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A nature-inspired bioengineering methodology is presented. The methodology includes (1) identifying a set
of “bottom-up” normative models or fundamental mechanisms by which nature builds tissues and organs
from progenitor cells during development, (2) recapitulating these bottom-up developmental processes
in vitro by using stem cells to grow tissue and organ-like structures, called organoids, and (3) implementing
“top-down” technologies that provide specific supportive niches for growing structures at each
developmental level. Also presented, is a systematic nature-inspired solution framework that applies
universal concepts in natural development to inform designs for organ repair. This organizational
framework, which integrates developmental models, recapitulation of development in vitro, and engineered
niches is illustrated by considering repair of two body organs: the retina and spinal cord, respectively. The
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former repair involves transplanting a retinal patch grown in vitro on a synthetic sheet, while the latter uses
implanted stem cells to promote growth of relay circuits in the injured human spinal cord or activity-based
neurotechnology.
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Design, System, Application

Could we make the blind see and the lame walk again? Recent advances in the field of bioengineering bring such dreams closer to reality. Examples
include the restoration of damaged tissues, formerly deemed irreparable, such as the retinal pigment epithelium (RPE) in age-related macular degeneration
(AMD) and spinal cord injuries (SCI) leading to paralysis. This could be achieved by recapitulating developmental processes that nature herself uses to
repair tissues. This perspective article first considers five prevalent, fundamental natural mechanisms in tissue development (self-organization and
symmetry breaking, dynamic feedback between cells and environment, differentiation into local ensembles, assembly of the latter into larger groups, and
the formation of integrated ecosystems). Then, a general nature-inspired solution framework is discussed to apply these concepts through nature-inspired
designs, which are prototyped to serve a medical application. This framework is illustrated via RPE and SCI repair. In practice, top-down and bottom-up
manufacturing approaches need to be combined. Furthermore, merging molecular-based and holistic perspectives requires a cross-disciplinary effort that
spans (bio)materials synthesis to novel manufacturing tools, medicine, and personalized activity-based therapy. This nature-inspired solution framework

(cc)

for developmental bioengineering offers a systematic design strategy, which could help ultimately realize the hopes of those who seemed uncurable.

Introduction

The development of macroscopic living systems from cellular
beginnings is one of nature's marvels. A fertilized egg self-
organizes into a more differentiated blastocyst, and then into
a multi-layered gastrula that generates the complex and
functionally interconnected organs characteristic of each
animal species.' The embryo is not alone in this
developmental journey, though. Long-term time-lapse
imaging of mouse embryo reveals its cell lineages as well as
two extra-embryonic epithelial tissues, the precursors of the
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yolk sac and placenta, respectively.> Once embedded in the
uterine wall, the embryo is ready to share its journey.

Compared to insects or small animals, humans may live
to an age of over 100 years. At the same time, our constituent
cells may have life spans of only hours, develop with errors,
or become diseased or damaged. Thus, these constituent
cells require intrinsic surveillance and maintenance via
systems for repair and/or regeneration during homeostasis,
as well as injury or disease. Repair refers to restoration of
damaged tissue due to aging, disease, or injury.’ Regenerative
processes continually replace blood, bone, and skin, but not
entire organs.® The focus of this article is on repair.

Nature is economical in using her resources, repurposing
or recapitulating developmental processes for repair.®
Nature's recapitulation of development refers to the
processes of (a) activating a cell that has remained in a
quiescent state so that it now begins to wundergo
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differentiation, or (b) switching an already functionally
differentiated cell back to a growth-competent de-
differentiated state, so that it can be used for repair.* An
example of the former is the pools of quiescent stem cells
that may be reactivated in response to injury. For example, a
cell in an active state, such as an axolotl connective tissue
cell, is induced to revert to an earlier undifferentiated
growth-competent state following experimental limb
amputation.’ It is important to note, however, that in some
cases, such as the visual system, only some of the
developmental mechanisms that initially establish circuitry
are available for reactivation in adulthood.® Our goal in this
article is to motivate a nature-inspired solution methodology
based upon recapitulating development for repair, or
developmental bioengineering.

Integrating top-down and bottom-up: a bioengineering
methodology to recapitulate development for repair

Embryogenesis emerges from a continual crosstalk, or
dynamic feedback, between the inseparable embryonic and
post-embryonic cells.” Historically, the field of embryology
has taken a “top-down” approach to revealing dynamic
feedback, such as grafting salamander tissue from the left to
the right side of the body to induce (i.e., influence by close-
range tissue interaction) additional supernumerary limbs.”
Here, the starting point is the whole animal, which becomes
a supportive structure for the grafting of tissue. More
recently, the field of developmental biology, a scion of
embryology, has emphasized “bottom-up” methodologies.
These begin with in vitro models in which individual building
blocks (stem cells) self-organize into complex forms, and
ultimately into an entire embryo.®

Integration of top-down and bottom-up methods are
gaining traction in synergies between biologists and
engineers working on both development and repair of tissues
and organs. For example, top-down technologies, such as
bioprinting and microfluidics, have been used to provide
micro-environments, or niches, that support self-organizing
cells for bottom-up fabrication of tissue. And yet, there
remains little guidance in bioengineering for selecting
particular methodologies that integrate bottom-up self-
organization with top-down supportive niches.

As illustrated in this perspective article, a nature-inspired
approach to recapitulating development may offer a new
developmental bioengineering methodology for tissue and
organ repair in three ways: (1) by identifying a set of “bottom-
up” normative models by which nature builds tissues and
organs from progenitor cells during development, (2) by
recapitulating these bottom-up developmental processes
in vitro by using stem cells to grow tissue and organ-like
structures, called organoids, and (3) by implementing “top-
down” technologies that provide specific supportive niches
for growing structures at each level of developmental
complexity, from hydrogel matrices for growing personalized
tissue, to embedded 3D printing of supportive scaffolds for

This journal is © The Royal Society of Chemistry 2020
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Parylene sheet

Implanted RPE monolayer
integrates via assembly with
existing retinal structures
and choroid

Cells differentiate into
local ensembles to form
an RPE monolayer

Circular regions fabricated to Retinal pigmented epithelial
form a patterned substrate for p—) (RPE) cells grown on the
growing cells patterned substrate

Fig. 1 Top-down supportive niches and bottom-up self-organization
are integrated in this example of retinal pigment epithelium (RPE)
repair.

repair at the organ level of the spinal cord. To be successful
in this endeavor, bioengineers will be faced with devising
top-down strategies that emulate the supportive niches
nature provides at successive levels of organizational
complexity of bottom-up development. Fig. 1 provides an
illustration of a “top-down” supportive niche to repair the
retinal pigment epithelium (RPE), discussed in a later
section.

Table 1 offers an organizational framework for bottom-
up developmental models, based on a methodology for
nature-inspired engineering proposed by Coppens,” and
adapted to biomedical engineering by Perera and
Coppens.'® This methodology applies fundamental
mechanisms underpinning desired, superior properties in
the natural system to inform the design and
implementation of solutions to an engineering challenge.
In this design approach, the key concepts abstracted from
nature typically require adaptation to acknowledge
contextual differences between the source of inspiration in
nature, and the engineering application, for example due to
the aforementioned differences between in vivo synthesis
and manufacturing. Each mechanism in Table 1—self-
organization, dynamic feedback, differentiation into local
ensembles, assembly of these ensembles into larger groups,
and formation of integrated ecosystems—encapsulates a
developmental process. Table 1 further proposes model-
specific ~ bioengineering niches that may support
recapitulation of development with respect to each of the
models from the bottom-up. Table 2 then provides a
translational step that outlines top-down bioengineering
technologies to support repair of diseased or damaged
organs. This perspective article includes a case study with
two illustrations of translation: (1) repairing the retina of
the aging human eye following macular degeneration
(Fig. 2), and (2) promoting growth of relay circuits to repair
the human spinal cord following injury (Fig. 3).

To begin, let us progress through the successive
developmental processes by which nature builds and repairs
with special reference to mammals. Each section corresponds
to a mechanism in Table 1.
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Table 1 Bottom-up developmental mechanisms and engineered niches for in vitro recapitulation of development, using a nature-inspired solution

methodology
Bottom-up
developmental Application: niches for in vitro
mechanism Nature-inspired concept Nature-inspired design recapitulation of development
Self-organization and Morphogens and mechanical forces guide Geometrically patterned Laboratory stem cell conversion and
symmetry breaking  stem cell differentiation and organization substrates and signaling self-organization

centers
Dynamic feedback Mechanochemical transduction Designer biomaterials with Hydrogels with transplanted stem
between cells and cell/niche communication cells as a synthetic niche for tissue,
environment such as bone repair
Differentiation into  Cell type diversity, e.g. in the retina or spinal =~ Heterogeneous cell Tissue for retina and spinal cord
local ensembles motor neurons composition repair
Assembly of local Organogenesis: “Organizers” in organs by Bioprinted structures using Organ chips for eye, intestine, kidney,
ensembles into orchestration of interactions between tissues ~ microfluidic chips, with lung, brain

larger groups

Formation of Holobiont: emergent behavior from dynamic,
integrated integrated signaling pathways between host
ecosystems and microorganisms

tissue-tissue exchange

Transplantation of engineered = Microbiota-based treatments to

bacteria in gut. ECOFABs alleviate gut infections or brain
development

Fluidically interconnected Homo chippiens

organoids

Table 2 Top-down technologies that support nature-inspired repair of retina and spinal cord structure

Bottom-up

developmental model Top-down technologies for repair

Mechanism Retina Spinal cord

Self-organization In vitro self-assembly of pluripotent stem cells Reactivate growth capacity of neural stem cells (descending
propriospinal neurons)

Dynamic feedback Use growth factor to promote axon pathfinding and Provide axon growth-supportive substrate; provide growth

between cells and target matching factors and chemo-attraction

environment

Differentiation into local Transplant sheet of differentiated retinal epithelial Establish new relay circuits

ensembles cells derived from stem cells into retina

Assembly of local Assembly occurs via new synaptic connectivity Use activity-based therapy, pro-regenerative chemical

ensembles into larger

environment and pulsed epidural stimulation to promote

groups synaptic connectivity
Formation of integrated Integrate looking with other sensory modalities via Targeted neurotechnology: program of spatio-temporal
ecosystems active exploratory behavior for agent-environment stimulation to re-establish voluntary control of locomotion,

ecosystem

How nature builds

Self-organization. Self-organization is a “bottom-up”
assembly process in which cells are guided by gene-regulated
signaling to form patterns and become part of a larger
whole.> During development, nature builds with self-
organizing progenitors, called embryonic stem cells, derived
from the inner cell mass of the developing embryo."
Embryonic stem cells are pluripotent, meaning that each is
able to give rise to all types of body cells.’* Cell fate, the
functional identity that a stem cell assumes as it
differentiates, results in the first place from the differential
expression of regulatory genes. Then, these genes are

1170 | Mol Syst. Des. Eng., 2020, 5, 1168-1180

including ecological settings

organized into networks, such that each cell may be defined
by the particular gene regulatory network (GRN) that is extant
at a particular moment in time.'> GRNs control precisely
when and where a specific tissue-shaping process will
occur.™

The constructive power of self-organization has, as its
partner, the process of symmetry breaking.'” Symmetry
breaking occurs as an initially homogeneous signal gives rise
to a signaling gradient that promotes changes in cell fate.'®
An example is breaking the anterior-posterior symmetry that
occurs during mammalian gastrulation, the formation of
three germ layers."” In the 1950s, the great mathematician

This journal is © The Royal Society of Chemistry 2020
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Fig. 2 Retinal pigment epithelium (RPE) repair by retinal patch for wet, age-related macular degeneration (AMD) of the human eye. Several
developmental mechanisms are utilized: self-organization, dynamic feedback between human embryonic stem cells (hESC) and the environment,
and differentiation. Expanded and differentiated stem cells are introduced as a monolayer on a synthetic polymer film; this patch integrates within
the RPE and closes a hole in Bruch's membrane (associated to AMD), thus preventing the choroid (vascular layer between retina and sclera) to
break through to the conical photoreceptors. Thus, the nature-inspired concept of “recapitulating development for repair via stem cells” is used to
inform a retinal patch design that is implanted in the eye. In early-stage human trials, patients reported a remarkable increase in reading speed.

Adapted by permission from SpringerNature: Nature Biotechnology,®>®®

Alan Turing turned his genius to biological processes. He
gave the name “morphogens” to, then unknown, signals
choreographing self-organization and symmetry breaking. We
now know that morphogens are chemical informational
molecules, reacting together and diffusing through a tissue,
which can determine the fate of a cell by means of their
concentration.'® It is noteworthy that Turing and subsequent
scientists have also recognized that mechanical forces play
significant roles in morphogenesis. For example, the villi in
the gut form via morphogen-driven mechanical buckling,'*
while intestinal smooth muscle is patterned by molecular
signals, and aligned by mechanical forces." As we shall see,
by leveraging  mechano-chemical feedback loops,
bioengineers have been able to induce cell and tissue
morphogenesis.>

Bioengineers use both two-and three-dimensional in vitro
models to emulate development. Two-dimensional in vitro
systems have been used to model self-organization during
embryogenesis, driving morphogens to differentiate
embryonic stem cells into ectoderm, endoderm, and
mesoderm layers. One illustration of how these models are
used placing embryonic stem cells on a
geometrically micro-patterned substrate. This system
recapitulates in vitro how specific morphogens provide
signals for guiding self-organization."®*' For example,
Deglincerti et al have demonstrated that stem cells
geometrically confined on a morphogen-laden two-
dimensional disc formed distinctive concentric rings,
emulating the differentiation of embryonic germ layers.*
But, as noted by Manfrin et al, differentiation into radially
symmetric rings does not completely capture the symmetry
breaking seen in development of natural systems.>* To make
such models more physiologically plausible, Manfrin et al.
have developed engineered microfluidic signaling centers,

involves

This journal is © The Royal Society of Chemistry 2020
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localized groups of cells that secrete morphogens, creating
counteracting gradients that break radial symmetry.*® Three-
dimensional in vitro models, discussed below in the section
on “Assembly of Local Ensembles into Larger Groups”,
capture to an even greater degree the forms built by nature.

For decades, leveraging nature's assembly process to
emulate repair of human tissue required that bioengineers
have available a supply of human embryonic stem cells.
However, embryonic stem cells have historically been in short
supply, or were unavailable due to ethical concerns. In a
stunning Nobel prize-winning breakthrough in 2006, building
upon earlier work by John Gurdon and colleagues,*
Yamanaka and his team discovered how to induce somatic
(body) cells to return to their pluripotent state for use in
in vitro stem cell technologies.>® These induced pluripotent
stem cells, or iPSCs, are not derived from an embryo, but
may still be used for in vitro exploration of embryonic
development, tissue repair, and regeneration. With an
abundant supply of iPSCs available through the use of
“Yamanaka factors”, a revolution has ensued in the field of
regenerative medicine. An example of the potential of iPSC
for emulating nature is their direct conversion into neural
progenitor cells (NPCs) that may be used to Dbetter
understand brain function, development, and disease.?® Such
laboratory in vitro stem cell conversion techniques require an
understanding of the role of the cell environment for
development in nature.

Dynamic feedback between cells and environment. In
both natural and in vitro systems, stem cells are inseparable
from the signaling pathways and mechano-chemical
properties of their environment or “niche”. The cell niche
includes not only its extracellular matrix, or ECM (e.g,
integrins, fibronectin/collagen, basement membrane), but
also secreted factors (e.g:, chemokines) and inflammatory

Mol. Syst. Des. Eng., 2020, 5, 1168-1180 | 1171
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Fig. 3 Spinal cord injury (SCI) repair by three different developmental bioengineering approaches. The top two use neural progenitor cells (NPCs):

cerebrospinal tract axon regeneration is achieved via an NPC graft*>°!

or a 3D printed, biomimetic hydrogel scaffold in which NPCs grow,®® using

different variants of the nature-inspired concept of “establishing new relay circuits to promote synaptic connectivity”. This involves several
developmental mechanisms: self-organization, dynamic feedback between NPCs and the environment, differentiation into local neuronal

ensembles, and assembly of these as axons grow into the graft or

through the scaffold, and synaptic transmission is restored. The bottom

example®* concerns targeted neurotechnology to restore walking and cycling after SCI; it uses the nature-inspired concept of “spatially selective,
time-dependent stimulation, which activates specific motor neurons and adaptively controls muscles” via an implanted pulse generator delivering
real-time epidural electrical stimulation at specific locations on the spine. Crucially, this is combined with “ecological settings” via activity-based

therapy, using over ground locomotor training. After some months of
cycle, with or even without EES, delivered via a program run through

SpringerNature: Nature Medicine,**°°* copyright 2016, 2018 and 2019,

factors, such as macrophages.”” The cell and ECM are
inseparable, in the sense that genetic patterning and physical
tissue morphogenesis are interlinked via a dynamic
feedback.'® Through the of advanced imaging
technologies, we now know that cells sense and regulate
ECM mechanics, so as to maintain tissue-level structural
integrity and functionality.>® Characterization of the ECM

use

1172 | Mol. Syst. Des. Eng., 2020, 5, 1168-1180

rehabilitation with EES, patients with paralyzed limbs were able to walk or
a voice-controlled watch and a mobile app. Adapted by permission from
and Nature,®* copyright 2018.

reveals that cells interact with their environment through
receptors, such as integrins. Cells convert mechanical stimuli
from the ECM into biochemical activity by means of a
process of mechano-transduction, promoting activation of
intracellular signaling and gene transcription.>®
Breakthrough technologies in chemistry and materials
science have advanced the laboratory formulation of

This journal is © The Royal Society of Chemistry 2020
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“designer biomaterials” for emulating niches inspired by
3% These synthetic cellular niches include multiple
covalently crosslinked polymer hydrogels, with specific
parameters (crosslinking density, degradability, fiber
architecture, and viscoelasticity). Each of these parameters
emulates the dynamic mechanical properties of the ECM.*° A
major advance in the engineering of ECM-based biomaterials
is ECM hydrogels, containing polymer networks and water
molecules.’” Experiments in the relatively new field of
mechanobiology have demonstrated that it is possible to
repair tissue, such as bone (e.g, the mandible), by
transplanting stem cells on or within hydrogel matrices of
defined stiffness and viscoelasticity.”> There are several
means of fabrication with ECM hydrogels, including soft
lithography, electrospinning, and extrusion-based 3D
printing.>® For example, ECM scaffolds may be fabricated as
patch grafts placed on damaged tissues, or may be directly
injected into tissue.*® Stem cells may be cultured in matrices
with specific stiffness prior to their delivery to a local site,
such as skeletal muscle.*

Differentiation into local ensembles: retina and spinal
cord. Charles Darwin wrote that the mammalian eye caused
him to doubt that random selection could produce the
intricate complexity of nature.* It is fortunate, perhaps, that
he did not know that the human retina contains about 100
million rod photoreceptors, or he might never have
completed his scientific masterpiece. Since Darwin, more
than a century of scientific study of the eye has revealed
much about its complexities, as well as its vulnerabilities.
Consider development of the retinal pigment epithelium
(RPE) of the eye. The RPE is a monolayer of cells that
maintains the health and integrity of the retinal
photoreceptors. Tight junctions between adjacent RPE cells
form a barrier that allows the RPE to control flow of nutrients
and metabolites from blood. RPE cells also replenish
photoreceptor pigments and contribute to the immune
function.®® As discussed below, in age-related macular
degeneration (AMD), the failure of the RPE degrades the
cone-rich cells of the retina and leads to eventual
blindness.

The human retina exhibits stunning complexity, as well as
specializations achieved only in primates. It is comprised of
about 100 different cell types that form specific synaptic
connections and reside in  functionally distinct
microcircuits.*® During development, axons (outputs) from
retinal ganglion cells (RGCs) grow out of the eye down the
optic nerve, and when they reach the optic chiasm at the base
of the brain, they either cross or remain on the same side, to
find their respective brain targets.’” There are also critical
wiring events within the retina that determine the features in
the outside world to which a given RGC and its target neuron
in the brain will respond.”” RGCs lack the capacity to
regenerate, and degenerative diseases that cause retinal and
RGC damage result in vision loss. Repair of the retina to
attempt to reverse such vision loss is discussed as a case
study below.

nature.
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A dramatic level of circuit complexity is evident also in the
connectivity between brain, spinal cord, and muscles. Skills
such as walking, or reaching and grasping with the hand, are
made possible by interactions between multiple regions of
the brain and spinal cord. The spinal networks that govern
the precise sequencing of muscle contractions arise from the
interactions among spinal motor neurons, as well as from
sensory input of inhibitory interneurons and proprioceptive
afferents.*®*® Spinal motor neurons differentiate into eleven
distinctive populations during development.”® These cell
groupings make it possible to reciprocally activate flexor and
extensor muscles, and to recruit muscles in a graded fashion,
crucial for engaging distinctive locomotor patterns such as
walking versus swimming or climbing.***!

There are multiple sources of input converging on the
spinal cord. The cortico-spinal tract, which arises from the
cerebral cortex and projects to the spinal cord, is critical for
enacting a decision to perform particular functional
activities, such as reaching for an object, and/or walking.**
Somatosensory feedback from proprioceptive afferents
residing in the dorsal root ganglia of each spinal cord
segment transmits information about the state of muscle
contraction.*® Proprioceptive information reaches spinal
circuits throughout the spinal cord to stabilize and refine
motor output.** Chedotal®® identifies the developmental
process of molecular guidance by which sensory axons find
their targets within the spinal cord, and motor neurons exit
the spinal cord to reach their targets. Such knowledge is
critical, because restoration of function following disease or
injury may recapitulate the developmental process by which
axons create new circuits by following molecular pathways.
An implication of the discovery of nature's intrinsic repair
process for establishing new connectivity as the basis for
differentiated local assemblies is that it may be possible to
(1) reactivate the chemical molecular axon guidance pathways
in the injured adult spinal cord to repair lesioned circuits, or
(2) activate the formation of “detour circuits” that bridge or
bypass the lesion.*****” Leveraging detour circuits to repair a
spinal cord injury is discussed as a case study in a further
section.

Assembly of local ensembles into larger groups. During
the developmental period called organogenesis, the three
germ layers form the major internal and external organs.*®
Organogenesis requires an orchestration of interactions
between neighboring tissues, made possible by morphogen
gradients emanating from signaling centers, called
“organizers™.””*° The advent of in vitro three-dimensional cell
aggregates, called “organoids”, has now revealed key secrets
of how tissue interactions promote formation of body organs.
Organoids that are grown from embryonic stem cells, or from
iPSCs, recapitulate organ development within their
surrounding niche.”* Thus far, organoids that emulate the
major human body organs, including the eye, intestine,
kidney, and brain have all been grown in the laboratory.”* It
is important to note, however, that such organoids are
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considerably reduced in size, and may lack a vascular system
to supply blood that nourishes and maintains cells.

Body organs with diverse architectures, such as the kidney,
develop higher order structures by virtue of self-organizing
interactions of a variety of cells, as well as by the mechanical
influences of fluid flows.”® In nature, kidney nephron
progenitors form a convoluted proximal tube that resorbs
nearly 100% of glucose, albumin, phosphate, amino acids, and
other organic solutes.’ Lin et al. have been able to recapitulate
a 3D vascularized proximal tube in vitro by means of a process
called bioprinting.”> A Pluronic ink is used to 3D print the
convoluted tube shape. This is then cast, the ink is evacuated,
and the open lumens emulating vascular channels are seeded
with proximal tube epithelial cells and vascular endothelial
cells. Lin et al. have found that the bioprinted structure exhibits
active reabsorption via tubular-vascular exchange of solutes, as
invivo kidney tissue does.>

In order to recapitulate the development of the
glomerulus vasculature, Homan et al cultured kidney
organoids under different flow conditions within microfluidic
chips.”® At a high rate of fluid flow, they found enhanced
vascularization (a five-fold increase in vessel percent area
compared to organoids cultured under low flow). The cells
that regulate selective permeability in the glomerulus are
called podocytes. Musah et al. co-cultured human iPSC-
derived podocytes with a layer of human kidney glomerular
endothelium as a nature-inspired recapitulation of
glomerular-capillary-wall function.>* Their microfluidic device
emulates the tissue-tissue interface and molecular filtration
capabilities of the glomerular capillary wall.

Perhaps the greatest scientific and ethical challenge in
recapitulating development is the attempt to build an entire
embryo in vitro. Since publication of the 1984 Warnock
report, ethicists and scientists have agreed that research on
human embryos should be limited to the first 14 days of
development, what is now called the 14 day rule.’>*’ This is
just prior to the stage of human gastrulation, and the
beginnings of the nervous system.”®

To address questions about how embryos develop beyond
gastrulation, scientists have turned to other mammalian
models, most notably mice and non-human primates. The
raw materials required for developing a mouse embryo
in vitro consist of three stem cell types found in the natural
mammalian embryo: embryonic, trophoblast, and extra-
embryonic stem cells. The latter are the precursors of the
yolk sac and placenta, respectively.” It has been possible to
generate embryo-like structures in mice by culturing these
three types of stem cells together, and allowing crosstalk
between them.’® Thus far, in non-human primates, embryos
in culture recapitulate in vivo development up to gastrulation,
but only a fraction (less than 25%) develop normally beyond
this stage.®® Together, then, experiments with organoid
models reveal that interactions between neighboring tissues
induce the formation of higher-order structures. Organs,
themselves, form higher-order networks, here called
integrated ecosystems.
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Integrated ecosystems. Humans perceive and act at an
ecological level of functioning - interacting with other
individuals to grow food, procreate, build shelters, engineer
machines that allow us to fly, synthesize medicines to
promote health and fight disease, and create symbol-based
systems for communication and artistic expression. Thus, we
think of ourselves as behaving at the macroscopic scale with
our head, hands, and heart.®’ However, by changing our
inquiry to include interactions of the body's functional units
at all scales,’® it becomes evident that each of us is a
macroscopic host to trillions of micro-organisms that are
guided by, and may guide, our behavior.®® Indeed, from a
microbial perspective, we are holobionts - dynamic
ecosystems, comprising a host and its associated
microorganisms.®® Ecological models, such as the holobiont,
promise new advances in bioengineering for understanding
disease and improving human health.

An ecosystem model of the mammalian intestinal tract
and nervous system, called the gut-brain axis, reveals the
surprising ways by which bidirectional biochemical signaling
between the intestinal tract and brain influence our behavior
and health.®® A set of gut-brain pathways enable bottom-up
modulation of brain function and behavior via neural,
endocrine, and immune systems, as well as top-down
influence of our nervous system and emotional states. A
specific illustration is how digestion of carbohydrates and
proteins may modulate brain function and behavior.

The principal metabolites produced by Dbacterial
fermentation of dietary fibers in the gastrointestinal tract are
short-chain fatty acids (SCFA), such as acetic acid, propionic
acid, and butanoic acid.®® SCFAs may influence gut-brain
communication and brain function directly or indirectly via
immune, endocrine, vagal (i.e., vagus nerve), and other
humoral pathways.®® SCFAs modulate levels of neurotrophic
factors and contribute to  biosynthesis of the
neurotransmitter serotonin, thus directly or indirectly
modulating processes associated with neural functioning,
learning, memory, and mood.*® Also critical for
understanding gut-brain influences is the finding that SCFAs
regulate the tissue macrophages of the brain, called
microglia.®” Macrophages, including microglia, are the only
immune cells that appear to populate the healthy brain and
spinal cord.®® Microglia play a critical role not only in the
development of the brain, but also may overreact to the
build-up of amyloid plaques and tau filaments, and drive
neurodegenerative and neuro-inflammatory diseases of the
nervous system.®’

With the advent of accurate and cost-effective
characterizations of the microbiome of a host and a
recipient, the near future holds the significant potential for
microbiota-based therapeutic interventions into gut and
brain health. For example, one of the most successful
procedures for treating Clostridioides difficile infections has
been transplantation of fecal microbiota from a host to a
recipient.”® Caveats still remain, though, due to the
complexity and variability of donor stools.”* Probiotics, live
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micro-organisms that may confer a health benefit when
consumed in adequate amounts, are now widely available to
consumers. However, their effectiveness remains debatable.”>
Other approaches are also on the horizon, such as treating
inflammatory bowel disease by engineering bacteria that
assemble in situ a scaffold for reinforcing the barrier function
of the mucosal layer of the gut epithelium.”® A particularly
promising microbiota-based approach may be to prevent later
disease by intervening in early life to promote microbiome
development.”* However, precisely how to achieve this goal
remains unclear. Overall, then, the challenge for bioengineers
will be to continue to develop interventions that modify a
person's microbiome in order to influence brain
development, as well as to alleviate gut infections and neuro-
inflammatory diseases of the nervous system.®®

Recognition of the pervasive communication between
body organs has additionally fomented a revolution in the
bioengineering of organ-scale and multi-organ in vitro
systems. Some of these systems are designed specifically as
physiologically-based pharmacokinetic models for evaluating
human drug responses, while others serve as niches for
inducing growth of multiple progenitors, in order to build
synthetic organs with highly differentiated compartments,
such as kidneys.®”> Among these systems are (1) body-on-
chip organ systems, fluidically-linked to emulate integrated
multi-organ function,”>”® (2) body-on-chip organoid systems
that consist of fluidically interconnected organoids,”® and (3)
EcoFABs, specially-designed as microbial ecosystems coupled
with standardized workflows, computational tools, and
computational models.®*

Case study: repair of retina and spinal cord

This section presents two case studies. Each illustrates the
nature-inspired approach to repairing human tissue and
organs: (1) surgically implanting a “patch” of cells grown on
a synthetic sheet to repair the retinal pigment epithelium
(RPE) of age-related macular degeneration (AMD) patients,
and (2) implanting stem cells to promote growth of relay
circuits in order to repair a human spinal cord injury.
Together, the repair of two very different organs (eye and
spinal cord, respectively), organized within the same
framework, highlights the generality of the nature-inspired
solution approach. Within this framework, the steps for
integrating the top-down and bottom-up methods are tailored
to the requirements of supporting the growth of implanted
cells to replace injured tissue.

Repairing the retinal pigment epithelium (RPE). AMD is
the leading cause of blindness in industrialized nations,
affecting about 2.5% of the world's population.®’ In AMD,
degeneration of the RPE, associated with changes in
hemodynamic function of the choroid, leads to damage to
the cone photoreceptors.®> The cone photoreceptors of the
retina are enriched in the macula, providing humans with
unique central vision and visual acuity.*® Light reaching the
retina is converted into action potentials in retinal ganglion
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cells and transmitted via the optic nerve to the visual
processing centers of the brain.® For normal vision to occur,
the RPE, the interface with the photoreceptors, must
transport nutrients and remove waste via the choroid, one of
two blood supplies to the retina.**

A developmental bioengineering approach to restoring lost
vision in AMD patients is to repair the RPE, so that it can
again function to provide nutrients and remove waste via the
choroid, and thereby restore photoreceptor function. Table 2
summarizes repair technologies to realize a developmentally
based methodology for RPE, as illustrated by two studies that
have implanted a synthetic RPE into the retina®®® (Fig. 2).

A cell monolayer is the level of organization required to
recapitulate development in order to repair the RPE in AMD
patients. The procedure used by Da Cruz et al. begins as self-
organizing human embryonic RPE stem cells are nurtured
in vitro on a synthetic scaffold, called a “retinal patch”. In the
Kashani et al. study, a 6 um parylene sheet is fabricated with
a smooth surface and circular regions to facilitate cell
adherence and growth factor diffusion.®® In both procedures,
there is a dynamic feedback between the cells and growth
factors as the cells differentiate into local ensembles. Once
implanted, there is a critical developmental step which
involves the integration, via assembly of the implanted RPE
monolayer with the existing retinal structures and choroid.
Results are encouraging: after a period of post-operative
recovery and opportunities for visual experience, vision
improved in most patients.*® Bioengineering advances in
other studies include the use of induced pluripotent stem
cells to implement the processes of self-organization,
dynamic feedback, differentiation, and integration in
repairing the RPE.®’

In order for our eyes to explore the environment and
regulate the information flow across our retinas, our head
must turn this way and that, as our legs carry us to
destinations near and far; looking is integrated with other
sensory modalities. This integration is achieved by the spinal
cord.

Repairing a spinal cord injury. The spinal cord is the
fundamental signal generator that patterns muscle
activations for action via white and grey matter. Head
orientation attunes spinal networks and provides
corresponding afferent input. The white and grey matter of
the spinal cord runs through a cavity in the vertebrae.®®
White matter, the outer cord, contains the long axons of
nerve cells carrying electrical impulses to and from muscles
and sensory organs. Grey matter at the center of the cord
exchanges signals between nerve cells.

Spinal cord damage causes the death of nerve cells, either
through loss of blood supply or by triggering the process of
apoptosis, or cell death. The leading causes of spinal cord
injuries (SCI) include vehicle crashes, falls, gunshot wounds,
and sports/recreation activities. There are approximately
17000 new SCI in the U.S. each year, and up to 500000
worldwide, with about 80% of these cases occurring in males
between 29 and 42 years of age.*’
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Fig. 3 illustrates several developmental bioengineering
approaches for spinal cord injury (SCI) repair. Animal models
demonstrate that following a SCI, there is some spontaneous
reorganization of circuits. After incomplete SCI, intraspinal
projection neurons form new “detour circuits” that relay
descending supraspinal information to sites below the lesion.
In turn, corticospinal and reticulospinal tract neurons sprout
onto these intraspinal relay neurons that connect to regions
below the lesion.”® Such spontaneous circuit reorganization
has motivated repair strategies for both incomplete SCI and
complete SCI. In the former, therapeutic repair is directed
toward augmenting spontaneous relay circuit formation,
while, in the latter, repair strategies seek to restore neural
connectivity by bridging axon regrowth across the blood-
starved and necrotic regions of the damaged cord, even for
short distances, into functional neural tissue.*®

Achieving robust regrowth of axons across lesions requires
(1) activation of intrinsic regrowth programs (driving neural
stem cells’ capacity to self-organize), (2) making available an
axon-supportive growth substrate, and (3) providing growth
factors that are chemo-attractive to axons (exemplifying
dynamic feedback mechanisms).”® Toward that end, synthetic
biomaterials developed as niches for repair have included
injectable and resorbable polypeptide hydrogels for
prolonged release of growth factors that attract growing
axons, and bioengineered scaffolds with linear guidance
channels to direct outgrowth along linear paths. An approach
in the Tuszynski laboratory has been to transplant neural
progenitor cells (NPCs) into an injured spinal cord in order
to form a neuronal relay circuit across the gap.”’ For
example, Kumamaru et al. grafted spinal cord neural stem
cells into rat spinal cords.”® They found not only that the
grafts extended large numbers of axons over long distances,
but also that the grafts integrated into both intraspinal and
supraspinal systems. Next, this group developed a microscale
3D printing method to fabricate a rodent-scaled hydrogel
scaffold loaded with NPCs.”* Remarkably, host axons
regenerated into the scaffold. Moreover, the implanted NPCs
extended axons out of the scaffold and into the host spinal
cord below the injury. Turning again to Table 2 and Fig. 3,
this work illustrates how dynamic feedback within a growth-
supportive niche promotes extension of axons to establish
relay circuits.

A fundamental question impacting the success of axon
repair strategies is an ecological one: how to use newly
formed circuits to restore task-specific behaviors, such as
standing, walking or climbing. This question has been
pursued during decades of animal and human studies of
epidural electrical stimulation (EES) during standing and
walking. These studies find that EES takes advantage of
spared but functionally silent descending pathways, such as
the projections from the reticular nucleus, called the
reticulospinal pathway, in order to produce movements in
paralyzed limbs. Moreover, EES activates motor neurons by
recruiting proprioceptive circuits within the posterior roots of
the spinal cord.
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To better leverage EES, investigators in the Courtine
laboratory have developed treatment protocols for human
SCI patients that surgically implant a pulse generator to
deliver EES trains to lumbosacral posterior spinal roots with
timing that coincides with intended movements.”* This
spatiotemporally modulated EES was used during over-
ground locomotor training with a gravity-assist device, an
example of bio-electronic therapeutics.’® In this study, three
SCI patients followed an intensive gait training program.’*
The protocol included pulse generated EES for
spatiotemporal neuromodulation, inertial measurement units
attached to their feet to adjust spatiotemporal stimulation,
and gravity assist that personalized the amount of force
applied to the trunk for natural energy flow between
gravitational forces and gait dynamics. After less than a
month of training, all three patients were able to walk over
ground during stimulation, and some recovery without EES.
Establishing new connectivity patterns between descending
tracts and spinal neurons illustrates the assembly of local
ensembles into larger groups, and the opportunity for over
ground mobility promotes the formation of integrated
ecosystems (see Table 2 and Fig. 3).

Considered together, surgical repair with the retinal patch
and implantation of cells for growing spinal relay circuits,
used in conjunction with opportunities for functional
activities, offer hope of restoring vision and mobility,
respectively. The development-inspired methodologies
summarized in Tables 1 and 2 may provide a launch pad for
further advances that recapitulate development for repair.

Conclusions and outlook

A systematized nature-inspired solution methodology holds
great promise for developmental bioengineering, extending
success in other areas, from energy and environmental
technology, to chemical process intensification.” We have
illustrated this new framework for discovery and innovation
via two, very different cases of organ repair: the retinal
pigment epithelium (RPE) and the spinal cord. Being
systematic, the proposed methodology allows to move beyond
ad hoc solutions, so that it can be applied more generally to
other bioengineering challenges as well.

The extended nature-inspired solutions framework for
developmental bioengineering helps to
inherently extremely complex research domain. We hope that
this approach may facilitate the proposal of potential
solution pathways, thus spurring and accelerating
innovation. Nevertheless, it must be cautioned that each
implementation in practice still relies on extensive research
and medical trials, requiring widely cross-disciplinary teams
that combine expertise from biomaterials science, chemistry
and chemical engineering, biomedical engineering and
medicine, to robotics, physical therapy, psychology, and

structure an

beyond.
The discussed nature-inspired, developmental
bioengineering approach develops solutions by first
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identifying and then utilizing fundamental mechanisms
underpinning natural developmental processes. These
universal principles include self-organization, dynamic
feedback between cells and their environment, differentiation
into local ensembles, the assembly of these local ensembles
into larger groups, and the formation of integrated
ecosystems. Not discussed in the examples here, but relevant
to other applications,” are hierarchical transport networks
(e.g., in the respiratory or the vascular network) and force
balancing at multiple scales, from nano-confinement effects
(e.g., in cellular membrane transport or in chaperonins) to
capillary action (e.g, in blood vessels) and mechanical force
balancing (e.g., in bones). In living systems, several of these
principles act not individually, but in combination, and then
often synergistically. This combination could be crucial to
support a versatile functional response. Where this is the
case, these mechanisms should preferably be applied jointly
in the bioengineered solutions inspired by them as well. Such
nature-inspired concepts may inform several designs that
embody the key concepts, adapted to the environment in
which they are used. These are implemented in prototypes,
the creation of which benefits from rapid progress in
biomaterials, 3D printing and various nascent manufacturing
precision technologies. Both top-down and bottom-up
synthesis methods can be applied. These prototypes are likely
to evolve by iteration, based on medical outcomes, but also
new fundamental insights, manufacturing methods,
advances in diagnostics, therapies and patient response. To
be successful, a holistic systems approach that appreciates
the context of the application is essential, including
dynamical interaction with the environment in an ecological
setting, here illustrated through the activity-based therapy for
spinal cord injuries.

In this perspective article, the presentation was limited to
repair of tissue and organs. However, nature may also
recapitulate developmental processes for regenerating tissue.
For example, one of the remaining mysteries in
developmental biology is why some animals, such as axolotls,
but not humans, are capable of regenerating body parts.”
Will a nature-inspired methodology provide new directions
for solutions to this and other developmental mysteries?
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