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1. Introduction

Although cells have likely interacted with extracellular protein
fibers since when our single-celled ancestors ruled the seas 600
million years ago [1], we modern and complex multicellular
organisms have only recently begun to sort out how cell-fiber
interactions drive mechanobiology. The vast majority of cell bi-
ology research has been conducted on cells that are cultured on
flat, stiff, two-dimensional (2D) substrates, rather than in 3D and
fibrous environments. This is surprising because the fibrous nature
of animal tissues was appreciated by the early 1700’s [2]. In fact,
it was rather over-appreciated, with fibers identified as the source
of life in the “iatromechanical” models of that era, models that
persisted in some quarters until Remak’s demonstration that all
life arises from cells in the mid 19th-century [2,3]. Fibers have
been a focus of the field of tissue mechanics since the 1960s and
1970s [4]. However, studies of how cells, fibers, and their recur-
sive interactions guide development and pathology are far more
recent.

Research over the past two decades suggests major differences
between 2D and 3D fibrillar environments, including unique
cell-extracellular matrix (ECM) signaling and long distance cell-
signaling [5,6]. Cells transduce these signals, adjust their fibrous
environment, and respond to the new environment in a positive
reinforcement loop that can lead to a new homeostasis or lead
cells to leave their microenvironment and migrate elsewhere.
Mechanical forces can reach the nucleus and affect gene expres-
sion and cell phenotype. The emerging field of mechanobiology
seeks to understand and control the ways that mechanical forces
and physical properties of cells and tissues influence biological
processes (Fig. 1). For example, cells move through the interstitial
matrix by manipulating ECM fibers, which can cause local rear-
rangement of the matrix [7], which further fuels the ability of
cells to exert larger forces in a force feedforward loop [8]. Fibrous
networks are shown to be key regulators of cell protrusions [9,10],
migration [11-17], differentiation [18-21], nucleus shape [22-24],
mitosis [25-27], and force exertion [28-31]. The changing physical
properties of cells and the ECM are now known to intimately
go hand-in-hand, with mechanics playing a precise and central
role.

This special issue of Acta Biomaterialia brings together some of
the most important breakthroughs in research on the mechanobi-
ology of cells, fibers, and their interactions. The issue takes a
critical look at four areas that have developed in just the last
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Fig. 1. Schematic illustrating the complexity of extracellular fibrous environment
replete with cells, both composed of viscous and spring elements that collectively
define the mechanics of cells and fibers in a feedforward loop.

few years: the mechanics of collagen and fiber networks; the
mechanics of development, remodeling, and wound healing;
mechanotransduction by cells and nuclei; and the mechanics of
migration, metastasis, and malignancy.

2. The mechanics of collagen and fiber networks

The first area is the newly emerging understanding of the me-
chanics of collagen and fiber networks. As described in the mod-
eling work of Barocas et al. [32], networks of fibers respond with
behaviors that differ fundamentally from those of non-fibrous ma-
terials. Central to this is the emergence of a dominant network of
fibers that carries a disproportionate share of mechanical load and
determines how mechanical information crosses scales. Numeri-
cal simulation of these cross-scale phenomena has proven to be
a longstanding challenge, with key issues being how to correctly
capture a fibrous environment, how to combine discrete fiber phe-
nomena with a continuum framework, and how, as in the case of
aortic dissection studied by Barocas et al., these tissues come apart
and lose their function.

Because of the strain stiffening phenomenon, with dominant
fiber networks extending relatively long distances, boundary ef-
fects can travel distances that would horrify Saint Venant, and
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fibrous materials are notoriously difficult to characterize. The
ability to interpret experiments such as simple indentation with
an atomic force microscope (AFM) probe is a recent breakthrough,
enabled by multiscale models of fiber networks. As described in
the contribution from Picu and colleagues [33], fibrous materials
have indentation moduli that are underestimated by the classic
isotropic, linear elastic Hertz solution due to formation of a stiff,
compact network beneath the indenter, with errors substan-
tially higher when the indenter has a size on the same order of
magnitude as the length of a fiber segment.

Another characteristic of protein networks that makes them
challenging to characterize is that their unusual behavior at the
macroscale can translate all the way down to the nanoscale. Such
is the case of what is arguably the most important fibrous sys-
tem in the body, that of type I collagen. As reviewed by Thurner
and colleagues [34], measuring the mechanics of individual col-
lagen fibrils in tension requires exquisite integration of modeling
with testing apparatus such as AFM or microelectromechanical sys-
tems. The mechanics that emerges from such tests is decidedly
non-linear. This nonlinearity is complicated by the interactions be-
tween mechanics and biochemistry in collagen, especially cleavage
and fibril formation kinetics. Ruberti and colleagues [35] detail the
role of mechanical force on development of collagenous tissues, via
a mechanism known as mechanochemical force-structure causality.
Through coupling between strain and collagen accumulation, colla-
gen becomes increasingly stable in regions of higher tension, and
hierarchical growth of collagen fibers is favored in places where
they are most needed.

The resulting fibers are nonlinearly viscoelastic, as described by
Chasiotis and co-workers [36]. The behavior of the fibers reaches
the tissue level over timescales and spatial pathways that are
defined by a variety of different hierarchical structures, and the
viscoelastic behavior of individual fibers thus need not reflect the
viscoelastic behavior of an entire tissue. Surprisingly, the work
of the Chasiotis group shows that collagen nanofibrils display
behavior that is of the same character as that of an entire tissue,
and suggests that certain features of energy dissipation arising
from intermolecular sliding at the nanoscale may arise through
the different hierarchies present at the level of entire collage-
nous tissues. Recent breakthroughs enable the understanding of
these observations through mechanistic models by Bouklas and
colleagues, who describe such behavior through a viscoplastic
constitutive model that tracks the interplay between inelasticity
and viscoelastic dissipation in collagen fibers. The comprehensive
model is now able to track this balance in collagen fibrils for
monotonic and cyclic loading of all magnitudes [37].

With these basic building blocks in place, a number of addi-
tional issues can now begin to be addressed. A critical open issue
in tissue biomechanics is how collagen fibers interact with other
structurally important classes of fibers, especially elastin fibers.
Common constitutive models, especially for vasculature, make the
extreme assumption of affine deformation, with elastin deform-
ing in parallel with all other tissue components. Lake and col-
leagues take an important step towards unraveling the true na-
ture of collagen-elastin interaction through a series of integrated
mechanical and structural studies of a range of tendons across
species, with structure modulated via enzymatic degradation of
elastin [38]. Results provide the deepest look yet into the structural
contributions of elastin to tendon mechanics across species, and
reveal a potential role of cross-fiber interaction in which elastin
regulates mechanics by controlling collagen arrangement.

Fibrous tissues also evolve mechanical properties due to
mesoscale interactions with cells and inclusions. Unraveling these
represents another emerging frontier in mechanobiology, as de-
scribed by Patteson and colleagues [39]. This work builds on
emerging evidence that compressive properties of a broad range
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of tissues arise from lateral stretching of the fibrous network. This
was elucidated in a model tissue system of fibrin networks with
embedded, inert beads with the result that fluid flow associated
with lateral flow affects the rate dependent responses of tissues,
and that hindrance of network relaxation by the beads forms a
newly identified source of network stiffening in compression.
Taken together, the collection of papers and review articles
highlight a critical role for fibrous networks in mechanobiology.
Fibers have long been known as building blocks that provide
mechanical support and stiffness to tissues and organs, but only
recently an appreciation of their deeper role in transmitting
mechanical forces over long distances between cells and their
surroundings, and to act as signaling platforms that influence cell
behavior, migration, and differentiation has emerged. This collec-
tion highlights an emerging understanding of the mechanics of
these networks and the critical roles they play in mechanobiology.

3. Mechanics of development, remodeling, and healing

The second section studies the physiological and pathophysi-
ological implications of the continuous communication between
cells, their neighbors, and their local and even distant ECM.
Mechanosensation of signals from the cell’s microenvironment are
essential for healing and growth, and errors in mechanosensation
can lead to significant pathology. Communication between cells
and cell clusters is assisted by bands of aligned ECM proteins that
interact recursively with cell populations, but also by direct cell-
cell linkages. A longstanding question in mechanobiology is the de-
gree to which mechanical strain and cell-cell contacts lead to the
phenotypic changes associated with mechanotransduction. Billiar
and co-workers apply a new system, with cells cultured on defined
circular regions subjected to cyclic stress. They reveal that cell-cell
communication leads to coordination in phenotypic transitions and
signal transduction [40]. Changes in orientation and elongation of
cells within aggregates occurs in multicellular bands and spreads
to trigger global collective behavior, with a newly reported border
zone effect in which the edges of bands present strong alignment
and enhanced mechanical traction, but reduced proliferation. These
highly contractile cells are more likely to undergo apoptosis and
represent an activated phenotype that might seed emergent patho-
logical behavior.

The fibers themselves can trigger pathological remodeling, with
the archetypal example being attenuated wound-healing following
the well-known stiffening of collagen through glycation in chronic
hyperglycemia. However, collagen is only one element of the ECM,
and is less relevant to tissue extensibility than elastin at the ex-
tremes of deformation. The effects of pathological concentrations
of soluble factors on other fibers such as elastin represent an im-
portant unknown in mechanobiology, and the molecular dynamics
(MD) simulations of Tarakonova and colleagues [41] provides criti-
cal new insight. Results reveal for the first time that elevated lev-
els of calcium ions and glucose alter hydrogen bonding in elastin,
and stiffen collagen. Beyond the obvious implications for hypercal-
cemia and hyperglycemia, findings show that multiple classes of
fibers contribute to elastic changes in mechanobiological microen-
vironments and signaling associated with disease.

A more recent discovery is the many ways that ECM viscoelas-
ticity affects the signaling networks that drive cell mechanosens-
ing. A review by Kumar and co-workers [42] provides a much-
needed critical look at the state of the art and open questions in
this area. All fibrous biomaterials and their components exhibit a
degree of viscoelasticity, as do the hydrogels of collagen, hyaluronic
acid, and alginate that are critical to tissue and cellular engineer-
ing. At the core of cell responses is the Deborah number, the ra-
tio of timescales for materials and timescales for cellular processes
such as cytoskeletal remodeling and adhesion dynamics. Together,
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these factors go a long way to ward explaining a range of cellular
mechanosensing phenomena.

In addition to mechanics, cells sense and respond to the shapes
of fibers and other features in their environment during develop-
ment, remodeling, and healing. The contribution from Deshpande
et al. [43] examines the shape-sensing phenomenon of contact
guidance and explains it holistically through a statistical thermo-
dynamics framework. In this framework, entropic and enthalpic
factors mediated by biochemistry determine how or whether cells
move. The results are surprisingly robust, with a perturbation-
insensitive pathway towards stiff substrates emerging regardless
of the factors that dominate the cell’s effective free energy. Cell
mechanosensing and substrate elasticity thereby combine to lead
to the emergence of contact guidance.

Such structures enter development at multiple length scales, as
characterized by Chen et al. [44], who report a new method of
creating an artificial basement membrane and apply it to study
the mechanobiology of epithelial morphogenesis and function. The
basement membrane model they develop mimics several native
basement membrane systems by combining a honeycomb-shaped
electrospun layer of gelatin nanofibers with self-assembled colla-
gen IV and laminin. The scaffold is a relatively thin structure with
programmable plate-bending stiffness. This is exploited by Chen
et al,, to demonstrate how alveolar morphogenesis arises from a
balance between epithelial contraction and basement membrane
flexural rigidity.

Development of thicker tissues meets with a range of addi-
tional challenges. The first is providing for the metabolic needs
of cells too far from the surface to have these needs met by dif-
fusion. This is a major challenge in tissue engineering and a key
limiting factor in the development of artificial organs and tissues.
A substantial advance in this area is described by Levenberg and
colleagues [45] who have developed a biodegradable macro-vessel
“AngioTube” system for vascularization of thick, engineered tissues.
The system uses micro-channel guides to promote both microchan-
nel growth and sprouting of microvessels by endothelial cells and
proves effective in a rat hindlimb model. The AngioTube system
appears to be a powerful platform for both tissue engineering and
the study of cells in relatively thick tissues.

A second challenge with the development of thicker tissues is
quantifying cell behavior as development and remodeling occur.
The state of the art has long been traction measurements that rely
on idealizations of cell interactions with hydrogel systems and on
linear models of 3D hydrogel behavior [46]. Validation has long
been a key challenge. Sacks and colleagues report an important
contribution to 3D, hydrogel-based traction force microscopy in an
article on the 3D mechanics of aortic valve interstitial cells as the
initially spherical cells develop protrusions [47]. Results show that
a highly conserved contractile machinery drives cells of all shapes
and elucidate key mechanisms controlling shape and contractility.

Expanding the library of such functional hydrogels for study of
mechanobiology in 3D is a pressing need. As described in the re-
view article by Arinzeh and colleagues [48], engineering of gly-
cosaminoglycans is particularly critical because of their importance
in cell signaling, proliferation, and differentiation, and in tissue de-
velopment and repair. In addition to providing compressive stiff-
ening and mechanical damping, Arinzeh and colleagues argue that
engineered glycosaminoglycan hydrogels may serve to sequester
growth factors and to endow fibrous ECM with mechanical proper-
ties that are currently difficult to attain.

Finally, an emerging and promising application of mechanobi-
ology to healing is the use of mechanobiological stimuli to activate
and prime the immune system. A critical review of this important
and emerging area by Samavedi and colleagues details latest
advances in electrospinning methods and fiber networks that
show promise for controlling innate immune cell responses [49].

Acta Biomaterialia 163 (2023) 1-6

Samavedi and colleagues argue that, by leveraging matrix prop-
erties, matrix mechanics, surface functionalization, and advanced
fabrication strategies, it may someday be possible to modulate be-
tween pro-inflammatory and pro-regenerative response in immune
cells using electrospun, fibrous networks. Their critique highlights
that the field still, however, has major hurdles to cross.

4. Mechanotransduction by cells and nuclei

One of the most vexing questions in the field of mechanobiol-
ogy is how forces reach cells and nuclei to make lasting changes
to function and phenotype. Even for cells in relatively simple load-
ing states, these cellular responses and behaviors can be difficult to
predict and interpret. In the case of compressed articular cartilage,
as studied by Hung and colleagues [50], compressed chondrocytes
near the surface can undergo cell death when subjected to phys-
iologic loading conditions. The paper solves this mystery through
use of finite element methods that predict how compression can
attenuate nutrient flow, with a three order of magnitude reduc-
tion of hydraulic permeability after several hours of intermittent
or continuous contact loading. The article reveals a fascinating ex-
ample of (spoiler alert!) hydraulically driven mechanotransduction
in which normal activities such as walking or standing can induce
significant loss of intracellular fluid volume, potentially hindering
metabolic activity and fluid transport properties, leading to cell
death.

A key goal of tissue engineering is to manipulate these stresses
in a way that instead drives a desired outcome. Such epigenetic
factors involve multiple levels of mechanotransduction, with forces
that reach the cell altering gene expression in the nucleus. Poh
and colleagues critique our understanding of how 3D scaffold
geometry affects cell and nuclear mechanics, with emphasis on
the diversity of mechanotransduction pathways that can influ-
ence epigenetics [51]. Their review discusses the potential of
using additive manufacturing for multi length-scale assembly of
cells and multicellular tissues with desired functionalities, and
points to critical challenges in recapitulating the cell’s mechanical
microenvironment and its dynamics. These dynamic epigenetic
factors in 3D are recursive, with cell and ECM changes leading to
modulation of one another. A review article by Boer and colleagues
highlights the dynamic reciprocity (“loop of phenotype”) between
cells and ECM in tendon tissue during physiological homeostasis,
and related loops of phenotype that can arise under pathological
conditions[52]. A particularly interesting critique raised is that,
although signaling between ECM and cells is known to occur at
the tissue, cell and molecular levels, the integration of this for
tenocytes is highly dependent on cell shape, and that biomaterials
that aim for anabolic upregulation of ECM production may po-
tentially be improved by accounting for causal linkages between
tenocyte form and function.

Such linkages between form and function drive mechanosens-
ing in bone development as well. As expounded upon by Kuo and
colleagues [53], many signals in these cascades are mediated by
focal adhesions that remodel in response to geometric cues in the
cell microenvironment. These can adapt dynamically to direct in-
tercellular tension towards the nucleus and thereby to regulate
stem cell differentiation. This is demonstrated in a clever and im-
pactful experiment in which stem cells patterned on square or
round protein patches develop distinct patterns of radial actin bun-
dles and myosin-lIA enriched transverse fibers. These modulate cy-
toskeletal tension, actin retrograde flow, and network architecture
so as to upregulate tension in the nuclear envelope in cells on
square patches, and downregulate it in cells on circular patches.
The former cells show signs of osteogenesis, and the latter show
signs of adipogenesis, providing evidence of a role for centripetal
actin flow in regulating contractility and stem cell fate.
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One of the central challenges in understanding the phenom-
ena that drive mechanosensing by cells and nuclei is measuring
the forces applied to them. The standard approach for estimating
the traction stresses that a cell exerts on a substrate is to induce
the cells to release the traction, then measure the displacements
of fluorescent beads in the surface layer of the hydrogel and solve
an inverse problem to estimate how hard the cells were originally
pulling on the substrate. The technique is no longer particularly
hard on graduate students, but is quite hard on cells because of
the chemical disruption needed to release stresses. A significant
advance in this class of technique is reported by Sniadecki and col-
leagues, who developed a technology to micropattern uniform ar-
rays of opaque microscale markers on fluorescent substrates [54].
The method allows precise, high-throughput measurement of dis-
placement fields without harming the cells because the regular ref-
erence configuration is known a priori. This is a highly promising
new tool for prospectively tracking the mechanical responses of
cells.

The connections between a cell and its neighbors and ECM not
only determine the ways that a cell transduces force, but also the
magnitude of the stresses it transduces. Quigley and colleagues
demonstrate this in the astrocytic lamina in the optical nerve head,
a structure that can become injured when overstretched in glau-
coma [55]. In explanted mouse eye models, treatment with re-
combinant trypsin alters the mechanical fields and load transfer
by the cells’ basement membrane. These data show that cell-cell
connections provide a significant contribution to the mechanics of
the optic nerve head and provide a clear demonstration of ways in
which cells can substantially modulate their mechanical environ-
ment through connectivity to that environment.

Understanding how these forces and stretches cause transitions
in cells is a critical issue for mechanobiology. How do forces drive
phenotypic changes in cells, and how do cells remember these?
Wang and colleagues show a central role in this process for nu-
clear protein LAP2f [56]. LAP28 is responsible for transmission of
contractile force from the nuclear lamina to chromatin inside the
nucleus, and Wang et al. show for the first time that this is es-
sential for nuclear mechanotransduction. The paper reports a crit-
ical result in mechanobiology, namely that chromatin itself must
be stretched to promote mechanosensitive gene upregulation, and
that LAP2S plays a critical role in this process.

How quickly can these changes occur? Although time constants
for nuclear changes to cells are minutes to days [57-59], cells
such as neurons are well known to change permanently over the
course of milliseconds when subjected to rapid stress [60]. Neu
and co-authors identify a series of mechanisms by which this
might occur in a study that brings to bear remarkable imaging and
high strain rate experiments on neurons [61]. Neu et al. examine
the mechanics of neuronal nucleus and cytoskeleton response to
impulsive loading representative of traumatic brain injury and
discover loading-dependent changes to nuclear positioning and
orientation, as well as F-actin puncta surrounding the nuclei
associated with cytoskeletal depolymerization.

5. Mechanics of migration, metastasis, and malignancy

One of the most important motivations for studying cell-fiber
interactions is identifying factors that make cells migrate and lead
cancerous cells to metastasize. Material factors are key to this, as
described in the review by Lim and colleagues [62]. Mechanosen-
sation driven by the interplay between ECM biophysical cues and
intracellular signaling drive these cellular decisions to metastasize,
with factors such as fibrillar size and arrangement, crosslinking
density, confinement, rigidity, topography, and non-linear mechan-
ics affecting tumor cell behavior. How do each of these affect ma-
lignancies? In their thoughtful critique, the authors note that we
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still cannot answer that question, in part because of challenges in
isolating these factors in well-defined, quantitative cell culture sys-
tems. The review covers and critiques a range of engineering ap-
proaches available to mimic the varying levels of complexity dur-
ing tumorigenesis, and emphasize the need for a cell-instructive
modular approach that accounts for interactions across cell types
that promote metastatic invasion.

Amongst the many cell types that interact within the tumor
microenvironment are cells of the immune system. These are
amongst the most poorly understood actors in the tumor mi-
croenvironment, but potentially amongst the most important. M2
macrophages, immune cells that regulate inflammation and pro-
mote tissue repair, are often associated with tumor growth and
progression, as they can secrete factors that promote cell growth
and angiogenesis. A key question when designing treatments to
eliminate the heterogeneous tumor cell population is how does
the heterogeneity of the tumor cell population change with tumor
development, including the stiffening associated with certain tu-
mors? Reinhart-King and colleagues report a substantial advance
in the science of how matrix mechanics drives the heterogene-
ity of the intratumor cell population [63]. Although the balance
of stromal and cancer cells does not change, stiffening of the
tumor microenvironment increases presence of tumor-promoting
M2-like macrophages and promotes intercellular communica-
tion, establishing a role of mechanobiology in supporting tumor
growth.

To understand how the fibrous nature of the ECM dictates mi-
gration speed and mode of these heterogeneous cell populations,
Baker and colleagues interrogate the role of biophysical and bio-
chemical cues from peritumoral stroma in tumor escape strate-
gies [64]. Using electrospun fibers embedded within an amor-
phous hydrogel to create synthetic stroma, they discover indepen-
dent roles of matrix fiber density and bulk hydrogel mechanics on
cell migration. Attachment to ECM fibers promotes endothelial-to-
mesenchymal transition, resistance to apoptosis, and invasive mul-
ticellular clusters, while soluble cues enhance single cell migration.
Results highlight an interplay between ECM mechanics, ECM struc-
ture, and malignancy, and shed light on the mechanisms by which
invasiveness determines malignancy and prognosis.

When cancer cells spread to other parts of the body, they typi-
cally invade together as attached groups of cells. Previous research
has shown that when cancer cells are close to each other, they
can push into soft materials more deeply than when they are
spaced apart. Weihs and colleagues developed finite element mod-
els to interrogate the ability of well-spaced or adjacent cancerous
cells to indent soft gels [65], and discovered a key role of the
stiffness of the nucleus. When cells are close together, they can
push more deeply into soft materials due to small increases in in-
dentation depth. Additionally, they can interact in ways that en-
hance the force with which they invade due to additive, contin-
uum mechanics-driven contributions. Findings suggest that cancer
cells can invade collectively without directly interacting with each
other, and reveal additive and synergistic mechanisms driving col-
lective cancer-cell invasiveness.

Mechanical factors not only determine the outcome of disease,
but also the outcome of treatment. A critical frontier is under-
standing how the fibrous environment of cells provides signaling
and drug resistance to cancer. Zustiak and colleagues detail the use
of gels of varying stiffness to test the efficacy of drugs in treat-
ment of glioblastoma [66]. Cancer cells had higher and deeper in-
filtration in the soft compared to stiff gels. In hybrid scaffolds with
both soft and stiff zones, minor infiltration was observed from
soft to stiff regions, but not the other way around, contrary to
other studies. Drug responsiveness was correlated with laminin ex-
pression in stiff hydrogels, indicating a role of stiffness in drug
efficacy.
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6. Outlook

The articles in this special issue point to a series of critical
open questions that need to be addressed. Recursive interactions
between cells and fibers govern development, healing, and a range
of pathologies, but are in general poorly understood. At the level
of fibrous networks, challenges that remain include accurately
modeling fibrous environments, both experimentally and compu-
tationally, and characterizing both fibrous materials and the fibers
themselves experimentally. Mesoscale interactions between fiber
families and between fibers and cells continue to reveal new and
unexpected material behaviors, and certainly deserve continued
exploration.

The research agenda that emerges from the special issue also
underscores a key need to understand the role of cell and fiber
mechanobiology in physiological and pathophysiological processes.
The role of cell communication, mechanical strain, and cell-cell
contacts in phenotypic changes associated with mechanotransduc-
tion is not yet understood in the context of soluble factors, cell
kinetics, and their effects on ECM proteins. The 3D culture systems
that form the core of our understanding of cell-fiber interactions
are not yet true 3D systems, and are instead limited by issues of
nutrient distribution. Technologies for vascularization of idealized
tissues continue to represent a pressing need.

Material factors in the fibrous environment are especially im-
portant in cancer cell behavior and cancer treatment. The inter-
play between ECM biophysical cues and intracellular signaling af-
fects cellular decisions to metastasize, with factors such as fibrillar
size and arrangement, crosslinking density, confinement, rigidity,
topography, and non-linear mechanics affecting tumor cell behav-
ior. The diverse cell populations, including immune cells, in the tu-
mor microenvironment interact with tumor mechanics and struc-
ture to determine cancer cell migration and invasiveness, and to
determine drug efficacy and resistance to cancer.

Finally, in the context of both physiological and pathophysio-
logical development, understanding the mechanisms and kinetics
of epigenetics remains a critical need. Breakthroughs reported in
this special issue shed light on mechanisms at individual hierar-
chical scales within a tissue, but additional work is needed to link
these across scales and identify druggable targets.

Progress in these areas is rapid, and it will be exciting for all of
us to see what the next 600 million years of development add to
the field.
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