
A nanotopography approach for studying
the structure-function relationships of cells

and tissues
Kshitiz1,2, Junaid Afzal3, Sang-Yeob Kim4,5, and Deok-Ho Kim1,2,*

1Department of Bioengineering; University of Washington; Seattle, WA USA; 2Center for Cardiovascular Biology; Institute for Stem Cell and Regenerative Medicine;

University of Washington; Seattle, WA USA; 3Department of Medicine; Johns Hopkins Medical Institutions; Baltimore, MD USA; 4Asan Institute for Life Sciences;

Asan Medical Center; Seoul, Republic of Korea; 5Department of Medicine; College of Medicine; University of Ulsan; Seoul, Republic of Korea

Keywords: nanotopography, extracellular matrix, structure-function, tissue engineering, cell biology

Most cells in the body secrete, or are in intimate contact
with extracellular matrix (ECM), which provides structure to
tissues and regulates various cellular phenotypes. Cells are
well known to respond to biochemical signals from the ECM,
but recent evidence has highlighted the mechanical
properties of the matrix, including matrix elasticity and
nanotopography, as fundamental instructive cues regulating
signal transduction pathways and gene transcription. Recent
observations also highlight the importance of matrix
nanotopography as a regulator of cellular functions, but lack
of facile experimental platforms has resulted in a continued
negligence of this important microenvironmental cue in
tissue culture experimentation. In this review, we present our
opinion on the importance of nanotopography as a biological
cue, contexts in which it plays a primary role influencing cell
behavior, and detail advanced techniques to incorporate
nanotopography into the design of experiments, or in cell
culture environments. In addition, we highlight signal
transduction pathways that are involved in conveying the
extracellular matrix nanotopography information within the
cells to influence cell behavior.

Cells Exist in a Complex Neighborhood

The world of living cells in tissues is organized in a complex
fashion, consisting of various cell types, residing together in a
milieu containing a gamut of structures formed by extracellular
matrix (ECM), while conduits from the distal world bring in
nutrients, chemical and electrical signals. Increased availability of
molecular biology tools, development of sophisticated microscopy
and methods for selective genetic perturbation developed recently
have significantly increased our understanding of how cells
respond to their local microenvironment (Fig. 1A–B).1 It has been
widely appreciated and understood how cells respond to various
soluble biochemical factors, including growth factors, and cyto-
kines, and insoluble biochemical factors including those intrinsic

to the ECM or presented to cells in a tethered form by the ECM
(Fig. 1C).2 However, it has only recently been recognized that the
currency of communication in the tissues is even more varied, and
includes the mechanical and physical properties of the environ-
ment itself.1,3,4 The mechanical features of the ECM include its
topography,5-9 and elasticity,3,10 both of which are now being rec-
ognized as important in guiding cellular phenotypes in an active
manner. ECM mechanics are now reported to guide cell shape,
migration, differentiation, proliferation, and overall structure and
function of the tissue.11-13 Here we will focus on ECM topography
and its role in regulating cell and tissue functions, the mechanisms
involved in topography sensing, and deliberate on our current
understanding of this fundamental biological cue.

Nanoscale Features in Matrix Fundamentally
Influence Cell Behavior

ECM comes in different shapes and sizes, and has evolved to
support the structure and function of specific tissue types. Typi-
cally ECM is composed of various proteins, carbohydrates, and
proteoglycans14,15 that provide a chemically active substrate for
the cells to attach to, while also presenting a specific range of
topographical features specific to the tissue type (Fig. 1C).2

These features include fibers and meshwork, pits and posts
arranged in regular or irregular fashion and are fundamentally
important in determining cell shape and tissue architecture.2 The
degree of arrangement of ECM topography varies across tissues
(Fig. 2). Basement membrane to which endothelial cells, epithe-
lial cells and other cells interact consists of amorphous sheets
intermittently laden with pits, meshes and grooves (Fig. 2A),
while more organized tissues like the tendons also consist of colla-
gen fibers highly aligned over long distances (Fig. 2B–C). Impor-
tantly, the organization of the topographical features is highly
regulated during development, and allows formation of orga-
nized structural scaffolds over which the tissue develops. As an
example, embryonic tendon is highly disorganized, and consists
of random meshwork of collagen fibrils that eventually organizes
(Fig. 2B) to form organized bundles of aligned nanofibrils, with
rare occurrences of fibrils not aligned along the long axis of the
tendon (Fig. 2C).16
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In contrast, in hierarchically organized tissues like the heart,
there are aligned fibers forming a natural scaffold over which the
cells adhere, align and form hierarchical organization to create
the desired structure of the tissue. For example, in the canine
heart, cardiomyocytes arrange in a layered organization, with
each layer consisting of nearly four cells (Fig. 2D), with rare
inter-layered cellular connections.17 Collagen fibers run in paral-
lel to the axes of the cells possibly support the anisotropic and
hierarchical structure of the heart tissue (Fig. 2E). The ultrastruc-
tural analysis of muscle matrix shows aligned collagen fibers bun-
dled in thick cables (Fig. 2F), that both guide the anisotropic
organization of the tissue, while endomysium surrounds each car-
diomyocyte providing the matrix support in a very organized
fashion (Fig. 2G).18

In the other end of the spectrum of organization, as discussed
earlier, are basement membranes that show a more random mesh
of collagen fibers over a sheet of collagen, as evidenced in base-
ment membrane of rat tongue muscles. Many ECM proteins
form structures with feature size ranging from tens of nano-
meters to several hundred microns. While capable of being
remodeled, matrix topography acts on cells in long time scales,
and over long distances. Matrix nanotopography is now being
recognized to be of fundamental importance in determining cell
shape, regulating cell-cell interactions, and maintaining structure
and function of the tissue.1,2 For example, the elongated cell
shape of cardiomyocytes and arrangement of millions of cells in a
highly aligned fashion syncytially coupled to each other is regu-
lated by the underlying ECM nanotopography in a size-
dependent manner.19,20 Similarly, matrix nanotopography has
been recognized to play significant roles in regulating axon guid-
ance, cancer cell migration, wound healing response of epithelial
cells, gap junction formation and action potential propagation of
cardiomyocytes, arrangement of endothelial cells in blood vessel,

T cell migration, cell proliferation and
differentiation of cardiac progenitors and
in regulating several other important
functions in various tissues.1,2,6,21,22

Though many instances in different tissue
types have been found where topography regulates cellular phe-
notypes, however, the mechanisms by which these cues guide cell
behavior is only now beginning to be understood.

Matrix Nanotopography and Cells Influence Each
Other in a Reciprocative and Instructive Manner

A significant reason for the lack of research and appreciation
of the role of nanotopography in the cell biology community
stems from the lack of tools to modulate the microenviron-
ment.23-25 In particular, control of nanotopography of the sub-
strate in which cells are grown has been difficult and sometimes
prohibitively expensive.26 Many new techniques are available
with varying degrees of control over the creation of nanotopo-
graphical cues allowing biologists to recapitulate the nanotopog-
raphy of desired tissue in a highly controlled and reproducible
fashion.27,28 We recapitulated the highly anisotropic collagen
fiber bundles seen in heart muscle (Fig. 3A) using capillary force
lithography (CFL) to form a scalable polymeric nanogrooved
pattern (Fig. 3B–C).20 Engineering techniques used to study
topographical cues can directly provide guidance cues on which
cells can track. Metastatic cancer cells can migrate, as well as
remodel the collagen fibrils (Fig. 3D),21 while even immune T-
cells respond to the underlying nanotopography in combination
with biochemical ligand based stimulation (Fig. 3E).6 Nanoto-
pographical features also structurally and functionally mature car-
diac progenitors,29 and skeletal muscle satellite cells.30 We also
found that adult mesenchymal cells could be directed toward adi-
pogenesis or osteogenesis depending on the features of nanotopo-
graphical cues, facilitating creation of a mosaic tissue with spatial
control of cell lineage.28 Interestingly, nanoscale features influen-
ces cellular phenotypes differently if they are disordered, as

Figure 1. The natural microenvironment of
cells and tissues in a human body consists of
combination of various mechanical and bio-
chemical factors. (A) Various mechanical stim-
uli, such as shear and hydrostatic stress,
mechanical and structural properties of extra-
cellular matrix (ECM), combine with soluble
factors to form an environment in which
tumor cells metastasize and extravasate.
(B) Cell shape and morphology are affected by
both the mechanical and structural properties
of ECM. (C) Tissue microenvironment is
defined by cell-matrix interactions via integrin
receptors, autocrine or paracrine soluble fac-
tors recognized by specific receptors, cell-cell
interactions, and direct regulation of cell phe-
notype by mechanical properties of the
matrix.
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Figure 2. Nanotopographical features are diverse in their shapes and sizes. (A) SEM image showing interaction of an endothelial cell in the aorta with the
basement membrane61; left image shows the edge of the cell (arrowhead) in close proximity with the rough matrix in the basement membrane (denoted
by *), boxed area magnified in right shows end process of the cell interacting with the basement membrane composed of ridges, bumps, pits and other
features in nano- to micro scales; Reprinted with the permission of Mary Ann Liebert, Inc. (B–C) Topographical features dynamically change during devel-
opment to assume their mature shape in an adult tissue16; (B) SEM image of late embryonic bovine medial collateral tendon ligament show substantial
interwoven collagen fibrils, arranging themselves toward the long axis; (C) Mature tendon ligament show a highly aligned 3D network of collagen fibrils
along the long axis of the ligament, with only a few fibrils crossing over the otherwise parallel dense network (arrowheads).16 Scale bars: 600 nm in B
and 450 nm in C. (D–E) Cardiac muscle is arranged in a highly aligned and layered fashion, facilitated with collagen fiber orientation17;
(D) SEM image showing 3 orthogonal surfaces (TN: tangential, AT: axial-transmural, TR:transverse) of a left ventricular midanterior midwall of a canine
heart tissue shows stacked layers of cardiomyocytes, each layer composed of nearly four cardiomyocytes, with branches between layers being one to
two cardiomyocytes thick; (E) Enlarged tangential image shows layered organization within heart, with rare branching (arrowhead), with space between
layers composed of extensive connective tissue network, and long collagen fibers running between muscle cells and inserting into the surrounding con-
nective tissue network. Scale bar: 100 mm. (F) SEM image showing perimysial collagen cables in EDL muscle supporting muscle fibers longitudinally.
Scale bar: 1 mm. (G) SEM image showing the fine structures in the endomysium facilitating embedding of cardiac muscle fibers.18 Scale bar: 10 mm.
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compared with organized and directional.31 It is hoped that more
research will not only increase the appreciation of nanotopogra-
phy as a fundamental biological cue, but would also encourage
topographically defined substrates as standard cell culture plat-
forms for cell culture to design more physiological contexts for
experiments.28

While cells respond to nanotopography, they are also respon-
sible for laying down these matrices. In most connective tissues,
fibroblasts secrete ECM molecules in the form of nanofibers,
sheets, or in form of other nanotopographical features.2 Disrepair
of tissue matrix in response to a wound or insult results in recruit-
ment of neighboring fibroblasts that remodel the matrix and lay
down new ECM molecules that assume the shape defined by
their biochemistry.32 Similarly, metastatic cancer cells remodel
the matrix to facilitate movement across the barrier imposed by

the existing matrix topography, which may not be conducive to
migration.33 Therefore, there exists a constant interplay of the
ECM nanotopography on cell behavior, and cell induced remod-
eling of the topographical state of the ECM.

This interplay between cells and the matrix they reside in is of
fundamental importance in regulating tissue structure and func-
tion. While it is commonplace to consider ECM as a static cue
that defines cell physiology, in certain tissues and in certain con-
ditions this assumption may not hold true. For example, bone is
constantly remodeled by osteoclasts that convert pressure and
force cues into directional arrangement of the bone by remodel-
ing ECM matrix by migrating in the direction of force.31 Simi-
larly, a heart attack results in massive remodeling of the heart
ECM and collagen deposition resulting in a stiffer heart with a
denser ECM nanotopographical cue than in a normal heart.19,29

Figure 3. Cells actively sense and respond to engineered nanotopographical cues. (A) SEM images of ex vivo myocardium of adult rat heart shows
aligned collagen fibers running in dense bundles for long distances. Scale bar: 10 mm. (B) Photograph of a large-area anisotropically nanofabricated sub-
stratum (ANFS) on a glass coverslip mimicking the collagen fibers in A. (C) Cross-sectional SEM image of the ANFS in B. Reproduced with permission
from the National Academy of Sciences. (D) Remodeling of ECM structures by motile HT1080 fibrosarcoma cells. Transition from individual to collective
invasion is displayed in 3D spheroids cultured within a 3D collagen lattice. Single cells (white arrowheads) generate small proteolytic tracks (black arrow-
heads in inset) that become further remodeled and widened by solid strands of multiple cells (Str). The box marks the area magnified in the inset (bot-
tom right); Reprinted with permission from the American Association for Cancer Research. (E) Representative SEM images of T cells on nanostructured
(left column) and flat (right column) surfaces in the presence (upper row) and absence (lower row) of ICAM-1; Reprinted with permission from the Journal
of Immunology.
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These phenomena result in alteration of structure at the tissue
and organ level, commonly affecting and contributing to change
in organ function. Lack of in vitro tools to regulate nanotopogra-
phy dynamically has resulted in little or no research in under-
standing the role of dynamic presentation of nanotopographical,
or in general mechanical, cues to the cells. This presents an excit-
ing new area for material scientists and cell biologists to develop
tools to dynamically regulate ECM mechanics and topography.

Signaling Mechanisms in Nanotopography Sensing
and Response

ECM topography is a complex cue. Cells can sense mechani-
cal forces from the ECM in multiple overlapping ways, rendering
it difficult to ascertain the effect of one aspect of topography
from the other, and one mechanical cue from the other. For
example, cardiac cells cultured on nanogrooves mimicking car-
diac ECM exhibited an enveloping effect on the grooves in a
nanogroove dimensional dependent manner. At the very least, a
greater amount of enveloping can result in greater cell-ECM
interaction, thereby increasing the “dosage” of ECM molecules
to the cells, as evidenced in cardiomyocytes cultured on nano-
grooves of different feature sizes20 (Fig. 4A). Even the amoeba
Dictyostelium discoideum that does not express integrin based

receptors, exhibits different extent of contact guidance on nano-
topographical surface, suggesting that nanotopography may just
be presenting a pseudo 3D surface for cells to adhere to, thereby
increasing the available surface area for cell adhesion.34 We have
previously speculated that nanotopography as a regulator of dos-
age of cell-ECM interaction due to its intrinsic 3D nature of cell-
ECM interface could be a causative factor in regulating cardiac
tissue structure and function, including regulating expression of
cell-cell gap junction protein Connexin-43, and conduction
velocity (Fig. 4B). Another mechanism by which cells can sense
nanotopography is employed when cells pull the nanofeatures
while developing focal adhesions centered around their adhesion
loci.20 This could result in rendering “elasticity” to the nanofea-
tured substrata which may be absent from the featureless flat sub-
strata created from the same material.35 Third, the enveloping of
the cell membrane around nanofeatures can result in increased
intramembrane tension and rearrangement of cortical cytoskele-
ton, again, influencing the cell in a different way.36 Recent report
indicates that nanotopography modulates protein adsorption,
thereby regulating fibrotic response of cells,37 partially support-
ing the hypothesis that nanotopography may be mediating the
dosage of protein or ECM presentation to the adhered cells.

Further, matrix nanotopography may act on cells in a non-
exclusive manner with other biochemical and mechanical cues

Figure 4. Matrix nanotopography regulates cell functions by regulating cell-matrix dosage and direct regulation of signaling pathways. (A) Differential
degree of primary cardiac cell protrusion into a 400-nm-wide (left) and an 800-nm-wide (right) groove indicate a possible mechanism by which cells
actively differentiate between different features of nanocues20; Mf: myofilament. (B) Model of the sensitivity of structural and functional properties of
the cardiac constructs to the details of the underlying nanostructured substrata; A and B reprinted with permission from the National Academy of Scien-
ces. (C–D) Nanotopography mimicking the native tissue can regulate stem cell phenotypes including fate by regulating signaling molecules that activate
transcription factors29; (C) Rat cardiosphere-derived cells (CDCs) cultured on aligned topography that mimics the heart matrix (right) form in vitro cardiac
niche with cardiac progenitor specific transcription factor Nkx2.5C cells surrounded by undifferentiated CDCs after 14 d of culture on nanogrooves; red:
actin, green: Nkx2.5, blue: DAPI. Scale bar: 50 mm. (D) GFP expression in CDCs lentivirally transduced with NCX- GFP and p190CC (p190CC/NCX-GFP),
sv40 empty vector (EV/NCX-GFP), p190RhoGAP shRNA (p190KD/NCX-GFP) and co-cultured with neonatal rat ventricular myocytes show that p190RhoGAP
overexpression increases cardiomyogenesis, while p190RhoGAP silencing decreases cardiomyogenesis; Reprinted with permission from the Royal Soci-
ety of Chemistry. (E) Schematic showing the major downstream signaling pathways that nanotopographical features can regulate, thereby regulating
cellular phenotypes.
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provided by the ECM.38,39 Similarly, other mechanical cues can
non-exclusively regulate cellular phenotypes with nanotopograph-
ical cues. Organization of nanotopographical cues, while keeping
their “dosage” constant, has been shown to affect cellular pheno-
types including stem cell differentiation differently compared
with randomly organized cues.31,40,41 Rigidity range varies sub-
stantially in different tissues, and both topography and substrate
elasticity are first sensed by the cells via integrin receptors, feeding
into similar mechanosensory signaling pathways.42 ECM binding
to the extracellular domains of integrins has been studied in detail.
On the cytoplasmic side, integrins do not contact the cytoskeleton
directly but via intermediate proteins. Hundreds of such proteins
have been implicated in connecting integrins with cytoskeleton.43

Among several of these proteins that can bind to b subunit tail of
integrins and connect integrin to cytoskeletal proteins (including
actin, intermediate filaments and tubulin proteins), only a few of
them have been identified that can detect variable tension/
mechanical signals presented by nanotopographical cues. Such
mechanosensitive proteins include p130Cas, talin-vinculin sys-
tem, a-catenin, and mechanosensitive ion channels.44-47 These
primary mechanosensors feed into multiple signaling pathways,
including those regulated by Rho family GTPases, Hippo path-
way proteins, and tyrosine kinases.5,48,56 Rho Pathway consists of
»20 Rho GTPases in mammalian cells, three of which have been
studied extensively; RhoA, Rac1, and Cdc-42. These GTPases are
activated by guanine nucleotide exchange factors (GEFs) that
directly or indirectly sense adhesion, rigidity and availability of
ECM binding sites, and modify cell behavior by activating down-
stream targets but their role in increasing/decreasing the surface
binding protein expression, known as ‘inside-out’ signaling has
also been suggested. The role of small GTPases in integration of
mechanotransduction signals, including nanotopographical cues
into meaningful biological behavior like polarity, motility, prolif-
eration, and differentiation is still being explored through interac-
tion with other signaling modules, prominently the PI3K/AKT
and tyrosine kinase pathway.49,50 p190RhoGAP is one of the pro-
teins which connects integrin linked signaling to Rho pathway by
regulating RhoA and Rac1 activity and cell spreading/motility by
connecting mechanical cues from ECM.29 Interestingly, p120-
catenin (delta catenin) which regulates canonical Wnt signaling is
also connected to Rho GTPases, and p190RhoGAP is one of cru-
cial p120-Catenin adaptor in integrin mediated or cell-cell medi-
ated activation of p120, suggesting a possible role of these proteins
in developmental pathways.51-53 p190RhoGAP has emerged as a
promiscuous molecule that interlinks various seemingly disparate
signaling pathways, acting as a master regulator of extracellular
mechanical and topographical signals to control transcriptionally
controlled cellular phenotypes, e.g., proliferation, differentiation,
cell shape, cell-cell interaction, tissue morphogenesis, and other
functions.41,42 For example, nanogrooves that mimic the native
heart ECM result in a cardiac progenitor cell type currently under
clinical trials,54 CDCs to form cardiac niche like structures with
groups of rounded cells with Nkx2.5C nuclei surrounded by non-
differentiated CDCs (Fig. 4C).29

A crucial question is how different ECM generated mechanical
cues influence cells. Do they act in mutual exclusion via different

mechanosensory networks, or do they work in parallel with each
other so that one mechanical cue could be supplanted with
another. The truth seems to be somewhere in between. Our previ-
ous studies indicate that nanotopography and rigidity of substra-
tum for similar cell type could act via activating similar molecular
machinery, but in different manner resulting in different pheno-
typic outcomes.29 When multipotent CDCs, are cultured on sub-
strata mimicking the rigidity of myocardium, they give rise to
endothelial cells while same cells show a more aligned phenotype
on nanogrooves mimicking the heart ECM, eventually giving rise
to cardiomyocytes (Fig. 3C–D).29 However, both these mechani-
cal cues were fed into RhoA signaling in an integrin dependent
manner and resulted in gradual downregulation of p190RhoGAP
in the case of MRS, and upregulation of p190RhoGAP in the case
of nanogrooves41 (Fig. 4D). It was also found that nanogrooves
promoted cardiomyogenesis via p190RhoGAP upregulation41

(Fig. 4D). Such evidence supports the hypothesis that nanotopog-
raphy and other ECM mediated signaling may be closely interre-
lated, and acting in similar or dissimilar ways in different contexts.

There is also another aspect of nanotopographical features that
is overlooked, and could be advantageous in balancing the need
to create biomimetic surfaces for cell culture that are also condu-
cive for experimental observations. Nanotopographical substrates
also provide quasi three-dimensional (3D) substrata where cell
has a chance to spread in a different dimension than the two-
dimension (2D) platforms commonly used for cell culture. This
is important, since 2D substrates probably limit our understand-
ing of how cells actually interact with their mechanical 3D micro-
environment in vivo, thereby regulating their migration, polarity,
differentiation, and even viability.3,4 Recently, the proteins
involved in sensing different mechanical cues have also been
implicated in regulation of diverse biological behavior including
migration, polarity, proliferation, differentiation, apoptosis and
regulation of both upstream and downstream signaling path-
ways.55,56 It is possible that similar molecular machinery is also
involved in topography sensing. Nanotopographical cues, there-
fore, are sensed by the cells essentially by integrin receptors that
recognize the specific ECM motifs to which they bind and acti-
vate downstream signaling pathways. The difference comes in
the nature of these contacts, which, owing to the spatial and
inhomogeneous aspects of these cues result in activation of
integrin mediated downstream signaling in a non-homoge-
neous fashion within the cells. Depending on the type of cue,
and the type of cells, therefore topographical cues can have
different effects than just the presentation of ECM molecules,
and can regulate cell shape, direction of movement, prolifera-
tion, fate, and other phenotypes differently from homogeneous
ECM cues (Fig. 4E).

Perspectives

Topography of the environment cells reside in was long con-
sidered as a passive fact, an interesting curiosity in the form of its
diversity but not important as an active signaling cue. Recent
developments of novel tools from biomaterials, electrical
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engineering, and biotechnology and cell biology have brought to
the biologists’ bench an array of tools to precisely control the
topographical cues, while also presenting sophisticated methods
to allow topographical perturbation of cells.23 These significant
challenges of creating nanoscale features in inexpensive large sur-
face area,28 and long-term maintenance of stem cells57 appear to
have been reasonably dealt with. In addition, many studies report
methods to combine other biological cues with nanotopographi-
cal cues in a combinatorial manner, making it possible to study
the effect of nanoscale cues in combination with other physiolog-
ical stimuli on cell behavior.58-60 The new knowledge has been
revealing. It is now established that topography of ECM itself is a
potent biological cue that activates various signaling pathways
and can regulate transcription, and consequently many cellular
phenotypes. However, this field is still young, and there is still a
widespread lack of appreciation on the existence and importance
of these cues. Cells exist in context, and the context of cells is
complex: a combinatorial cue that is biochemical, physical, and
topographical in nature.
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