which furthers biological discovery. Fram-
ing organ engineering from this workflow, equal value is placed on biology and technology.
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» Multiscale organization
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Figure 2. Technologies for Organ Engineering. Advanced and emerging technologies in the fields of biomaterials, mi-
crofluidics/bioreactors, and biofabrication now allow for more precise control over cell and tissue structure and func-
tion. (A) Biomaterials can be hybridized with synthetic materials to increase mechanical stability to enable printing
large, stable structures [112] (left scale bar, 500 um, middle and right scale bars, 100 um) or (B) can have time-
dependent stiffening to mimic development and improve cell maturation in vitro [113]. (Scale bars, 25 um) (C) Micro-
bioreactors and microfluidics can provide physicochemical cues to sustain biological tissues over time and allow for
autonomous self-assembly [106]. (D) Advanced microfluidics can allow for spatial patterning [114] or (E) continuous
printing of multiple materials [115]. (Upper scale bar, 5 mm; lower scale bar, 200 um). Biofabrication techniques such
as (F) extrusion [87] (scale bar, 300 um) or (G) stereolithography-based [116] printing can build up complex tissue
architectures from the ground-up. (Scale bar, 100 um). Images are reprinted with permission.
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Figure 3. Integrated Engineering Approaches for Organ Engineering. Complex tissue and organ models have devel-
oped on two frontiers: organ-on-chip devices and 3D organoids. (A) organs-on-a-chip devices integrate microfluidics,
biomaterials, and other microfabrication approaches to create two dimensional representations that recapitulate
function or phenomena of the original organ, as in the case of the lung-on-chip model [96]. (B) A “human-on-chip”, in
which several organ types are placed in a directed, organized circuit has also been proposed [117]. Organoids are
mixed populations of cells that undergo autonomous self-assembly in a bioreactor given appropriate physicochemical
cues. Organoids have been able to recapitulate (C) neural [106] (scale bar, 200 um) and (D) thyroid tissues [118].
(Scale bars, 20 um). Images are reprinted with permission.
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Table of Content Abstract

Organ engineering offers tremendous promise for regenerative medicine on multiple fronts, including transplants for
patients and improved preclinincal diagnostic modeling. This review encompasses integrative approaches in engineer-
ing in an accessible manner. In addition to its core subject, improved culture systems are discussed which could bene-
fit biologists across fields, not just stem cell biology and regenerative medicine.
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