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Lead-In
The interaction of mammalian cells with nanoscale topography has proven to be an important
signaling modality in controlling cell function. Naturally occurring nanotopographic structures
within the extracellular matrix present surrounding cells with mechanotransductive cues that
influence local migration, cell polarization, and other functions. Synthetically nanofabricated
topography can also influence cell morphology, alignment, adhesion, migration, proliferation, and
cytoskeleton organization. Here we review the use of in vitro synthetic cell-nanotopography
interactions to control cell behavior and influence complex cellular processes including stem cell
differentiation and tissue organization. Future challenges and opportunities in cell-nanotopography
engineering will also be discussed including the elucidation of mechanisms and applications in
tissue engineering.
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1. Introduction to Cell-Nanotopography Interactions
1.1. Native Cell-Nanotopography Interactions

Extracellular matrix (ECM) proteins exhibit abundant nanometer-scale structures that are
hypothesized to contribute to cell-matrix signaling. The basement membranes of many
tissues exhibit rich nanotopography that interact directly with adjacent cells.[1,2]
Nanotopography is also present in individual ECM molecules such as collagen, which are
approximately 300 nm in length and 1.5 nm in width.[3] These molecules can form fibrils
that extend for tens of microns in length and have diameters between 260 and 410 nm.[4]
Cells interact with native topographical structures in many ways, often through a
phenomenon known as contact guidance. Contact guidance is a leading example of a
naturally occurring phenomenon that is characterized by the response of cells to structures
on the micron and sub-micron scale. Contact guidance is an essential component in
regulating cell migration, which is modulated by organized ECM proteins.[5] Migration can
also be influenced by surrounding cells as in the case of fibroblast migration in vivo[6] and
coordinated epithelial cell migration on a collagen substrate in vitro.[7] T cell migration is
also known to be highly dependent upon cell-biomaterial interactions with native ECM

*Corresponding authors: Jeffrey T Borenstein, Voice: (617) 258-1686, jborenstein@draper.com, Robert Langer, Voice: (617)
253-3107, rlanger@mit.edu.

NIH Public Access
Author Manuscript
Angew Chem Int Ed Engl. Author manuscript; available in PMC 2010 March 8.

Published in final edited form as:
Angew Chem Int Ed Engl. 2009 ; 48(30): 5406–5415. doi:10.1002/anie.200805179.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



proteins.[8] The role of contact guidance can also be important in the migration of individual
cells, or groups of cells or tissue.[9] The migration of nematocytes in hydra is guided
bidirectionally by a fibrous mat produced from epithelial muscle processes[10] despite the
absence of any detectable chemotactic gradient. Contact guidance is also an important
component in efficient organelle formation, such as axonal guidance and growth cone
motility.[11]

1.2. Cell-Nanotopography Responses on Synthetic Substrates
Recent developments in advanced micro- and nanofabrication techniques have enabled the
fabrication of substrates that are able to recapitulate the structure and length scale of native
topography in two-dimensional substrates. Cells respond to two-dimensional synthetic
topographic substrates in a wide array of responses, which depend upon many factors
including cell type, feature size and geomertry,[12] or the physical properties of the bulk
substrate material including substrate stiffness.[13] Of particular interest for this review is
the effect of synthetic substrates with features of that exhibit long-range order and sizes with
length scales between approximately 10 nm and 3 µm. Although these length scales include
micro- and nanometer-sized structures, they will herein be categorized and referred to as
nanotopography for simplicity. This selection criterion excludes a large body of work that
has examined the collective effects of other systems that lack long-range order including
nanofibers,[14] electrospun fibrous mats, and substrates with nanoroughness.[15–17] Three
basic nanotopographic geometries that will be discussed are nanogratings, nanopost arrays,
and nanopit arrays (Figure 1). Nanotopography affects basic cell function in almost all types
of mammalian cells (Table 1 and Table 2). Cell-nanotopography interactions can induce
different effects within a single cell type due to the coupled effect of nanotopography in
combination with physicochemical properties of the substrate. Cell-nanotopography
interactions also vary across cell type, feature size, and feature geometry as well.
Nevertheless, there are some general trends that can be extricated from the rapidly growing
body of literature.

1.2.1. Morphology—Perhaps the most palpable effect of nanotopography on cell function
is the impact upon cell geometry. Many cell types typically respond to nanogratings by
simultaneously aligning and elongating in the direction of the grating axis (Table 1). This
response has been observed in various cell types across numerous species including
fibroblasts, endothelial cells, stem cells, smooth muscle cells, epithelial cells (Figure 2), and
Schwann cells.[44] Neurites extending from neuroblastoma cells (PC12) cultured on
nanogratings have also been shown to exhibit enhanced alignment and extension when
cultured in the presence of nerve growth factor (NGF). The morphological response is seen
in cells cultured on substrates with features as small as 100 nm and depths as small as 75
nm.[45] Stronger responses have been observed across decreasing feature pitch and
increased depth, the latter being the stronger effector in general. Other studies have
demonstrated that some nanograting feature sizes induced alignment of cells both parallel
and orthogonally to the nanograting axis.[46] There are several examples of cell types that
do not respond to nanogratings including human-derived leukocytes, keratinocytes, and
monocytes.[47] Hence, even widespread morphological effects of cell-nanotopography
interactions are not universally observed across all cell types. Substrates with nanopost and
nanopit features elicit a more subtle effect on cellular morphology. Many studies have
demonstrated the reduction of spreading on nanoposts and nanopits, although the overall
effect of these structures on cell area is unclear (Table 2). Other studies have observed either
increased[39] or constant filopodia formation[37] and reduction in adhesion complex
formation.[33]

Bettinger et al. Page 2

Angew Chem Int Ed Engl. Author manuscript; available in PMC 2010 March 8.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



1.2.2. Attachment and Adhesion—The length scale of synthetic nanotopography can
be designed to mimic that of extracellular matrix proteins,[2] including collagen,[48] which
may substantiate the hypothesis that nanotopography can enhance attachment and adhesion
of mammalian cells. Nanogratings generally appear to enhance the adhesion in various cell-
biomaterial-geometry combinations, nanoposts and nanopits generally reduce initial cell
attachment (Table 1 and 2). Further studies must be aimed at elucidating the apparent
dependence on feature size and geometry for differential adhesion.

1.2.3. Proliferation—Nanotopography has also been shown to affect the proliferation
profiles of various cell types. In general, cells cultured on nanogratings exhibit reduced
proliferation rates compared to cells cultured on planar substrates (Table 1). The effect of
nanopost or nanopit substrates on proliferation is more ambiguous as some combinations of
geometry, length scale, substrate material and cell types promote more rapid proliferation
while others reduce proliferation rate (Table 2). There appear to be no obvious trends to
predict the effect of nanopost or nanopit geometries on proliferation. Furthermore, there are
currently no widely accepted hypotheses regarding the mechanism for the effect of cell-
nanotopography interactions on cell proliferation.

1.2.4. Migration—The effect of nanotopography on migration is typically observed in
cells cultured on nanogratings. Many cell types have exhibited biased migration direction in
the direction of the grating axis and increased overall migration velocities including
endothelial cells,[18] epithelial cells,[30,31,49] osteoblasts,[50] and C6 glioma cells[23]
(Table 1). Nanotopography also biases markers for directional migration as shown in work
by Yim et al. in which microtubule organization centers (MTOCs) were observed to be
polarized as a direct consequence of the nanograting.[25] Furthermore, the polarization of
MTOCs was observed to supersede directional migration cues from wound healing.[25]
Enhanced migration is a response that is typically coupled with elongated morphology and
alignment of the cell body with the nanograting axis.[18,23,50] There have been limited
studies regarding cell migration on nanopit or nanopost arrays compared to nanogratings.
One study by Tzvetkova-Chevolleau et al. studied the migration of normal (3T3) and
malignant (SaI/N) mouse fibroblasts on poly(dimethylsiloxane) (PDMS) substrates with
nanograting and nanopost arrrays.[51] Nanogratings biased the migration vector of both 3T3
and SaI/N cells along the grating axis. Rectangular arrays of nanoposts appeared to bias the
direction of migration of 3T3 cells, but not SaI/N cells. Although there was no discernable
effect of nanotopography on the migration velocities of 3T3 cells, there was a significant
impact of nanoposts on SaI/N cells. SaI/N cells cultured on nanoposts exhibited a wide
range of migration velocities including a high percentage of cells that attained high speeds.
Additional studies must be conducted to further examine the potential impact of nanopost
and nanopit geometries on migration profiles.

2. Cell-Nanotopography Interactions for Controlling Complex Function
2.1. Genotypic Alteration

Nanotopography is known to alter the gene expression profiles of various cell types. These
genetic profiles have been analyzed first through analysis of individual genes followed by
comprehensive gene analysis studies. A study by Chou et al. suggested that the mRNA
levels and stability in human fibroblasts were influenced by nanogratings.[27] More
specifically, fibroblasts cultured on titanium nanogratings expressed higher levels of
fibronectin mRNA with increased stability. Furthermore, nanogratings induced higher levels
of fibronectin incorporation into cell-matrix proteins. More recent work has utilized gene
array techniques to probe the effects of nanotopography on genome-wide expression in
fibroblasts[52] and mesenchymal stem cells.[22,36] Fibroblasts cultured on nanopits
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exhibited widespread downregulation of many genes including those associated with
apoptotic initiation, DNA repair, and transcription regulation.[38] Other genes are
upregulated in this instance including TGF-βr2 and those involved in regulating G-protein
signaling.

2.2. Differentiation
The concomitant impact of topography on both basic cell function and gene expression in
many cells types suggests that nanotopography could potentially be utilized as a signaling
modality for directing differentiation. There has been significant progress in this thrust
despite the fact that coordinated work in this specific application of nanotopography has
only recently been explored. Work by Yim et al suggests that human mesenchymal stem
cells (hMSCs) cultured on nanogratings can be preferentially differentiated into neuronal
lineages as determined by the presence of synaptophysin, tuj1, and nestin markers as well as
the upregulation of MAP2.[22] The enhanced differentiation of hMSCs has also been
explored using nanopit arrays. In work by Dalby et al., osteoprogenitor cells and hMSCs
were cultured long-term on PMMA nanopit arrays of varying order.[36] The symmetry and
order of the nanopits was found to significantly affect the expression of osteopontin and
osteocalcin, two bone-specific ECM proteins, in both cell types (Figure 3). While hMSCs
cultured on completely ordered or completely random nanopits did not lead to expression of
these two proteins, hMSCs cultured on slightly irregular substrates did exhibit significant
amounts of these proteins of interest. Increased bone nodule formation was also evident in
hMSCs cultured on these substrates relative to substrates with either completely ordered or
completely random features. Human MSCs were also cultured in three specific conditions:
(1) nanopits, (2) planar substrates in the presence of dexamethasone (DEX), a soluble factor
that can induce bone formation (positive control), and (3) planar substrates without DEX
(negative control). Human MSCs cultured on nanopits expressed a similar level of many
osteoblast-specific genes when compared to hMSCs cultured on flat substrates in the
presence of DEX. Furthermore, some genes were specifically upregulated in hMSCs
cultured on nanopits compared to hMSCs cultured with DEX alone. The results from these
two studies demonstrate the potential of nanotopography to direct cell fate. Additionally, the
complementary findings of hMSCs cultured on nanogratings and ordered-disordered
nanopits suggest the potential for selective, controllable differentiation based solely on the
geometry of the nanotopographic substrate.

2.3. Cell Superstructure
Modulating cell-nanotopography interactions also has the potential to influence cell-cell
interactions with potential to generate complex multicellular structures. One such example
of this is the culture of human endothelial progenitor cells (EPCs) on PDMS nanogratings.
[18] EPCs responded to substrates though alterations in morphology with reduced
proliferation and enhanced migration. The protein-level expression of endothelial markers in
EPCs cultured on both nanograting and planar substrates was similar. However, EPCs
cultured on nanogratings for up to 6 d formed segregated multicellular band structures
(Figure 4) that were approximately 100 µm wide and spanned hundreds of microns in
length. The morphology of EPCs organized into superstructures on nanogratings contrasted
significantly with EPCs cultured on planar substrates, which formed confluent monolayers.
The band structures found in EPCs cultured on nanogratings formed well-defined and
organized capillary tubes in an in vitro matrigel assay. Confluent layers of EPCs formed
during culture on planar substrates did not form distinct capillary tubes. This preferential
formation found in EPCs cultured on nanotopography is hypothesized to occur for several
reasons. First, alignment, elongation, and increased migration velocities biased morphology
and cell-cell interactions. This biased contact produced band structures, which served as
capillary tube precursors. Second, reduced proliferation of EPCs cultured on nanogratings
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prevented the formation of confluent monolayers. This reduced cell density could serve to
enhance cell mobility during the induction of capillary tube formation with matrigel.
Regardless of the possible mechanism, this study demonstrates the expanded potential for
nanotopography to control the formation of multicellular structures.

3. Engineering Synthetic Nanotopographic Substrates for Tissue
Engineering
3.1. Fabrication

There are a variety of advanced nanofabrication methods available for creating
nanotopographic substrates with short and long-range order, which have been discussed in
detail elsewhere.[53] The effect of order and symmetry of features has been demonstrated in
numerous studies.[36,40,42] This suggests that the reaction of cells to substrates with feature
roughness of a characteristic length scale should not be assumed to be equivalent to those
cultured on ordered nanotopography of similar feature size. The nanofabrication of
substrates with a long-range order across a wide range of feature sizes and geometries has
been pursued using a variety of methods including traditional photolithography, e-beam
photolithography, and interference lithography. Although suitable for creating ordered
arrays of features, these processes are expensive, time consuming, and require access to
intricate equipment. Alternative approaches have been pursued to fabricate polymeric
substrates containing structures with long range order including the use of diblock
copolymers[54] for nanograting lamellae[55] and nanosphere lithography[56] for nanopits.
[57] Advanced fabrication techniques and compatible materials must eventually be
synergized as a means to integrate cell-nanotopography interactions into advanced tissue
engineering scaffolds.

There are several potential fabrication strategies for integrating nanotopographic cues into
three-dimensional structures including advanced two-photon polymerization[58,59] and
micro-scale origami.[60,61] The integration of nanotopographic cues into three-dimensional
scaffold design and fabrication remains a challenging pursuit.

3.2. Utilization of Cell-Nanotopography Cues
Cell-nanotopography interactions have the ability to control stem cell differentiation and
cellular superstructure, both of which have obvious implications for use in tissue
engineering. However, the use of nanotopography as a cue to modulate basic cell function
has potential use in scaffold design as well. For example, the influence of nanogratings on
morphology can be used to form aligned populations of cells, which are important for the
structure and function of smooth muscle cells and endothelial cells. Vascular tissue
engineering scaffolds are of particular interest because of the correlation with alignment and
cell function of multiple cell types within close proximity to one another. Recent work has
led to the fabrication of a tubular scaffold with multiple nanograting surfaces.[61] The
influence of nanotopography on adhesion could also serve as a method to create patterned
arrays of cells without the need for direct patterning of proteins. Incorporating
nanotopographic cues directly into a three-dimensional scaffold may therefore overcome the
intrinsic planar limitations of microcontact printing[62–64] and related methods.[65,66]
Observed enhanced migration on nanogratings also has potential implications for the design
of guidance channels for peripheral nerve regeneration. For example, tubular conduits
modified with nanogratings could enhance the migration of Schwann cells into the injury
cite to promote axonal regeneration.[67] These structures could also potentially promote the
rapid migration of neurites across the nerve gap.
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3.3. Material Selection
There has been substantial progress in the design and fabrication of nanotopography in a
wide spectrum of materials systems. These techniques are typically designed to be used in
combination with materials that are directly adapted or closely related to the semiconductor
industry. Bulk materials processing and nanofabrication strategies for many
nanotopographic surfaces are typically fine-tuned for silicon, silicon oxide, polycrystalline
silicon, and other inorganic material systems such as titanium. These substrates can be used
directly or serve as masters for replica-molding of organic polymers such as PDMS,
polystyrene (PS), poly(methyl methacrylate) (PMMA), polycarbonate (PC), and
poly(ethylene glycol) (PEG) for in vitro applications or biodegradable polymers such as
poly(ε-caprolactone) (PCL), poly(L-lactic acid) (PLA), poly(glycolic acid) (PGA), and
poly(L-lactic-co-glycolic acid) (PLGA) for potential use in vivo. Although the
aforementioned biodegradable material candidates are ubiquitous in biomedical applications,
there are significant drawbacks including bulk degradation and rigid mechanical properties
in the case of PLA, PGA, and PLGA. Non-compliant materials can result in localized
inflammation within the dynamic in vivo mechanical environment.[68–70] Novel material
selection is of critical importance as cell-nanotopography interactions continue to be utilized
in tissue engineering applications. Synthetic and natural materials must not only be selected
on the basis of cell-biomaterial interactions, but also on the compatibility with
nanofabrication processes. Natural proteins exhibit many advantages including favorable
cell-biomaterial interactions. However difficulty in processing and the potential for immune
response[71,72] may limit widespread adoption. Synthetic biodegradable
elastomers[68,69,73,74] offer advantages such as ease of processing, variety of physical and
mechanical properties, favorable tissue response and biodegradation kinetics,[75,76] and
compatibility with nanofabrication techniques.[19,77,78]

4. Mechanisms for Nanotopographic Sensing and Response
Studies demonstrating significant influence of nanoscale topographic features have yet to
elucidate well-defined mechanisms of cell-nanotopography interaction. In particular, several
characteristics of this field of study confound the pursuit of precise interaction mechanisms.
There are virtually an infinite number of potential combinations of cell types, biomaterial
composition, and topographic feature arrangements. Cell-nanotopography interactions are
also transient, which confounds the difficulty in extricating a mechanistic view of the
contact guidance response.[52] For example, cells in long-term culture can secrete additional
extracellular matrix proteins, which can lead to convoluted topographic signaling.[79] The
large potential set of experiments and cell-specific outputs has resulted in a primarily
phenomenological approach to studying cell-nanotopography interactions. Despite this large
body of work, little is known about the origin or underlying mechanism of the effect of
topographical cues on cell function. Various theories have been proposed to explain such
phenomenon as the alignment and elongation along the grating axis in nanograting
substrates. Recent work has begun to interrogate cell-topography interactions with a focus
on elucidating mechanism including identifying relevant signal transduction pathways and
the role of organelles including the cytoskeleton. Nevertheless, there is a significant
opportunity to further explore cell-nanotopography interactions, which could lead to
refinement and more comprehensive predictive models of cell-nanotopography interactions.
[80]

4.1. Current Theories
We suggest that the morphological response serves as both an indicator of relevant cell-
nanotopography interactions and a basis for second order effects. The elongation and
alignment of the nucleus is presumably another source for alteration of the gene profile as
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cells response to substrate nanotopography.[52,81] The generalized consensus regarding the
mechanism for the morphological response is anisotropic stress generation. However, the
precise origin and specific role of the anisotropic stresses is still under debate. Theories for
the basis of cell-nanotopography interactions will be discussed in the context of
nanogratings. Contact guidance kinetics of fibroblasts to titanium nanogratings suggests that
microtubules align within 20 min after attachment and preceded alignment of the overall
cell.[82] This cluster of events is followed by the alignment of microfilament bundles at 40–
60 min and focal adhesion contacts after 3 h. From this study, it is clear that there are
numerous organelles that are responsible for initializing and transmitting the effect of
surface topography throughout the cell to influence overall cell functions such as stress fiber
formation, lamellipodia, and filopodia. One critical organelle that is thought to play an
instrumental role in the contact guidance response is filopodia,[39] which could be
modulated through Cdc42 activation.[28] While this can explain the mechanism of detection
and transmission of cell-nanotopography interactions, several theories have been proposed
to explain the origin of this response.

4.1.1. Intrinsic Protein Patterning Via Substrate Discontinuities—This idea
suggests that discontinuities in features lead to preferential protein absorption, and
subsequent protein patterning. Patterned protein deposition due to topography could induce
preferential alignment just as micropatterned protein substrates can lead to preferential
confinement of cells.[83] Micropatterned proteins of various feature sizes can induce
dramatic changes in cell behavior including morphology, proliferation, differentiation, and
apoptosis.[84–86] However, this theory is unlikely in light of more recent studies including
observed contact guidance phenomenon in smooth, continuous features that are much larger
than the length scale of proteins.[19,87]

4.1.2. Spatial Biasing of Focal Adhesion Formation—Nanotopography can induce
the overall alignment and elongation of cells by first inducing the alignment of focal
adhesions. The initial alignment of focal adhesions could result from asymmetric probability
of focal adhesion formation due to feature geometry, or geometrically restricted focal
adhesion morphology. The alignment of focal adhesions could then lead to an overall
response in the cell morphology through the aforementioned intimate signaling connection
between focal adhesions and cytoskeleton proteins. Although this theory may explain the
connection between aligned focal adhesions and the aligned, elongated gross morphology, it
does not sufficiently address the initial alignment of focal adhesions.

4.1.3. Preferential Actin Polymerization—Actin polymerization dynamics involved in
cytoskeleton rearrangement are essential for cell attachment[88] and serve as a driving force
for directional migration and morphological alterations.[89–91] Filopodia are highly motile
organelles involved in many cellular processes including migration[92] and sensing local
topography.[93] Filopodia formation perpendicular to the ridge-groove features is
hypothesized to occur less frequently due to unfavorable stress formation. Conversely, the
formation of filopodia parallel to the ridge-groove features is more frequent, which leads to
biased propagation, cytoskeleton rearrangement, polarization of the cell body, and ultimately
a gross morphological effect of alignment and elongation. Highly dynamic filopodia serve as
topographical sensors, which are able to detect the immediate surrounding environment.
This theory is most consistent with the corpus of work that has since been conducted
regarding this topic.[19]

4.2. Potential Role of Small GTPases
The Rho family of GTPases has been shown to control the formation and organization of
filaments that compose the actin cytoskeleton.[94] This activation of Rho, Rac, and Cdc42
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GTPases controls a wide spectrum of cell functions including cytoskeleton formation and
remodeling, alterations in gene expression, cell cycle progression, cell morphogenesis, and
cell migration in many cell types.[95,96] Hence, we argue that these molecule switches
likely play a vital role in the concerted response of cells to substrate nanotopography. Recent
studies have only begun to explore the role of these signaling pathways in the context of
cell-nanotopography interactions.[21,97] One key function that could directly connect
nanotopographic signaling to cell responses is spatially biased focal adhesion formation[98]
through Rho activation, which could have dramatic downstream effects on cell migration
and signaling.[99] Focal influence cell morphogenesis[80,100] and have been shown to be
sensitive to mechanical forces.[101] Future work must be conducted to further elucidate the
dynamics between nanotopographic signaling and modulation of cell function.

4.3. Advanced Biological Techniques
The impact of nanotopography on gene expression is a somewhat intuitive extension of the
effect on basic cell function. Recent quantification of the precise impact of nanotopography
on genome-wide expression has provided an enormous body of data, but has yet to elucidate
any clear mechanisms. Studies that investigate individual signaling pathways that are likely
to be implicated in cell-nanotopography interactions may provide greater utility in
understanding the origin of these responses. These studies can be conducted by examining
cell-topography interactions in the presence of other signaling modalities; a trend that is
evident in more recent studies that investigate the coupled effect of soluble factors and
substrate nanotopography on cell function.[21,31,97] Future studies should ideally span
multiple cell types and substrates to confirm the generality of subsequent findings. Genetic
manipulation[102] and gene knockdown using siRNA[103] are other techniques which
would serve to identify and investigate the role of specific organelles and signaling
pathways implicated in cell-nanotopography interactions.

5. Summary and Outlook
5.1. Cell-Nanotopography Signaling

Cell-nanotopography interactions could serve as an alternative signaling mechanism to
precisely control cell function. Cells respond to numerous chemical, physical, mechanical,
and electrical stimuli, which can be engineered to control cell function. Substrate
engineering encompasses several of these factors in an attempt to utilize cell-biomaterial
interactions to control and tune such functions as cell fate,[104] differentiation,[105] and
genetic manipulation.[106] Nanotopographic cues are a subset of substrate engineering,
which can be used to control many aspects of cell behavior. Nanotopographic cues can be
incorporated into large areas with relative ease, which allow for large scale cell culture.
Synthetic nanotopography could act synergistically with soluble factors to enhance the
efficiency of differentiation protocols. For example, synergistic cues from soluble factors
and cell-nanotopography interactions could have the potential to dramatically increase the
specificity and efficiency of lineage-specific stem cell differentiation.[22] Nanotopography
could also be superimposed upon other modes of substrate engineering because they can be
incorporated into many engineering and biomedical materials without significantly
impacting the physicochemical properties of the bulk material. Therefore nanotopography
could be utilized in addition to other types of cell-biomaterial surface conditions including
microcontact printed chemistries[107] and bulk mechanical properties of the substrate, two
additional examples of cues to guide cell function.[13,104,105]

5.2. Nanotopography in Basic Science and Engineering
Engineering substrates to induce desired cell phenotype and genotype has the potential to
become an important component of scaffold design for tissue engineering applications.
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Substrate nanotopography may also be utilized as a tool to study complex cell functions
such as adhesion, migration, cytoskeleton reorganization, and cell polarization. For example,
nanograting substrates can be used to study contact guidance and migration in vitro.
Nanopost or nanopit substrates can be used to study the role of filopodia dynamics, focal
adhesion formation, and other cytoskeleton functions in a controlled manner. As
nanotopography aids in unveiling new discoveries in basic cell function, engineers could
used these new discoveries as a basis for the design and fabrication of next-generation
synthetic nanotopographic substrates. These advances could then be used to iteratively
improve the impact of cell-nanotopography interactions for use in tissue engineering
applications.[108]
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Figure 1.
Schematics and SEM Images of Representative Nanotopography Geometries. Three basic
nanotopography geometries include nanograting (45° tilt, scale bar represents 5 µm),
nanopost array (15° tilt, scale bar represents 5 µm) and nanopit array (0° tilt, scale bar
represents 1 µm). Schematics not drawn to scale.
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Figure 2.
Cell-Nanograting Response in Epithelial Cells. Epithelial cells respond to nanograting
through alignment and elongation to the grating axis as evident through fluorescent and
SEM micrographs. Other cell types exhibit similar morphological responses when cultured
on nanograting substrates (Table 1). Reproduced with permission of the Company of
Biologists.
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Figure 3.
Directed Differentiation of Human Mesenchymal Stem Cells to Osteoblast Lineage Using
Nanopit Substrates. The top row shows images of nanopit arrays fabricated by electron
beam lithography. All have 120-nm-diameter pits (100 nm deep, absolute or average 300 nm
centre–centre spacing) with square (SQ), displaced square 20 (±20 nm from true centre,
DSQ20), displaced square 50 (±50 nm from true centre, DSQ50) and random placements
(RAND). Human MSCs cultured on a planar control substrate (a,f), note the fibroblastic
appearance and no osteopontin (OPN) or osteocalcein (OCN) positive cells; on the SQ array
(b,g), note the fibroblastic appearance and no OPN or OCN positive cells; on the DSQ20
array (c,h), note OPN positive cells; on the DSQ50 array (d,i), note OPN and OCN positive
cells and nodule formation (arrows); on the RAND array (e,j), note the osteoblast
morphology, but no OPN or OCN positive cells. (k,l) Phase-contrast/bright-field images
showing that hMSCs cultured on the control (k) had a fibroblastic morphology after 28 d,
whereas hMSCs cultured on DSQ50 arrays (l) exhibited mature bone nodules containing
mineral. Reprinted by permission from Macmillan Publishers Ltd: Nature Materials (M
Dalby, N Gadegaard, R Tare, A Andar, M O Riehle, P Herzyk, C D W Wilkinson, R O C
Oreffo. Nat Mater 6. 997), copyright (2007).
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Figure 4.
Nanograting Substrates Promote Organized Multicellular Structures and Enhance In Vitro
Capillary Tube Formation. Protein-level expression of platelet/endothelial cell adhesion
molecule-1 (PECAM-1) and vascular endothelial cadherin (VEcad), two endothelial cell
markers, was constant in endothelial cells cultured on both planar and nanograting
substrates. However, endothelial cells cultured on planar substrates formed confluent
monolayers while endothelial cells cultured on nanogratings were organized into
multicellular band structures. These aligned band structures formed aligned capillary tubes
in an in vitro matrigel assay (Matrigel (+)). The grating axis is indicated by the white
arrows. Scale bars represent 50 µm. Adapted from C J Bettinger, Z Zhang, S Gerecht, J T
Borenstein, R Langer: Enhancement of In Vitro Capillary Tube Formation by Substrate
Nanotopography. Adv Mater. 2008. 20. 99–103. Copyright Wiley-VCH Verlag GmbH &
Co. KGaA. Reproduced with permission.
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