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Abstract—The ﬁeld of Molecular Cell Engineering melds
techniques from molecular cell biology, engineering and the
physical sciences to quantitatively deﬁne mechanisms that
govern the shape and function of living cells. This discipline
offers a new and powerful approach to confront fundamental
questions in the life sciences, such as how cells self organize
through collective interactions among thousands of individual molecular components, and function physically as part of
larger tissues and organs in our bodies. This approach has led
to deeper understanding of the fundamental design principles
that govern the mechanical behavior of living cells, and
greater insight into mechanotransduction—how cells sense
physical forces and convert them into changes in biochemistry. This article brieﬂy describes the history and current
status of this ﬁeld in context of the larger discipline of
Cellular and Molecular Bioengineering, and discusses how
new advances in this area can be leveraged to develop new
‘biologically inspired’ engineering approaches for cell and
developmental control, as well as non-medical applications,
in the future.
Keywords—Mechanotransduction, Cell mechanics, Tensegrity, Cell engineering, Biomimetics, Integrin, Cytoskeleton,
Extracellular matrix, Tension.

‘‘If you drain the Paciﬁc Ocean, don’t be surprised to
ﬁnd that the islands are connected.’’—The late Judah
Folkman (to whom this article is dedicated)

individual molecular components and function in the
physical context of whole living organisms.32 The convergence of these ﬁelds was driven, in large part, by
recognition that the fundamental question of how
structure governs function in biology cannot be solved
by focusing exclusively on genes and biochemical
mechanisms of cellular control because this problem is
not based entirely on changes in chemical composition
or local binding interactions; it also depends on
mechanics, three-dimensional (3D) architecture, and
system-level integration. Enormous advances have been
made in this ﬁeld over the past 15 years, which in
combination with advances in biomechanics, biorheology, molecular biophysics, cell biology, and bioengineering, has contributed to the establishment of the
larger discipline of Cellular and Molecular Bioengineering that inspired the creation of this new journal of
the same name. In this article, I brieﬂy review the early
challenges that led to the emergence of Molecular Cell
Engineering, and describe how pursuit of this interdisciplinary approach has resulted in deeper understanding
of multiple cellular structures and processes. I also
describe how insights into the principles that nature uses
to construct and control living cells is inspiring bioengineers to create new ‘biomimetic’ materials, devices,
and control technologies that may signiﬁcantly impact
medicine and industry in the future.

INTRODUCTION
In 1993, a Minireview published in the journal Cell
described how molecular cell biologists, biophysicists,
and engineers were beginning to join together and
combine their knowledge and tools under the banner of
a new discipline, called Molecular Cell Engineering, to
attack the problem of how cells and tissues form from
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FROM MOLECULAR COMPONENTS TO
BIOLOGICAL SYSTEMS ENGINEERING
The power and importance of the Molecular Biology
revolution, which focused on the importance of genes
and the polynucleotides and protein factors they
encode, cannot be ignored. However, the same gene or
chemical can produce completely diﬀerent and sometimes antagonistic eﬀects (e.g., growth or diﬀerentiation
or death) depending on the cellular microenvironment
in which they act.9,38,59 The pioneering work of Judah
Folkman suggesting that the physical shape of a
cell—whether it stretches or retracts—controls cell
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growth19 helped bring attention to the importance of
physicality for cell regulation to mainstream biologists,
and engineers as well. It is now clear that while individual genes and soluble growth factors can initiate
tissue development, physical forces acting through the
insoluble extracellular matrix (ECM) often govern tissue formation,36 and many developmental abnormalities, diseases, and clinical problems result from changes
in ECM structure or tissue mechanics.35 Intracellular
macromolecular scaffolds, such as the cytoskeleton and
nuclear matrix, are also critical for cellular control
because they orient much of the cell’s metabolic
machinery: many signaling molecules, enzymes and
their respective ligands that mediate DNA synthesis,
transcription, RNA processing, protein synthesis, glycolysis, and signal transduction function when physically immobilized on these insoluble scaffolds.32,41,55
Thus, Molecular Cell Biology is severely restricted in
terms of its ability to explain cell and tissue control
because it only focuses on the role of one gene or molecule at a time, and it fails to incorporate the key contributions of mechanical forces and higher order
structures to biological regulation.
Recognition of the importance of explaining how
complex behaviors emerge from collective interactions
among multiple components led to the emergence of
the ﬁeld of Systems Biology. But that discipline focuses
primarily on information transfer and statistical relationships between gene and protein expression proﬁles
and biological behavior. To fully understand biological
control, we need to elucidate how nature has systematically assembled and matched component parts to
carry out their biochemical and mechanical functions
in the physical context of whole living cells and tissues.
Thus, the challenge that Molecular Cell Engineering
has confronted is a systems engineering challenge: to
develop quantitative descriptions, theoretical predictive models and mechanistic explanations of how
whole living cells form and function through self
assembly and collective interactions among innumerable molecular components.

CELL MECHANICS AND
MECHANOTRANSDUCTION
Although genes and chemicals dominated the biological literature over the past 50 years, physical forces
have been known to play an equally important role in
control of tissue and organ development for more than
a century.67 Adult tissues continually remodel themselves when mechanically stressed, whether it be compression in bone, tension in muscle, or ﬂuid shear in
blood vessels. Thus, to fully explain cell and tissue
regulation, we must understand how cells sense and

respond to these mechanical cues, so that they
optimally integrate structure and biochemistry.
Cell mechanics and mechanotransduction—the
process by which cells convert mechanical cues into
changes in cellular biochemistry—are therefore two
major research areas in the ﬁeld of Molecular Cell
Engineering. Initially, biologists viewed living cells as
small bits of protoplasm surrounded by an elastic
membrane, and thus engineers approached the problem of cell mechanics by modeling the cell as a
mechanical continuum, such as a viscous or viscoelastic solid surrounded by an elastic cortex.16,17 These
models can provide useful descriptions of whole cell
mechanical behavior, but they do not provide a way to
link mechanics to speciﬁc molecular load-bearing elements inside the cell. This idea of molecular correspondence is critical because development of future
means of therapeutic intervention in various diseases
requires that we identify speciﬁc molecular targets
responsible for regulation of the structural properties
of living cells and tissues.
A molecular scale explanation of cell mechanics is
also important because the cytoplasm of mammalian
cells is not a viscous ﬂuid; it contains a discrete,
interconnected, ﬁlamentous framework composed of
nanoscale molecular biopolymers (microﬁlaments,
microtubules, and intermediate ﬁlaments), known as
the cytoskeleton.31 Many scientists assume that cells
alter their mechanical properties exclusively via sol–gel
transitions because cytoskeletal ﬁlaments can chemically depolymerize and repolymerize. Engineering
models of the cell based on percolation theory can
relate cell physical properties to these types of phase
transitions.20 However, cells can change shape from
round to fully spread without signiﬁcantly altering the
total amount of cytoskeletal polymer in the cell, and
individual actin stress ﬁbers (microﬁlament bundles),
intermediate ﬁlaments, and microtubules generally
remain structurally intact for extended periods of time
(minutes to hours), even though individual molecular
components continually bind and unbind.3,42,51 Recognition of the importance of cytoskeletal structure for
cell shape control led to development of open-foam
models of the cell in which stresses necessary to resist
shape distortion arise in the cytoskeleton due to
deformation (e.g., stretching, bending and torsion) of
individual cytoskeletal ﬁlaments under the action of
externally applied loads.6,57
But living cells are not passive materials; they are
actively prestressed structures. Prestress refers to the
pre-existing tensile stress that exists in the cytoskeleton
before application of an external load. Cytoskeletal
prestress results from the action of tensional forces
generated in contractile microﬁlaments composed of
actomyosin ﬁlaments, and resisted by adhesive tethers
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to ECM and neighboring cells, and from the ability
other cytoskeletal ﬁlaments (e.g., microtubules) to
resist resultant inward-directed compressive forces
inside the cell.4,42 The cytoskeleton also may experience passive prestress generated by application of
external loads, such as ECM distortion or osmotic
swelling of the surface membrane and underlying
cortical cytoskeleton, which physically link to the
deeper (microﬁlament-microtubule-intermediate ﬁlament) cytoskeleton,5 and from there, to nuclear matrix
scaffolds inside the nucleus.25,46,72
These and other observations led to the development of an engineering model of the cell in which the
cytoskeleton is organized as a ‘tensegrity’ structure.31,33,39,40,54,55 A tensegrity is a stress-supported
mechanical network that maintains its structural stability through the agency of tensile prestress. In a
tensegrity, tension is transmitted over the discrete
network that comprises the structure, and these forces
are balanced by a subset of structural elements that
resist being compressed, thereby establishing a
mechanical equilibrium.
Importantly, tensegrity models predict that changes
in cytoskeletal prestress will alter cell static mechanical
properties, as well as dynamic cell rheological behaviors,
and these predictions of cell elastic and frictional moduli
have been conﬁrmed in various types of living mammalian cells.4,6,7,13,42,60–66,68,69,71,72,74 Prestress is also
critical for synthetic gels composed of natural cytoskeletal polymers and molecules to exhibit mechanical
properties that are also displayed by living cells.22 In
tensegrities, changes in this internal force balance alter
cell deformability by promoting rearrangements of
components located throughout the structure, and by
altering the dynamic mechanical behavior of individual
elements. Tensegrities also may be organized as multimodular hierarchical structures such that destabilization in the force balance results in shifts in force between
discrete internal and external load-bearing elements in
different structural modules.33,37,66 Experiments with
living cells have similarly conﬁrmed that physical disruption of a single actin stress ﬁber results in rearrangements of the remaining elements of the actin
cytoskeleton, as well as force transfer to external ECM
adhesions.42 In contrast, disruption of ECM adhesions
or enhanced contractility results in increased compression within microtubules.4,26,42,72,73 Tensegrity also
effectively describes the organization and mechanical
behavior of subcellular components (e.g., submembranous cytoskeleton, mitotic spindle, actin microﬁlaments, lipid micelles, viruses, etc.) as well as well as larger
multicellular tissue and organ structures.33,37
One of the most important outcomes of studies with
the cellular tensegrity model is that it suggests that the
physics that controls cell rheology occurs at a high level of

structural organization (i.e., at the whole cell level), rather
than being governed by any individual molecule or
structural component. Work showing that the dynamic
mechanical behavior of living cells scales with a weak
power law similar to that exhibited by soft glassy materials over a relatively wide frequency range18 is consistent
with this idea that mechanics is governed at the whole
system level. But the most important feature of the
tensegrity model is that it provides a mechanism to link
these integrative system-level properties to changes in
forces transferred between distinct load-bearing elements
(e.g., microﬁlaments, microtubules, cell–ECM adhesions,
nuclei) at the molecular level,33 which is not possible using
continuum models of cell mechanics or soft glass theory.
Moreover, even the dynamic power law-like mechanical
behavior of living cells is governed by prestress in the
cytoskeleton.65 Thus, at present, tensegrity appears to be
the most generalizable model of cell mechanics, in addition to being useful to describe the mechanical behavior
of living materials at multiple other size scales, from
individual molecules to whole organisms.37

CELLULAR MECHANOTRANSDUCTION
While cell mechanics focuses on how cells generate
internal stresses necessary to stabilize cell shape when
mechanically stressed, cellular mechanotransduction
describes how cells respond biochemically to these
physical cues. To better understand this process, it is
helpful to deﬁne the path by which mechanical stresses
are transmitted across the cell surface and to the loadbearing cytoskeleton. As in any 3D structure, mechanical loads will be transmitted across structural elements
that are physically interconnected. Thus, forces that are
applied to the entire organism (e.g., due to gravity or
movement) or to individual organs or tissues will be
transferred to individual cells via their adhesions to
ECM that link cells and tissues throughout the body.
Other forces, such as those to ﬂuid ﬂow in blood vessels,
air ﬂow in lung, and ﬂuid pressure in the bladder are
exerted on the apical pole of cells; however, because the
cell responds mechanically as a tensionally integrated
structural network, the ability of the cell’s basal adhesions to result shape distortion in response to these
stresses also can contribute to the cellular mechanotransduction response.2,14,25,33 Some cells have specialized mechanosensory structures, such as apical primary
cilia that stimulate transmembrane ion ﬂux when they
are deformed by ﬂow or other mechanical stimuli.52
However, even the sensitivity of these apical mechanosensors are governed by the overall mechanical state of
the prestressed cytoskeleton and basal ECM adhesions,2
which also controls the permeability of apical cell–cell
junctions.45
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Integrins are ubiquitous transmembrane cell surface
adhesion receptors that mediate cell anchorage to ECM.1
Integrins also mechanically link to the internal actin
cytoskeleton by promoting assembly of an anchoring
scaffold or ‘focal adhesion’ that contains various actinassociated proteins (e.g., talin, vinculin, paxillin, a-actinin,
zyxin) as well as many biochemical signaling molecules
(e.g., tyrosine kinases, inositol lipid kinases, ion channels,
small and large G proteins, growth factor receptors,
etc.).23,50,56 Integrins are therefore outstanding candidates
for acting as mechanoreceptors that represent the ﬁrst
molecules on the cell surface that sense mechanical signals,
and then convey them across the cell surface where they
can be converted into changes in intracellular biochemistry.30 In fact, their key role in mechanotransduction has
been conﬁrmed in innumerable experimental studies in a
wide range of cell types.1,11,12,23,25,30,46,48,49,70–72 Clearly,
other receptors and molecules also contribute to
mechanosensation; however, the key point is that force
transfer to the cytoskeleton and mechanical distortion of
molecules located within load-bearing structures and
scaffolds in the cell mediate this response.37 The state of the
art in the mechanotransduction ﬁeld now focuses on
identiﬁcation of molecular connections between integrins,
other structural components of focal adhesions, and the
signal transduction molecules that mediate mechanosensation, as well has how structures located throughout the
cell, and even at different size scales in cells, tissues and
organs, are mechanically regulated as one.37 Because the
mechano-chemical conversion process effectively occurs in
a ‘solid-state’ on insoluble scaffolds in the cell, and because
cells use tensegrity to mechanically stabilize these structures, prestress in cells, tissues, and organs modulate this
mechanotransduction response at virtually all size scales.37
In this context, it is interesting that cell fate
switching—the mechanism by which individual cells
decide whether to grow, diﬀerentiate, move or die—is
also controlled mechanically.9,15,28,38,53,59 Apparently,
cells switch between different phenotypes as a result of
collective interactions at the level of the genome-wide
gene and protein regulatory networks, which effectively transition between different stable ‘attractor’
states.8,27,29,34 This type of complex systems control
requires that multiple nodes in the regulatory network
alter their activity simultaneously. The cytoskeleton
orients multiple signaling molecules that govern gene
expression and other forms of biochemical regulation,
and thus, this may be how structural and information
processing networks integrate in living cells.34

BIOLOGICALLY INSPIRED ENGINEERING
There is much more to Cell Mechanics, Mechanotransduction, and Molecular Cell Engineering than

I described above. I primarily reviewed my own
experience in this area to provide a sense for how those
of us who helped to develop this ﬁeld approached the
challenge of understanding cellular regulation. However, perhaps even more exciting is what lies before us
for the future. As a result of recognition that the isolated islands of biology, physics, and engineering are
indeed connected (now that the oceans are drained),
the boundaries between living and non-living systems
are breaking down. We are beginning to identify fundamental design principles that govern the form and
function living cells and other biological materials,
such as tensegrity and solid-state mechanochemistry,
which may lead to development of entirely new engineering principles that could transform medicine as
well as industry. As a result, the new discipline of
Biologically Inspired Engineering is emerging, in which
the goal is to create biomimetic materials, devices,
robots, and control technologies that emulate the way
in which nature builds living things. These fully programmable materials and devices inspired by biological design might provide powerful ways to promote
regeneration and reboot complex disease processes. A
deeper understanding of how living cells build, manufacture, and recycle materials also could lead to more
eﬃcient and environmentally friendly ways to generate
energy and produce materials, and thereby create a
more sustainable world.
This is a big vision, however, we have already
started to move down this path. The emerging area of
Synthetic Biology provides ways to engineer complex
gene circuits that include integrated networks of sensors, processors, and actuators.21,24 The potential of
engineering an entire genome is now within the realm
of possibility, and this could lead to a vast array of
applications from cellular devices that function as
implantable drug factories to new forms of bioenergy
production. Nanotechnologists and bioengineers are
building tensegrity-based materials from the bottom
up using synthetic DNA molecules and polymeric
materials.43,44,58 Cell growth, differentiation, movement, and apoptosis in endothelial and epithelial
cells9,15,53,59,77 and neural circuitry in brain cell networks can be changed by physically restricting their
size using microengineered substrates.76 Biomimetic
polymer scaffolds that mimic the spatio-temporal
delivery dynamics of various growth factors induce
growth and maturation of spatially organized tissues.10
Non-invasive ‘man-machine’ interfaces also have been
developed using magnetic ﬁelds in combination with
magnetic nanoparticles bound to single receptors;
when the beads are magnetized, they pull the receptors
into clusters and activate intracellular signal transduction in a dynamic and reversible manner.47
And computer scientists have invented bioinspired
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algorithms to control swarms of robots that build
structures and control systems, much like cells do in
the embryo.75,78 But this is only the beginning, as more
and more young people are drawn to the exciting
world of Cellular and Molecular Bioengineering where
imagination is the only limit. So it will be interesting
15 years from now, to look back and see how much
closer we will be to a complete uniﬁcation of the biological, physical and engineering sciences, and how it
will impact our world.
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Cañadas, P., S. Wendling-Mansuy, and D. Isabey. Frequency response of a viscoelastic tensegrity model: structural rearrangement contribution to cell dynamics.
J. Biomech. Eng. 128:487–495, 2006.
8
Chang, H., P. Oh, D. E. Ingber, and S. Huang. Multistable and multi-step dynamics in mammalian cell differentiation. BMC Cell Biol. 7:11, 2006.
9
Chen, C. S., M. Mrksich, S. Huang, G. Whitesides, and D.
E. Ingber. Geometric control of cell life and death. Science
276:1425–1428, 1997.

10

Chen, R. R., E. A. Silva, W. W. Yuen, and D. J. Mooney.
Spatio-temporal VEGF and PDGF delivery patterns blood
vessel formation and maturation. Pharm. Res. 24:258–264,
2007.
11
Chicurel, M. E., R. H. Singer, C. Meyer, and D. E. Ingber.
Integrin binding and mechanical tension induce movement
of mRNA and ribosomes to focal adhesions. Nature
392:730–733, 1998.
12
Choquet, D., D. P. Felsenfeld, and M. P. Sheetz. Extracellular matrix rigidity causes strengthening of integrincytoskeleton linkages. Cell 88:39–48, 1997.
13
Coughlin, M. F., and D. Stamenovic. A tensegrity model of
the cytoskeleton in spread and round cells. ASME J. Biomech. Eng. 120:770–777, 1998.
14
Davies, P. F., A. Robotewskyj, and M. L. Griem. Quantitative studies of endothelial cell adhesion. Directional
remodeling of focal adhesion sites in response to ﬂow forces. J. Clin. Invest. 93:2031–2038, 1994.
15
Dike, L., C. S. Chen, M. Mrkisch, J. Tien, G. M. Whitesides, and D. E. Ingber. Geometric control of switching
between growth, apoptosis, and differentiation during
angiogenesis using micro-patterned substrates. In Vitro Cell
Dev. Biol. 35:441–448, 1999.
16
Dong, C., R. Skalak, and K. L. Sung. Cytoplasmic rheology of passive neutrophils. Biorheology 28:557–567, 1991.
17
Evans, E., and A. Yeung. Apparent viscosity and cortical
tension of blood granulocytes determined by micropipet
aspiration. Biophys. J. 56:151–160, 1989.
18
Fabry, B., G. N. Maksym, J. P. Butler, M. Glogauer, D.
Navajas, and J. J. Fredberg. Scaling the microrheology of
living cells. Phys. Rev. Lett. 87:148102–148104, 2001.
19
Folkman, J., and A. Moscona. Role of cell shape in growth
control. Nature 273:345–349, 1978.
20
Forgacs, G. On the possible role of cytoskeletal ﬁlamentous
networks in intracellular signaling: an approach based on
percolation. J. Cell Sci. 108:2131–2143, 1995.
21
Forster, A. C., and G. M. Church. Synthetic biology projects in vitro. Genome Res. 17:1–6, 2007.
22
Gardel, M. L., F. Nakamura, J. H. Hartwig, J. C. Crocker,
T. P. Stossel, and D. A. Weitz. Prestressed F-actin networks cross-linked by hinged ﬁlamins replicate mechanical
properties of cells. Proc. Natl. Acad. Sci. USA 103:1762–
1767, 2006.
23
Geiger, B., A. Bershadsky, R. Pankov, and K. M. Yamada.
Transmembrane crosstalk between the extracellular
matrix—cytoskeleton crosstalk. Nat. Rev. Mol. Cell Biol.
2:793–805, 2001.
24
Hasty, J., D. McMillen, and J. J. Collins. Engineered gene
circuits. Nature 420:224–230, 2002.
25
Hu, S., J. Chen, B. Fabry, Y. Numaguchi, A. Gouldstone,
D. E. Ingber, J. J. Fredberg, J. P. Butler, and N. Wang.
Intracellular stress tomography reveals stress focusing and
structural anisotropy in cytoskeleton of living cells. Am.
J. Physiol. Cell Physiol. 285:C1082–C1090, 2003.
26
Hu, S., J. Chen, and N. Wang. Cell spreading controls
balance of pre-stress by microtubules and extracellular
matrix. Front. Biosci. 9:2177–2182, 2004.
27
Huang, S., G. Eichler, Y. Bar-Yam, and D. E. Ingber. Cell
fates as attractors in gene expression state space. Phys. Rev.
Lett. 94:128701–128702, 2005.
28
Huang, S., and D. E. Ingber. The structural and mechanical complexity of cell growth control. Nat. Cell Biol.
1:E131–E138, 1999.
29
Huang, S., and D. E. Ingber. Shape-dependent control
of cell growth, differentiation, and apoptosis: switching

INGBER
between attractors in cell regulatory networks. Exp. Cell
Res. 261:91–103, 2000.
30
Ingber, D. E. Integrins as mechanochemical transducers.
Curr. Opin. Cell Biol. 3:841–848, 1991.
31
Ingber, D. E. Cellular tensegrity: deﬁning new rules of
biological design that govern the cytoskeleton. J. Cell Sci.
104:613–627, 1993.
32
Ingber, D. E. The riddle of morphogenesis: a question of
solution chemistry or molecular cell engineering? Cell
75:1249–1252, 1993.
33
Ingber, D. E. Cellular tensegrity revisited I. Cell structure
and hierarchical systems biology. J. Cell Sci. 116:1157–
1173, 2003.
34
Ingber, D. E. Tensegrity II. How structural networks
inﬂuence cellular information processing networks. J. Cell
Sci. 116:1397–1408, 2003.
35
Ingber, D. E. Mechanobiology and diseases of mechanotransduction. Ann. Med. 35:564–577, 2003.
36
Ingber, D. E. Mechanical control of tissue morphogenesis
during embryological development. Int. J. Dev. Biol.
50:255–266, 2006.
37
Ingber, D. E. Cellular mechanotransduction: putting all the
pieces together again. FASEB J. 20:811–827, 2006.
38
Ingber, D. E., and J. Folkman. Mechanochemical switching between growth and differentiation during ﬁbroblast
growth factor-stimulated angiogenesis in vitro: role of
extracellular matrix. J. Cell Biol. 109:317–330, 1989.
39
Ingber, D. E., and J. D. Jamieson. Cells as tensegrity
structures: architectural regulation of histodifferentiation
by physical forces tranduced over basement membrane. In:
Gene Expression During Normal and Malignant Differentiation, edited by L. C. Andersson, C. G. Gahmberg,
and P. Ekblom. Orlando: Academic Press, 1985, pp. 13–32.
40
Ingber, D. E., J. A. Madri, and J. D. Jamieson. Role of
basal lamina in the neoplastic disorganization of tissue
architecture. Proc. Natl. Acad. Sci. USA 78:3901–3905,
1981.
41
Janmey, P. A. The cytoskeleton and cell signaling: component localization and mechanical coupling. Physiol. Rev.
78:763–781, 1998.
42
Kumar, S., I. Z. Maxwell, A. Heisterkamp, T. R. Polte, T.
P. Lele, M. Salanga, E. Mazur, and D. E. Ingber. Viscoelastic retraction of single living stress ﬁbers and its impact
on cell shape, cytoskeletal organization and extracellular
matrix mechanics. Biophys. J. 90:1–12, 2006.
43
Lin, D. C., B. Yurke, and N. A. Langrana. Mechanical
properties of a reversible, DNA-crosslinked polyacrylamide hydrogel. J. Biomech. Eng. 126:104–110, 2004.
44
Liu, D., M. Wang, Z. Deng, R. Walulu, and C. Mao.
Tensegrity: construction of rigid DNA triangles with ﬂexible four-arm DNA junctions. J. Am. Chem. Soc. 126:2324–
2325, 2004.
45
Mammoto, T., S. M. Parikh, A. Mammoto, D. Gallagher,
B. Chan, G. Mostoslavsky, D. E. Ingber, and V. P. Sukhatme. Angiopoietin-1 requires P190RhoGap to protect
against vascular leakage in vivo. J. Biol. Chem. 282:23910–
23918, 2007.
46
Maniotis, A., C. S. Chen, and D. E. Ingber. Demonstration
of mechanical connections between integrins, cytoskeletal
ﬁlaments and nucleoplasm that stabilize nuclear structure.
Proc. Natl. Acad. Sci. USA 94:849–854, 1997.
47
Mannix, R. J., S. Kumar, F. Cassiola, M. MontoyaZavala, and D. E. Ingber. Magnetic actuation of receptormediated signal transduction. Nat. Nanotech. 3:36–40,
2008.

48

Matthews, B. D., D. R. Overby, R. Mannix, and D. E.
Ingber. Cellular adaptation to mechanical stress: role of
integrins, Rho, cytoskeletal tension and mechanosensitive
ion channels. J. Cell Sci. 119:508–518, 2006.
49
Meyer, C. J., F. J. Alenghat, P. Rim, J.H.-J. Fong, B.
Fabry, and D. E. Ingber. Mechanical control of cyclic
AMP signalling and gene transcription through integrins.
Nat. Cell Biol. 2:666–668, 2000.
50
Miyamoto, S., M. Teramoto, O. A. Coso, J. S. Gutkind, P.
D. Burbelo, S. K. Akiyama, and K. M. Yamada. Integrin
function: molecular hierarchies of cytoskeletal and signaling molecules. J. Cell Biol. 131:791–805, 1995.
51
Mooney, D., R. Langer, and D. E. Ingber. Cytoskeletal
ﬁlament assembly and the control of cell shape and function by extracellular matrix. J. Cell Sci. 108:2311–2320,
1995.
52
Nauli, S. M., F. J. Alenghat, Y. Luo, E. Williams, P.
Vassilev, X. Li, A. E. Elia, W. Lu, E. M. Brown, S. J.
Quinn, D. E. Ingber, and J. Zhou. Polycystins 1 and 2
mediate mechanosensation in the primary cilium of kidney
cells. Nat. Genet. 33:129–137, 2003.
53
Parker, K. K., A. L. Brock, C. Brangwynne, R. J. Mannix,
N. Wang, E. Ostuni, N. Geisse, J. C. Adams, G. M.
Whitesides, and D. E. Ingber. Directional control of
lamellipodia extension by constraining cell shape and orienting cell tractional forces. FASEB J. 16:1195–1204, 2002.
54
Pienta, K. J., and D. S. Coffey. Cellular harmonic information transfer through a tissue tensegrity-matrix system.
Med. Hypotheses 34:88–95, 1991.
55
Pienta, K. J., R. H. Getzenberg, and D. S. Coffey. Cell
structure and DNA organization. Crit. Rev. Eukary. Gene
Express. 1:355–385, 1991.
56
Plopper, G., H. McNamee, L. Dike, K. Bojanowski, and
D. E. Ingber. Convergence of integrin and growth factor
receptor signaling pathways within the focal adhesion
complex. Mol. Biol. Cell 6:1349–1365, 1995.
57
Satcher, R. L., Jr., and C. F. Dewey, Jr.. Theoretical estimates of mechanical properties of the endothelial cell
cytoskeleton. Biophys. J. 71:109–118, 1996.
58
Shih, W. M., J. D. Quispe, and G. F. Joyce. A 1.7-kilobase
single-stranded DNA that folds into a nanoscale octahedron. Nature 427:618–621, 2004.
59
Singhvi, R., A. Kumar, G. Lopez, G. N. Stephanopoulos,
D. I. C. Wang, G. M. Whitesides, and D. E. Ingber.
Engineering cell shape and function. Science 264:696–698,
1994.
60
Stamenovic, D., and M. F. Coughlin. The role of prestress
and architecture of the cytoskeleton and deformability of
cytoskeletal ﬁlaments in mechanics of adherent cells: a
quantitative analysis. J. Theor. Biol. 201:63–74, 1999.
61
Stamenovic, D., and M. F. Coughlin. A quantitative model
of cellular elasticity based on tensegrity. ASME J. Biomech.
Eng. 122:39–43, 2000.
62
Stamenovic, D., J. J. Fredberg, N. Wang, J. Butler, and D. E.
Ingber. A microstructural approach to cytoskeletal mechanics
based on tensegrity. J. Theor. Biol. 181:125–136, 1996.
63
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and N. Wang. Experimental tests of the cellular tensegrity
hypothesis. Biorheology 40:221–225, 2003.
65
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