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The field of mechanobiology emerged based on the recognition of the central

role that physical forces play in development and physiology. In this

article, which is based on a lecture I presented at the 2018 Royal Society

meeting on Mechanics of Development, I review work from my laboratory

carried out over the 40 years which helped to birth this field. I will also

describe how we are leveraging the fundamental design principles that

govern mechanoregulation to develop new experimental tools and

organ-engineering approaches as well as novel mechanotherapeutics.

This article is part of the Theo Murphy meeting issue ‘Mechanics of

development’.
1. Introduction
The Royal Society convened a meeting on the ‘Mechanics of Development’ in

February 2018 at Chicheley Hall where scientists and engineers from around

the world shared lessons they had learned about how mechanical forces

impact developmental control. As someone who has worked in this field for

many years, I was asked to present an overview of my contributions to this

field and to provide examples of where I can see this field moving in the

future. This article is therefore not a broad review of the fields of mechanobio-

logy or mechanotransduction, which can be found elsewhere; rather, it simply

summarizes my presentation. However, I do hope it will provide a historical

context for those who are interested in exploring the role of physical forces in

tissue or organ formation, physiological control or disease development, as

well as those who are interested in leveraging the governing mechanobiological

principles that have been uncovered to develop new engineering innovations.
2. Discovery of mechanobiological design principles
All of the work that has emerged from my laboratory over the past 40 years

stemmed from a quest to address the fundamental question of how living

cells and tissues are constructed. At the time I entered the laboratory in the

mid-1970s, virtually all research centred on the role of chemicals and genes in

developmental control. I suggested an alternative concept: mechanical forces

may be equally important for regulation of cell and tissue formation, as well as

for the development of diseases, such as cancer [1,2]. I raised this possibility

on the basis of seeing early movies in an undergraduate developmental biology

course taught by John Trinkaus; these showed how embryos develop and cells

move, which revealed these processes to be associated with major changes in

cell shape and tissue distortion that appeared to be mediated entirely by cell-

generated forces. About the same time, the biologist Albert Harris published

studies using flexible silicone rubber membranes as culture substrates, which

showed that all types of cells generate contractile forces and apply traction to

their substrate adhesions [3]. Judah Folkman had also published an article

demonstrating a direct correlation between cell shape and growth, with more

highly distorted cells proliferating most rapidly [4]. At about the same time,

http://crossmark.crossref.org/dialog/?doi=10.1098/rstb.2017.0323&domain=pdf&date_stamp=2018-09-24
http://dx.doi.org/10.1098/rstb/373/1759
mailto:don.ingber@wyss.harvard.edu
http://orcid.org/
http://orcid.org/0000-0002-4319-6520


rstb.royalsocietypublishing.org
Phil.Trans.R.Soc.B

373:20170323

2
one of the first articles was published that showed that all

living cells contain actomyosin filaments in their cytoskeleton

which are responsible for generating contractile forces [5].

This led me to suspect that forces generated within the

cytoskeleton might regulate tissue growth and development.

I also had another experience during this same period that

had a huge impact on my vision of mechanoregulation and

developmental control, as well as my future career. By

chance, I was enrolled in a sculpture course where I saw a

stick-and-elastic string model built using what is known as

tensegrity (tensional integrity) architecture [6], which flat-

tened when anchored to a substrate, and spontaneously

pulled itself off the substrate and rounded when detached. I

saw this the same week that I had my first experience in cell

culture where I was taught to use trypsin to detach spread

cells from the substrate by clipping their anchors. These

cells popped off the culture substrate and rounded up much

like the tensegrity models. Given the recent finding that all

cells have an internal contractile cytoskeleton, this led me to

assume that cells were also tensegrity structures.

Tensegrities are structural systems composed of multiple

components that establish their three-dimensional form and

shape stability (e.g. mechanical stiffness) through the

establishment of a tensile ‘prestress’ (pre-existing state of

isometric tension), rather than by continuous compression.

Tensegrity sculptures commonly gain their shape stability

by interconnecting multiple isolated compression-resistant

struts (e.g. steel beams) with a continuous series of tensile

cables that establish a mechanical equilibrium with an

internal prestress. To explore the possibility that cells might

be tensegrity structures, I built similar stick-and-string

models using elastic tension cables, and I was able to visual-

ize for others how tensegrity cell models can replicate cell

spreading on a rigid substrate, as well as how they become

rounded when detached; these models even pulled flexible

substrates into wrinkles [2,7], much as had been observed

with cells cultured on flexible silicone membranes [3]. I also

built a large cell tensegrity model containing a nucleus that

was built by similar tensegrity principles and attached to

the larger cell model by addition of tensile elastic cables.

This nucleated tensegrity cell sculpture exhibited coordinated

extension of the cell and nucleus when the cell model spread

across a substrate, again replicating behaviours observed in

living cells [8]. Importantly, we later experimentally con-

firmed that cells behave mechanically like tensegrity

structures, and that contractile (tensile) forces generated in

actomyosin filaments and resisted by both internal com-

pression-bearing microtubules and external adhesive tethers

are responsible for stabilizing cell shape and mechanics [9].

We also demonstrated that intermediate filaments physically

couple the nucleus to the cell surface [10], and developed a

computational model of cellular tensegrity based on first

mechanistic principles that effectively predicts both quantitat-

ive and qualitative mechanical behaviours of multiple types

of living cells [11,12]. Using green fluorescent protein

(GFP)-labelled cytoskeletal proteins, we also confirmed that

actin stress fibres are tensionally prestressed [13] and that

microtubules bear compression in living cells [14]. To accom-

plish this, we had to develop multiple new experimental

manipulation and analysis techniques (e.g. cell magneto-

metry and laser nanoscissors), which have been useful for

other groups in probing the role of mechanics in cell and

developmental control.
The tensegrity model also provided a potential explanation

for how physically deforming the shape of a tissue, as

observed in the embryo, could influence cell growth and func-

tion. Studies with stick-and-string tensegrity models showed

that when cells are deformed, their internal cytoskeletal fila-

ment networks rearrange in a coordinated manner much like

how our muscles and bone change their relative positions

when we distort our bodies. Importantly, work from many

laboratories has revealed that much of the cell’s biochemical

machinery that mediates signal transduction, metabolism

and protein synthesis as well as RNA synthesis and DNA

replication involves ‘solid-state’ biochemistry: many of the

participating enzymes and substrate are immobilized on mol-

ecular scaffolds at the membrane, in the cytoplasm or within

the nucleus (reviewed in [15]). As physical deformation of

individual molecules or molecular assemblies can influence

their thermodynamic and kinetic behaviours, this provided a

way to link changes in cell shape to alterations in intracellular

biochemistry that mediate cell fate decisions [16].

As I mentioned above, Judah Folkman had shown that

there is a direct correlation between cell shape and growth

in the 1970s; however, critics argued that these findings

could be explained by changes in cell-matrix adhesions or

soluble factors. Thus, to test this idea directly, it would be

necessary to devise an experimental system whereby we

could vary cell shape in a controlled manner independently

of changes in extracellular matrix contacts or soluble factors.

We accomplished this working in collaboration with George

Whitesides by using a soft lithography-based microcontact

printing method he developed to microfabricate single cell-

sized adhesive islands coated with a constant saturating den-

sity of extracellular matrix separated by non-adhesive regions

[17]. Using this method, for example, it is possible to make

round fibronectin-coated islands in progressively smaller

sizes such that individual cells spread and take on a round

pancake-like form on the large islands, exhibit a more com-

pact cupcake-like shape on a mid-sized island and appear

almost spherical like a golf ball-on-a-tee on the tiniest

island. When we cultured various types of cells on these sub-

strates in chemically defined medium containing a saturating

amount of soluble growth factor, we found that spread cells

proliferated, near spherical cells underwent apoptosis and

moderately spread cells switched on a differentiation pro-

gramme [17–19]. Later, by making square-shaped islands

(and cells), we could show that when stimulated with moti-

lity factors, these cells preferentially extended motile

processes from their corners in the regions of highest stress

[20]. In short, we were able to confirm that physical distortion

of cells does indeed switch them between different fates, even

in the presence of an excess amount of soluble growth factors.
3. Molecular basis of cellular
mechanotransduction

At the time I entered research, it was well known that phys-

ical forces due to blood flow, shear, weight-lifting and gravity

influence tissue form and function at the macro-scale, and

some groups had even demonstrated experimentally that

mechanical forces can influence cell behaviour in vitro. How-

ever, no one could explain how cells sense and respond to

mechanical forces at the molecular level, or what is known

as ‘cellular mechanotransduction’. One of the most important
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insights that emerged from the cellular tensegrity model is

that, if this building system is used to stabilize internal cell

structure, then mechanical forces should be preferentially

transmitted across the cell’s surface via molecules that phys-

ically connect external adhesive scaffolds (e.g. extracellular

matrix and cell–cell adhesion receptors) to the internal cytos-

ketal framework of the cell. This led us to predict that

transmembrane cell surface matrix receptors, such as integrins,

should act as ‘mechanoreceptors’ in that they would provide a

specific molecular pathway for sensing mechanical signals and

transmitting them across the plasma membrane [2].

To test this hypothesis, we developed a cell magnetome-

try technique in which we coated micrometre-sized

magnetic beads with ligands for integrins or other cell surface

receptors, bound them to cells and then applied twisting

(torque) or pulling (tensional) forces to the cells over these

specific molecular connections. This work led to the first

experimental demonstration that integrins do indeed serve

as mechanoreceptors, and that they transmit these forces

across the cell surface and to the cytoskeleton [9]. By measur-

ing how far the beads distorted in response to the applied

stress, we were able to carry out stress–strain analysis on

individual living cells. This analysis revealed that living

cells exhibit a linear stiffening response by increasing their

stiffness in direct proportion as the applied stress is raised,

that this response is mediated by all three cytoskeletal fila-

ment networks (actomyosin filaments, microtubules and

intermediate filaments) and that the overall stiffness is

governed by the level of prestress (isometric tension) in the

cell [9]. All of these results were predicted by both stick-

and-string cellular tensegrity models [9] and a mathematical

formulation of this theory [12].

Our group and many others went on to demonstrate that

mechanical forces transmitted across integrins alter cellular

biochemistry and gene transcription via multiple signalling

mechanisms. For example, we demonstrated that pulling on

integrins with ligand-coated magnetic beads activates the

entire cyclic AMP signalling pathway from activation of het-

erotrimeric G proteins in the submembranous focal adhesion

complex that forms at the site of integrin binding to stimulat-

ing adenyl cyclase and nuclear transport of phospho-CREB, to

induction of gene transcription, whereas applying the same

force to transmembrane metabolic receptors did not produce

this effect [21,22]. However, the most rapid mechanochemical

transduction response we could detect in non-sensory cells

(endothelial cells) was within 5 ms after applying mechanical

stress to integrin receptors [23]. This ultra-rapid mechanical

signalling response was mediated by force transfer from integ-

rin to a stress-sensitive ion channel in the membrane within the

focal adhesion, known as TRPV4. Moreover, when we

knocked down this ion channel in endothelial cells, they lost

their ability to reorient in response to application of mechanical

strain through their matrix adhesions [24]. Thus, these studies

confirmed that integrin-mediated mechanochemical transduc-

tion is both biologically interesting and physiologically

relevant for developmental control.
4. Mechanical control of embryonic organ
formation

Based on our numerous studies that demonstrated the central

role that mechanical forces and cell shape distortion play in
control of cell growth and function in vitro, we decided to

ask whether similar mechanobiological regulatory mechan-

isms are used in vivo. As we had done much of our culture

work with capillary endothelial cells, we explored whether

physical forces regulate angiogenesis (capillary blood vessel

formation). In these studies, we showed that implanting

extracellular matrix gels with different mechanical compli-

ance resulted in different angiogenic responses, with

optimal capillary ingrowth being observed in gels with

moderate stiffness [25]. Interestingly, cultured capillary endo-

thelial cells also exhibited higher expression of the angiogenic

factor receptor, VEGFR2, on moderate stiffness gels, and this

mechanical signalling mechanism was found to be mediated

by the Rho inhibitor, p190RhoGAP, which modulates the

balance of activities between two antagonistic transcription

factors, TFII-I and GATA2, that govern gene expression of

VEGFR2. By modulating the relative expression of these

two transcription factors, we could also control mouse retinal

angiogenesis in vivo. Thus, mechanical forces do indeed

play an important role in control of the development of

living tissues.

We then explored whether physical forces are important

for embryonic organ formation, which is what first inspired

me to pursue this path of investigation. We chose the embryo-

nic tooth as a model system because, like many other organs,

it is controlled through epithelial–mesenchymal interactions.

However, in contrast to other organs that exhibit highly com-

plex branching patterns (e.g. lung, pancreas and salivary

gland), tooth forms as a result of the epithelium forming a

single bud that extends down into the underlying stroma,

which then folds back up on itself once to form the roots of

the tooth. The tooth also is one of the most highly character-

ized model of organogenesis as many of the genes and

morphogens that mediate odontogenic (tooth forming) sig-

nalling cascades have been identified; however, we still do

not understand how a living tooth is physically constructed

from living cells and extracellular matrix.

The formation of the tooth, like other epithelial organs, is

initiated through a process known as a ‘mesenchymal con-

densation’ in which loosely distributed mesenchymal cells

suddenly group together to form a compact cell mass directly

beneath where the first epithelial bud will form. Interestingly,

the size and shape of the condensed mesenchymal cell mass

also dictates the final three-dimensional form of the organ

[26], and past embryonic tissue recombination studies have

shown that the source of the mesenchyme governs tissue

patterning (histodifferentiation), whereas the epithelium

determines which specialized functions will be expressed

by the lining cells (cytodifferentiation) [27]. Given that

mesenchymal condensation drives the cell fate switches

that drive development in multiple organs, we explored

whether this process could be governed by a physical

signal associated with cell compaction.

Using mouse embryonic tooth as a model system, we

showed that mesenchymal compaction occurs because the

overlying embryonic epithelium secretes two opposing moti-

lity factors—the motogen FGF8 and the repulsive factor

Semaphorin 3A [28]. FGF8 is present in a shallow gradient

and reaches deep into the underlying stroma, stimulating

all mesenchymal cells to migrate towards the basement mem-

brane. At the same time, Semaphorin 3A appears in a steep

shallow gradient that pushes back against the approaching

cells, causing them to ‘condense’ and form a tightly packed



rstb.royalsocietypublishing.org
Phil.Trans.R.Soc.B

373:20170323

4
cell mass directly beneath the epithelium. We could visualize

these gradients using immunostaining in histological sections

of developing tooth, and impressively, we could stimulate

artificial mesenchymal condensation in vitro by culturing

embryonic dental mesenchymal cells within a microfluidic

channel where we established similar opposing gradients of

both factors. Interestingly, using micro-engineered adhesive

islands to control the shape of individual cultured mesen-

chymal cells, we could show that it is the rounding of these

cells that results from cell compaction, rather than increased

cell–cell contact formation, which induces expression of

odontogenic transcription factors, such as Pax9. More impor-

tantly, however, we could induce whole tooth formation by

mechanically compressing isolated, undifferentiated (loosely

packed), embryonic dental mesenchyme tissue between two

pieces of silicone rubber, and then recombining it with iso-

lated undifferentiated dental epithelium and implanting it

under the kidney capsule in the mouse. Thus, while growth

factors and morphogens (e.g. FGF8 and Semaphorin 3A)

mediate organogenesis, they act by inducing mechanical

changes in cells and tissues that drive cell fate formation;

once these physical alterations are induced, there is no

longer a need for these soluble factors.

We recently leveraged these fundamental mechanobiolo-

gical design principles to engineer synthetic materials that

potentially could be used to induce organ formation. For

example, we created biocompatible, temperature-sensitive,

‘shrink wrap-like’ scaffolds that compact in three dimensions

when warmed to body temperature [29,30]. When embryonic

dental mesenchymal cells or adult mesenchymal stem cells

are plated within these scaffolds and cultured at 378C, they

round to a size similar to that observed in condensed

mesenchyme in vivo, and this is again accompanied by induc-

tion of odontogenic transcription factors. More importantly,

when these compacted cell scaffolds are implanted in vivo,

they form tooth-like tissues that express dentin. To create a

whole tooth, it will be necessary also to integrate an epi-

thelium; however, this finding suggests that this

developmentally inspired approach to organ engineering is

worth pursuing in the future.
5. Engineering cells into organs in vitro: organs-
on-chips

About 9 years ago, I founded the Wyss Institute for Biologi-

cally Inspired Engineering at Harvard University which I still

lead. When we formed this Institute, we were challenged

with focusing on problems that if solved could bring about

transformational change for the better. The biggest problem

I could see in medicine is that the drug development

model is broken: the costs are huge, the timeline is glacial

and the likelihood of success is extremely low. One of the

major underlying problems is that preclinical animal studies,

which are required by regulatory agencies, often do not

predict results in humans. Thus, when we started the

Institute, we started a major programme to address this

challenge.

Our approach was to leverage the soft lithography-based

microfabrication approach we had adapted from computer

microchip manufacturing years earlier [17] to engineer

microchips containing living human cells that reconstitute

organ-level structures and functions, or what are now
known as human ‘organs-on-chips’ (organ chips) [31]. Our

organ chips are optically clear, microfluidic cell culture

devices with separate parenchymal and vascular microchan-

nels lined by living human cells that recapitulate the tissue–

tissue interfaces and physiologically relevant mechanical

micro-environment of key functional units of living organs,

while providing dynamic vascular perfusion in vitro. For

example, the first device we created was a human lung alveo-

lus chip [32–34]. It is the size of a computer memory stick,

made of optically clear and flexible silicone rubber, and it

has three parallel channels along its length, each less than a

millimetre wide. The central channel is split into top and

bottom channels by an intervening silicone membrane that

has multiple small (approx. 5 mm diameter) pores, which

we coat with extracellular matrix.

To recreate the alveolar–capillary interface, we culture

human lung alveolar epithelial cells on the top of the mem-

brane and human lung microvascular endothelium on the

bottom surface of the same membrane in the lower channel.

We then introduce air into the upper channel to create an

air–liquid interface, and perfuse the vascular channel with

medium, with or without immune cells [32,33], or even

with human whole blood [34]. To recreate the relevant mech-

anical micro-environment, we apply cyclic suction through

the remaining two hollow chambers on either side of the cen-

tral cell-lined channel, which causes the porous membrane

and attached tissue–tissue interface to rhythmically extend

and retract at the same rate and degree as lung alveolar

cells experience when we breathe. We have used similar

approaches with different organ-specific cell types to build

models of the human lung airway [35,36], small intestine

[37–40], kidney proximal tubule [41], kidney glomerulus

[42] and blood–brain barrier [43], among others, always

attempting to recreate the relevant physical micro-

environment. When we created a human intestine chip, we

similarly applied cyclic mechanical strain to mimic effects

of peristalsis-like motions [37–40], and when we created

the kidney glomerulus chip [42], we applied cyclic defor-

mations the living glomerulus experiences due to pulsatile

blood flow.

Most importantly, we have shown that these human

organ chips faithfully model key features of various human

diseases and disorders (e.g. pulmonary oedema, asthma,

chronic obstructive pulmonary disease, inflammatory bowel

disease, ileus, and viral and bacterial infections) and replicate

drug toxicities as well as or better than animal models

[32–42], but only if we recreate the relevant mechanical

micro-environment. For example, in the lung alveolus, mech-

anical breathing motions were found to be required to model

nanoparticle absorption [32] as well as pulmonary oedema

induced by the FDA-approved cancer drug interleukin-2

[33]. This drug toxicity response mimicked the pulmonary

vascular leakage at the same dose and over the same time

course as seen in patients who experience this toxicity. Peri-

stalsis-like motions in the human gut chip were also

discovered to be responsible for suppressing the growth of

commensal bacteria, rather than this being due to decreased

fluid flow as was assumed in the past, thus providing new

insight into the mechanism of the ileus (bacterial overgrowth

resulting from cessation of peristalsis) [39]. Cyclic vascular

pulsations were also shown to be required for optimal podo-

cyte differentiation and reconstitution of urinary clearance

functions in the kidney glomerulus chip [42].
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Finally, in our past work on mechanotransduction in

endothelium, we had found that one of the first mechano-

chemical transduction mechanisms activated by force

application to these cells was stimulation of the mechano-

sensitive TRPV4 ion channel that induces calcium influx

into cells [23]. I was aware that the pharmaceutical company

GlaxoSmithKline had developed a chemical inhibitor of this

channel, and they kindly provided some of this compound

for our use. When we tested it in the human lung chip, we

completely inhibited pulmonary oedema induced by inter-

leukin-2 [33]. Researchers at GlaxoSmithKline then carried

out similar studies in dog and rabbit models of cardiogenic

pulmonary oedema and obtained similar results [44].

This ‘mechanotherapeutic’ drug is now in phase II human

clinical trials.
Soc.B
373:20170323
6. Conclusion
In summary, my experience in science over the past few dec-

ades has reaffirmed my belief that mechanical forces play as

important a role in cell, tissue and organ development as

chemicals and genes. I described how living cells use tensegr-

ity architecture to stabilize their shape and mechanics

through modulation of internal prestress, which tunes cellu-

lar responses to external signals much like changing the

tension in a violin string conveys different information in

the form of different tones. As a result, the key determinants

of tensegrity—three-dimensional architecture and prestress—

appear to be critical governors of the cell’s biochemical

response to stress. However, tensegrity is used to stabilize

biological structures at other size scales in the hierarchy of

life, from individual molecules to multimolecular complexes

and organelles, to whole cells, tissues, organs and organisms

[45–47]. For example, we stabilize our bodies by intercon-

necting multiple compression-resistant bones with a

continuous series of tensile muscles, tendons, ligaments and

fascia, and it is the level of ‘tone’ (isometric tension) in our

muscles that governs whether we rigidify our arm or allow

it to flex. In addition, our bodies, like cells, are multi-modular

tensegrities in that they are composed of multiple subsystems

(e.g. arm, leg, nucleus and cell process) that can be disrupted

individually without compromising the whole. If the Achilles

tendon is cut, that leg cannot be flexed normally; however,

the other leg, torso and arms can all still stabilize their

forms. Yet, normally all of these individually self-stabilized

structures function as one tensionally integrated unit.

Living organisms are also hierarchical tensegrities in that

when we move or experience a mechanical force, the stresses

are transmitted across physically connected load-bearing

elements (tissues, fascia, extracellular matrix, integrins,

cell–cell adhesion receptors, cytoskeletal filaments, nuclei

and individual molecules) from the macro-scale to the nanos-

cale [47]. Forces channelled over stiffened elements in this

hierarchical tensegrity system result in either rearrangements

or deformations in structures at smaller size scales. Physically

distorting a molecule will change its shape and chemical

activities (e.g. binding on/off rates, kinetics and thermodyn-

amics) and thereby alter intracellular biochemistry and gene

expression [16,47]. Moreover, it is precisely because individ-

ual molecules stabilize themselves through use of tensegrity

principles that binding of a ligand to a small region of a

cell surface receptor can result in propagation of global
structural rearrangements throughout the length of the mol-

ecule, thereby changing its three-dimensional molecular

conformation on the inner surface of the plasma membrane.

This is the essence of transmembrane information propa-

gation triggered by chemical and mechanical signals.

Recent multi-scale computational molecular dynamic simu-

lations confirm that tensegrity is indeed used to integrate

structure and function across multiple size scales, and from

atoms to whole cells [48,49].

Importantly, while there is a great focus on identifying

specific mechanotransducer molecules, the reality is that the

whole cell is the mechanosensor. The same cell will respond

to a chemical signal or a mechanical tug on its integrins dif-

ferently depending on the overall shape of the cell. This is

because the cell integrates signals across genome-wide regu-

latory networks that are highly connected. If a cell wants to

turn on a growth programme, it also must turn off other

fate programmes (e.g. differentiation, motility and apoptosis).

Thus, although signal transduction is usually discussed in

terms of deterministic linear and branching pathways, cell

fate is actually a result of the architecture and dynamics of

its underlying gene and protein regulatory networks. In

these types of dynamic regulatory networks, multiple targets

in different pathways must be simultaneously perturbed to

switch the network between a limited number of different

stable end-programmes (attractor states), such as growth,

differentiation and apoptosis [50]. Cell shape distortion

switches cells between the same discrete cell fates (e.g.

growth, differentiation and apoptosis) as does binding of

specific growth factors and matrix proteins to their respective

cell surface receptors. The cellular tensegrity model suggests

that it is precisely because stress-induced deformations and

rearrangements in the tensionally integrated cytoskeleton

and nucleus alter the activities of many signalling com-

ponents at once that cell distortion can produce these same

discrete changes in cellular phenotype [51].

I also hope that I have conveyed the importance of appre-

ciating the potential clinical relevance of mechanobiology by

describing how we have leveraged understanding of physical

control mechanisms to engineer new materials, devices and

mechanotherapeutics. Developmentally inspired materials

offer an entirely new approach to tissue and organ engineer-

ing, which could also be combined with other exciting

methodologies that are currently being explored (e.g. three-

dimensional printing and stem cell engineering) to produce

even more effective and functional tissue structures.

The organ chip technology has the potential to revolutio-

nize drug development by replacing animal testing with

human-relevant preclinical models. They also can be created

using patient-specific primary or induced pluripotent stem

cells, which should provide a powerful new approach to

personalized medicine.

None of this work would have been possible without

recognition of the importance of mechanical forces for

biological regulation. Interestingly, this was the accepted

dogma in the field of developmental biology at the beginning

of the twentieth century, but the idea fell from attention with

the advent of molecular biochemistry and genomics. The time

has come to recognize that all of these factors—biochemical,

genetic and mechanical—are equally important for biological

control, and that to truly understand living systems, we must

break through our silos of knowledge and create a fully

integrated explanation of how our bodies work.



rstb

6
Data accessibility. This article has no additional data.

Competing interests. D.E.I. holds equity in Emulate Inc. and chairs its
scientific advisory board.
Funding. The work reviewed in this article was supported by grants
from NIH (RO1-EB020004 and UG3-HL141797), DARPA (W911NF-
12-2-0036 and W911NF-16-C-0050) and FDA (HHSF223301310079C).
.royalsociety
References
publishing.org
Phil.Trans.R.Soc.B

373:20170323
1. Ingber DE, Madri JA, Jamieson JD. 1981 Role of
basal lamina in the neoplastic disorganization of
tissue architecture. Proc. Natl Acad. Sci. USA 78,
3901 – 3905. (doi:10.1073/pnas.78.6.3901)

2. Ingber DE, Jamieson JD. 1985 Cells as tensegrity
structures: architectural regulation of
histodifferentiation by physical forces tranduced over
basement membrane. In Gene expression during
normal and malignant differentiation (eds LC
Andersson, CG Gahmberg, P Ekblom), pp. 13 – 32.
Orlando, FL: Academic Press.

3. Harris AK, Wild P, Stopak D. 1980 Silicone rubber
substrata: a new wrinkle in the study of cell
locomotion. Science 208, 177 – 180. (doi:10.1126/
science.6987736)

4. Folkman J, Moscona A. 1978 Role of cell shape in
growth control. Nature 273, 345 – 349. (doi:10.
1038/273345a0)

5. Lazarides E. 1976 Actin, a-actinin, and tropomyosin
interactions in the structural organization of actin
filaments in nonmuscle cells. J. Cell Biol. 68,
202 – 219. (doi:10.1083/jcb.68.2.202)

6. Fuller B. 1961 Tensegrity. Portfolio Artnews Annu. 4,
112 – 127.

7. Ingber DE. 1993 Cellular tensegrity: defining new
rules of biological design that govern the
cytoskeleton. J. Cell Sci. 104, 613 – 627.

8. Ingber DE. 1990 Fibronectin controls capillary
endothelial cell growth by modulating cell shape.
Proc. Natl Acad. Sci. USA 87, 3579 – 3583. (doi:10.
1073/pnas.87.9.3579)

9. Wang N, Butler JP, Ingber DE. 1993
Mechanotransduction across the cell surface and
through the cytoskeleton. Science 260, 1124 – 1127.
(doi:10.1126/science.7684161)

10. Maniotis A, Chen C, Ingber DE. 1997 Demonstration
of mechanical connections between integrins,
cytoskeletal filaments and nucleoplasm that
stabilize nuclear structure. Proc. Natl Acad. Sci. USA
94, 849 – 854. (doi:10.1073/pnas.94.3.849)

11. Stamenovic D, Fredberg J, Wang N, Butler J, Ingber
DE. 1996 A microstructural approach to cytoskeletal
mechanics based on tensegrity. J. Theor. Biol. 181,
125 – 136. (doi:10.1006/jtbi.1996.0120)

12. Stamenovic D, Wang N, Ingber DE. 2006 Cellular
tensegrity models in cell-substrate interactions. In
Advances in cellular engineering: micromechanics at
the biomolecular interface (ed. MR King), pp.
81 – 104. Kerala, India: Research Signpost Publishing.

13. Kumar S, Maxwell IZ, Heisterkamp A, Polte TR, Lele
T, Salanga M, Mazur E, Ingber DE. 2006 Viscoelastic
retraction of single living stress fibers and its impact
on cell shape, cytoskeletal organization and
extracellular matrix mechanics. Biophys. J. 90,
1 – 12. (doi:10.1529/biophysj.104.058743)
14. Brangwynne C, Macintosh FC, Kumar S, Geisse NA,
Mahadevan L, Parker KK, Ingber DE, Weitz D. 2006
Microtubules can bear enhanced compressive loads
in living cells due to lateral reinforcement. J. Cell
Biol. 173, 1175 – 1183. (doi:10.1083/jcb.200601060)

15. Ingber DE. 1993 The riddle of morphogenesis: a
question of solution chemistry or molecular cell
engineering? Cell 75, 1249 – 1252. (doi:10.1016/
0092-8674(93)90612-T)

16. Ingber DE. 1997 Tensegrity: the architectural basis
of cellular mechanotransduction. Annu. Rev. Physiol.
59, 575 – 599. (doi:10.1146/annurev.physiol.59.1.
575)

17. Singhvi R, Kumar A, Lopez G, Stephanopoulos GN,
Wang DIC, Whitesides GM, Ingber DE. 1994
Engineering cell shape and function. Science 264,
696 – 698. (doi:10.1126/science.8171320)

18. Chen CS, Mrksich M, Huang S, Whitesides G, Ingber
DE. 1997 Geometric control of cell life and death.
Science 276, 1425 – 1428. (doi:10.1126/science.276.
5317.1425)

19. Dike L, Chen CS, Mrkisch M, Tien J, Whitesides GM,
Ingber DE. 1999 Geometric control of switching
between growth, apoptosis, and differentiation
during angiogenesis using micropatterned
substrates. In Vitro Cell Dev. Biol. 35, 441 – 448.
(doi:10.1007/s11626-999-0050-4)

20. Parker KK et al. 2002 Directional control of
lamellipodia extension by constraining cell shape
and orienting cell tractional forces. FASEB 16,
1195 – 1204. (doi:10.1096/fj.02-0038com)

21. Meyer CJ, Alenghat FJ, Rim P, Fong JH-J, Fabry B,
Ingber DE. 2000 Mechanical control of cyclic AMP
signalling and gene transcription through integrins.
Nature Cell Biol. 2, 666 – 668. (doi:10.1038/
35023621)

22. Alenghat FJ, Tytell J, Thodeti CK, Derrien A, Ingber
DE. 2009 Mechanical control of cAMP signaling
through integrins is mediated by the heterotrimeric
Gas protein. J. Cell Biochem. 106, 529 – 538. (doi:10.
1002/jcb.22001)

23. Matthews BD, Thodeti CK, Tytell JD, Mammoto A,
Overby DR, Ingber DE. 2010 Ultra-rapid activation of
TRPV4 ion channels by mechanical forces applied to
cell surface b1 integrins. Integr. Biol. 2, 435 – 442.
(doi:10.1039/c0ib00034e)

24. Thodeti CK, Matthews BD, Ravi A, Mammoto A,
Ghosh K, Bracha A, Ingber DE. 2009 TRPV4 channels
mediate cyclic strain-induced endothelial cell
reorientation through integrin-to-integrin signaling.
Circ. Res. 104, 1123 – 1130. (doi:10.1161/
CIRCRESAHA.108.192930)

25. Mammoto A, Connor K, Mammoto T, Aderman C,
Mostoslavsky G, Smith LEH, Ingber DE. 2009 A
mechanosensitive transcriptional mechanism that
controls angiogenesis. Nature 457, 1103. (doi:10.
1038/nature07765)

26. Hall BK, Miyake T. 1992 The membranous skeleton:
the role of cell condensations in vertebrate
skeletogenesis. Anat. Embryol. 186, 107 – 124.
(doi:10.1007/BF00174948)

27. Sakakura T, Nishizura Y, Dawe C. 1976 Mesenchyme-
dependent morphogenesis and epithelium-specific
cytodifferentiation in mouse mammary gland. Science
194, 1439 – 1441. (doi:10.1126/science.827022)

28. Mammoto T et al. 2011 Mechanochemical control of
mesenchymal condensation and embryonic tooth
organ formation. Dev. Cell 21, 758 – 769. (doi:10.
1016/j.devcel.2011.07.006)

29. Hashmi B, Zarzar L, Mammoto T, Mammoto A,
Jiang A, Aizenberg J, Ingber DE. 2014
Developmentally-inspired shrink-wrap polymers for
induction of tissue differentiation. Adv. Mater. 26,
3253 – 3257. (doi:10.1002/adma.201304995)

30. Hashmi B, Mammoto T, Jiang A, Jiang E, Feliz J,
Ingber DE. 2017 Mechanical induction of tooth
differentiation by bone marrow-derived stem cells
using compressive scaffolds. Stem Cell Res. 24,
55 – 60. (doi:10.1016/j.scr.2017.08.011)

31. Bhatia S, Ingber DE. 2014 Microfluidic organs-on-
chips as tools for discovery and drug development.
Nat. Biotechnol. 32, 760 – 772. (doi:10.1038/nbt.
2989)

32. Huh D, Matthews BD, Mammoto A, Montoya-Zavala
M, Hsin HY, Ingber DE. 2010 Reconstituting organ-
level lung functions on a chip. Science 328,
1662 – 1668. (doi:10.1126/science.1188302)

33. Huh D, Leslie DC, Matthews BD, Fraser JP, Jurek S,
Hamilton GA, Thorneloe KS, McAlexander MA,
Ingber DE. 2012 A human disease model of drug
toxicity-induced pulmonary edema in a lung-on-a-
chip microdevice. Sci. Trans. Med. 4, 159ra147.
(doi:10.1126/scitranslmed.3004249)

34. Jain A et al. 2018 Modeling organ level control of
intravascular thrombosis in a primary human lung
alveolus-on-a-chip. Clin. Pharmacol. Ther. 103,
332 – 340. (doi:10.1002/cpt.742)

35. Benam KH et al. 2016 Small airway on a chip
enables analysis of human lung inflammation and
therapeutic responses in vivo. Nat. Methods 13,
151 – 157. (doi:10.1038/nmeth.3697)

36. Benam K et al. 2016 Matched-comparative modeling
of normal and diseased human airway responses
using a microengineered breathing lung chip. Cell
Syst. 3, 456 – 466. (doi:10.1016/j.cels.2016.10.003)

37. Kim HJ, Huh D, Hamilton G, Ingber DE. 2012
Human gut-on-a-chip inhabited by microbial flora
that experiences intestinal peristalsis-like motions
and flow. Lab. Chip 12, 2164 – 2174. (doi:10.1039/
c2lc40074j)

http://dx.doi.org/10.1073/pnas.78.6.3901
http://dx.doi.org/10.1126/science.6987736
http://dx.doi.org/10.1126/science.6987736
http://dx.doi.org/10.1038/273345a0
http://dx.doi.org/10.1038/273345a0
http://dx.doi.org/10.1083/jcb.68.2.202
http://dx.doi.org/10.1073/pnas.87.9.3579
http://dx.doi.org/10.1073/pnas.87.9.3579
http://dx.doi.org/10.1126/science.7684161
http://dx.doi.org/10.1073/pnas.94.3.849
http://dx.doi.org/10.1006/jtbi.1996.0120
http://dx.doi.org/10.1529/biophysj.104.058743
http://dx.doi.org/10.1083/jcb.200601060
http://dx.doi.org/10.1016/0092-8674(93)90612-T
http://dx.doi.org/10.1016/0092-8674(93)90612-T
http://dx.doi.org/10.1146/annurev.physiol.59.1.575
http://dx.doi.org/10.1146/annurev.physiol.59.1.575
http://dx.doi.org/10.1126/science.8171320
http://dx.doi.org/10.1126/science.276.5317.1425
http://dx.doi.org/10.1126/science.276.5317.1425
http://dx.doi.org/10.1007/s11626-999-0050-4
http://dx.doi.org/10.1096/fj.02-0038com
http://dx.doi.org/10.1038/35023621
http://dx.doi.org/10.1038/35023621
http://dx.doi.org/10.1002/jcb.22001
http://dx.doi.org/10.1002/jcb.22001
http://dx.doi.org/10.1039/c0ib00034e
http://dx.doi.org/10.1161/CIRCRESAHA.108.192930
http://dx.doi.org/10.1161/CIRCRESAHA.108.192930
http://dx.doi.org/10.1038/nature07765
http://dx.doi.org/10.1038/nature07765
http://dx.doi.org/10.1007/BF00174948
http://dx.doi.org/10.1126/science.827022
http://dx.doi.org/10.1016/j.devcel.2011.07.006
http://dx.doi.org/10.1016/j.devcel.2011.07.006
http://dx.doi.org/10.1002/adma.201304995
http://dx.doi.org/10.1016/j.scr.2017.08.011
http://dx.doi.org/10.1038/nbt.2989
http://dx.doi.org/10.1038/nbt.2989
http://dx.doi.org/10.1126/science.1188302
http://dx.doi.org/10.1126/scitranslmed.3004249
http://dx.doi.org/10.1002/cpt.742
http://dx.doi.org/10.1038/nmeth.3697
http://dx.doi.org/10.1016/j.cels.2016.10.003
http://dx.doi.org/10.1039/c2lc40074j
http://dx.doi.org/10.1039/c2lc40074j


rstb.royalsocietypublishing.org
Phil.Trans.R.Soc.B

373:2

7
38. Kim H-J, Ingber DE. 2013 Gut-on-a-chip
microenvironment reprograms human
intestinal cells to undergo villus differentiation.
Integ. Biol. 5, 1130 – 1140. (doi:10.1039/
c3ib40126j)

39. Kim HJ, Collins JJ, Ingber DE. 2016 Contributions of
microbiome and mechanical deformation to
intestinal bacterial overgrowth and inflammation in
a human gut-on-a-chip. PNAS 113, E7 – E15.
(doi:10.1073/pnas.1522193112)

40. Kasendra M et al. 2018 Development of primary
human small intestine-on-a-chip using patient-
derived organoids. Sci. Rep. 8, 2871. (doi:10.1038/
s41598-018-21201-7)

41. Jang K-J, Mehr AP, Hamilton GA, McPartlin LA,
Suh K-Y, Ingber DE. 2013 Human kidney
proximal tubule-on-a-chip for drug transport
and nephrotoxicity assessment. Integ. Biol.
5, 1119 – 1129. (doi:10.1039/c3ib40049b)
42. Musah S et al. 2017 Mature induced pluripotent
stem cell derived human podocytes reconstitute
kidney glomerular capillary wall function on a chip.
Nat. Biomed. Eng. 1, 69 – 81. (doi:10.1038/s41551-
017-0069)

43. Maoz BM et al. Endothelial-neuronal cell metabolic
coupling across the blood-brain barrier revealed
using linked human organs-on-chips. Nat.
Biotechnol. in press.

44. Thorneloe KS et al. 2012 An orally active TRPV4
channel blocker prevents and resolves pulmonary
edema induced by heart failure. Sci. Transl.
Med. 4, 159ra148. (doi:10.1126/scitranslmed.
3004276)

45. Ingber DE. 1998 The architecture of life. Sci. Am. 278,
48 – 57. (doi:10.1038/scientificamerican0198-48)

46. Ingber DE. 2003 Cellular tensegrity revisited I. Cell
structure and hierarchical systems biology. J. Cell Sci.
116, 1157 – 1173. (doi:10.1242/jcs.00359)
47. Ingber DE. 2006 Cellular mechanotransduction:
putting all the pieces together again. FASEB J. 20,
811 – 827. (doi:10.1096/fj.05-5424rev)

48. Reilly C, Ingber DE. 2017 Art advancing science:
filmmaking leads to molecular insights at the
nanoscale. ACS Nano 11, 12 156 – 12 166. (doi:10.
1021/acsnano.7b05266)

49. Reilly C, Ingber DE. 2018 Multi-scale modeling
reveals use of hierarchical tensegrity principles at
the molecular, multi-molecular and cellular levels.
Extr Mech. Lett. 20, 21 – 28. (doi:10.1016/j.eml.
2018.01.001)

50. Huang S, Eichler G, Bar-Yam Y, Ingber DE. 2005 Cell
fates as attractors in gene expression state space.
Phys. Rev. Lett. 94, 128 701 – 128 802. (doi:10.
1103/PhysRevLett.94.128701)

51. Ingber DE, Tensegrity II. 2003 How structural networks
influence cellular information processing networks.
J. Cell Sci. 116, 1397– 1408. (doi:10.1242/jcs.00360)
0
170
323

http://dx.doi.org/10.1039/c3ib40126j
http://dx.doi.org/10.1039/c3ib40126j
http://dx.doi.org/10.1073/pnas.1522193112
http://dx.doi.org/10.1038/s41598-018-21201-7
http://dx.doi.org/10.1038/s41598-018-21201-7
http://dx.doi.org/10.1039/c3ib40049b
http://dx.doi.org/10.1038/s41551-017-0069
http://dx.doi.org/10.1038/s41551-017-0069
http://dx.doi.org/10.1126/scitranslmed.3004276
http://dx.doi.org/10.1126/scitranslmed.3004276
http://dx.doi.org/10.1038/scientificamerican0198-48
http://dx.doi.org/10.1242/jcs.00359
http://dx.doi.org/10.1096/fj.05-5424rev
http://dx.doi.org/10.1021/acsnano.7b05266
http://dx.doi.org/10.1021/acsnano.7b05266
http://dx.doi.org/10.1016/j.eml.2018.01.001
http://dx.doi.org/10.1016/j.eml.2018.01.001
http://dx.doi.org/10.1103/PhysRevLett.94.128701
http://dx.doi.org/10.1103/PhysRevLett.94.128701
http://dx.doi.org/10.1242/jcs.00360

	From mechanobiology to developmentally inspired engineering
	Introduction
	Discovery of mechanobiological design principles
	Molecular basis of cellular mechanotransduction
	Mechanical control of embryonic organ formation
	Engineering cells into organs in vitro: organs-on-chips
	Conclusion
	Data accessibility
	Competing interests
	Funding
	References


