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CONSPECTUS: Over the past decade, there has been grow-
ing interest in developing biosensors and devices with nano-
scale and vertical topography. Vertical nanostructures induce
spontaneous cell engulfment, which enhances the cell−probe
coupling efficiency and the sensitivity of biosensors. Although
local membranes in contact with the nanostructures are found
to be fully fluidic for lipid and membrane protein diffusions,
cells appear to actively sense and respond to the surface topog-
raphy presented by vertical nanostructures. For future devel-
opment of biodevices, it is important to understand how cells
interact with these nanostructures and how their presence
modulates cellular function and activities.
How cells recognize nanoscale surface topography has been an area of active research for two decades before the recent biosensor
works. Extensive studies show that surface topographies in the range of tens to hundreds of nanometers can significantly affect
cell functions, behaviors, and ultimately the cell fate. For example, titanium implants having rough surfaces are better for
osteoblast attachment and host−implant integration than those with smooth surfaces. At the cellular level, nanoscale surface
topography has been shown by a large number of studies to modulate cell attachment, activity, and differentiation. However, a
mechanistic understanding of how cells interact and respond to nanoscale topographic features is still lacking.
In this Account, we focus on some recent studies that support a new mechanism that local membrane curvature induced by
nanoscale topography directly acts as a biochemical signal to induce intracellular signaling, which we refer to as the curvature
hypothesis. The curvature hypothesis proposes that some intracellular proteins can recognize membrane curvatures of a certain
range at the cell-to-material interface. These proteins then recruit and activate downstream components to modulate cell signal-
ing and behavior. We discuss current technologies allowing the visualization of membrane deformation at the cell membrane-to-
substrate interface with nanometer precision and demonstrate that vertical nanostructures induce local curvatures on the plasma
membrane. These local curvatures enhance the process of clathrin-mediated endocytosis and affect actin dynamics. We also
present evidence that vertical nanostructures can induce significant deformation of the nuclear membrane, which can affect
chromatin distribution and gene expression. Finally, we provide a brief perspective on the curvature hypothesis and the
challenges and opportunities for the design of nanotopography for manipulating cell behavior.

1. INTRODUCTION

Nanostructures protruding from a flat surface have been utilized
in the recent development of biosensors and biodevices. For
example, vertical nanostructures have been used as electric probes
for intracellular recording,1−3 mechanical probes for mechano-
sensing4 and cell guidance,5 optical probes for fluorescence and
Raman imaging,6,7 and tools for biomolecule delivery.8−12 These
vertical nanostructures, including nanopillars, nanowires, nano-
needles, nanotubes, nanostraws, and nanocones, usually have a
height of a few micrometers, a diameter of tens to hundreds of
nanometers, and an aspect ratio of 1−200 (Figure 1). The use of
vertical nanosensors for probing biological events have been
summarized in a number of recent review articles.13−15 In addi-
tion to being used as biosensors, these vertical nanostructures

were also found to affect cellular behaviors such as cell morphol-
ogy, adhesion, migration, proliferation, and differentiation.16−18

Therefore, cells can actively respond to the presence of these
vertical nanostructures. However, the molecular mechanism of
how cells recognize these vertical nanostructures and induce
intracellular processes remains poorly understood.18

Among all the cellular structures, the plasma membrane is in
direct contact with vertical nanostructures. A number of recent
studies show that the plasma membrane deforms and wraps
around vertical nanostructures, which creates highly curved mem-
branes at the nano−bio interface.19,20 In cells, curvature-sensitive
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proteins actively sense and modulate membrane curvatures for
essential intracellular processes such as endocytosis and exo-
cytosis.21,22 Therefore, vertical nanostructure induced mem-
brane curvatures may hijack these curvature-sensitive proteins to
modulate intracellular signaling. In addition to deforming the
plasma membrane, some nanostructures also induce deforma-
tion of nuclear envelope membranes.23,24 Nuclear envelopes
have double membranes with one side connecting to cytoskeletal
networks for mechanotransduction and the other side linking
with chromosomes for gene expression regulation.25 Thus, verti-
cal nanostructure deformed nuclear envelope can activate nuclear
mechanotransduction and alter gene expression and cell behav-
ior. In this Account, we review recent studies on vertical nano-
structure induced deformation of both the plasma membrane
and the nuclear envelope, and their impacts on intracellular
processes and cell behavior. We will focus on the topography of
these nanostructures rather than their chemical compositions.

2. NANOSTRUCTURE-INDUCED PLASMA MEMBRANE
DEFORMATIONS AND THEIR ROLES IN
MODULATING INTRACELLULAR SIGNALING

The plasma membrane not only serves as a physical barrier that
divides intracellular and extracellular spaces but also is the key
location for highly regulated molecular trafficking through the
membrane. Endocytosis is an essential membrane trafficking pro-
cess that involves gradual bending of a flat plasma membrane to a
highly curved membrane enclosing the budding vesicle. Recent
studies suggest that the curved membrane itself can act as a bio-
chemical signal to actively participate in intracellular signaling
through a variety of curvature-sensing proteins.22,26

Vertical nanostructures induce local curvature on the plasma
membrane right within the curvature range of the endocytosis
process. Therefore, nanostructure-induced membrane curva-
tures may hijack curvature-sensing proteins and act as a biological
signal to modulate intracellular signaling. Unlike membrane
trafficking events such as endocytosis where the membrane
curvature is transient and relaxes to flat after vesicle scission,
nanostructure-induced membrane curvature is stable. Thus,
curvature-induced signaling can be much stronger and longer

lasting to affect cellular behavior and functions. In this section, we
will review experimental evidence in support of the hypothesis
that vertical nanostructures can modulate intracellular signaling
by locally induced membrane curvatures.

2.1. Ultrastructural Imaging Reveals Membrane Curvatures
around Vertical Nanostructures

Plasma membrane deformations on vertical nanostructures have
been observed by many studies using both fluorescence and
electron microscopic techniques. Confocal fluorescence imaging
and the reconstruction of vertical cross sections shows the
plasma membrane wrapping around nanopillars, some taller than
the height of the cell (Figure 2a).27,28 Our fluorescence imaging
of the plasma membrane, by either a membrane-staining dye or a
fluorescence membrane protein, shows a brighter signal at verti-
cal nanostructures, which indicates an increased membrane area
when projected at the image plane.29 Scanning electron micros-
copy (SEM) imaging of cells on our nanopillars showed
deformation of the apical plasma membrane at the cell edges
(Figure 2b).24 Transmission electron microscopy (TEM) gives a
much higher spatial resolution in visualizing the membrane
deformation at the interface between the basal membrane and
the vertical nanostructures (Figure 2c). We used TEM to show
that the plasma membrane is pushed upward by vertical nano-
structures.19,30 Instead of the tent-link elastic deformation
observed on the apical membrane, the basal plasma membrane
wraps tightly around the nanostructure with a gap (∼18 nm)
much smaller than that for a flat surface (∼50 nm), which gen-
erates locally curved membranes with a curvature value
determined by the size of the nanostructure.
The focus-ion-beam and scanning electron microscopy

(FIB/SEM) method recently developed by us and others affords
a new approach to examine the nano−bio interface with nano-
meter resolution without prior removal of the substrate with
nanostructures, which is a necessary step for thin-slice pre-
paration in TEM (Figure 2d).24,31 The FIB/SEM method
preserves cells by ultrathin layer plastification with enhanced
contrast by heavy metal staining. The FIB milling opens up the
nano−bio interface at any desired location. Using this method,

Figure 1.Overview of vertical nanostructures including (a) nanopillars,23 (b) nanowires,27 (c) nanoneedles,11 (d) nanotubes,55 (e) nanostraws,40 and
(f) nanocones.57 The diameter, height, and aspect ratio of the vertical nanostructures are as follows: (a) 150 nm, 1.4 μm, 9; (b) 91 nm, 11 μm, 120;
(c) 600 nm, 9 μm, 15; (d) 181 nm, 500 nm, 3; (e) 100 nm, 1.5 μm, 15; (f) 50 nm, 200 nm, 4. Scale bars are as follows: (a) 1 μm, (b) 500 nm, (c) 2 μm,
(d) 200 nm. Reprinted with permission from the following: ref 23, Copyright 2015 Nature Publishing Group; ref 27, Copyright 2012 IOP Publishing
Ltd.; ref 11, Copyright 2015 Nature Publishing Group; ref 55, Copyright 2014 Nature Publishing Group; ref 40, Copyright 2016 Royal Society of
Chemistry; ref 57, Copyright 2014 Springer Nature.
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we showed that the distance between cell membrane and the
nanopillar surfaces, including poly(L-lysine)-coated and fibro-
nectin-coated, is usually within 10−30 nm on average, consistent
with TEM studies.24 We will discuss in section 2.4 how nano-
structure dimensions affect the membrane deformation.

2.2. Membrane Curvatures and Curvature-Sensitive
Proteins Underlie the Enhanced Endocytosis by
Nanostructures

As discussed in the last section, vertical nanostructures induce
local membrane curvatures at the interface. Whether and how
cells perceive these exogenous membrane curvatures with their
intrinsic curvature-associated proteins and related signaling
pathways was, however, not explored until recently. Dalby et al.
first reported that nanocolumns (100 nm diameter) affected
clathrin-mediated endocytosis.32 This study showed that the
presence of nanocolumns caused global redistributions of
dynamin and clathrin, two key regulatory proteins in clathrin-
mediated endocytosis. Teo et al. reported that nanopillars, micro-
pillars, and microgrooves increased the amount of endocytosed
dextran in different cell types.33 Interestingly, they found that
nanopillars of 200 nm diameter were more effective than
micropillars of 2000 nm diameter in introducing GFP-encoding
plasmid into cells. Galic et al. used substrates interlaced with
strips of flat areas and strips of areas with cone-shaped nano-
structures that deformed the plasma membrane (Figure 3a,b).34

The authors showed convincing evidence that, in the same cell,
N-BAR protein nadrin-2 preferentially accumulates on the
nanocone strips but not the flat strips (Figure 3c). However, the
size and shape of nanocones vary greatly, and they were not
individually discernible under the optical microscopy. Therefore,
the curvature values induced by nanocones had a large uncer-
tainty, making difficult to correlate membrane curvature values
with protein responses.
We recently demonstrated that only a certain range of

curvature values generated by nanostructures stimulate the recruit-
ment of curvature-sensing proteins.29 This work used nanopillars

of precisely controlled geometry and a gradient array with 32 dif-
ferent diameters ranging from 100 to 1000 nm (Figure 3d). The
diameter of these nanopillars determines the value of the induced
membrane curvature. These nanopillars were arranged in well-
ordered arrays, and their sizes and locations were easily iden-
tified. A clathrin-coated pit budding off from the curved mem-
brane around a nanopillar is visible in another TEM image
(Figure 3e). Fluorescence microscopy studies showed that
dynamin-2 only exhibits preferential accumulation when the
diameter of the nanopillar is less than 500 nm (Figure 3f), indi-
cating a curvature range for nanostructure-induced membrane
deformation to modulate clathrin-mediated endocytosis.
We further confirmed the curvature effect by using nanobars

that induce high curvature at two ends and are flat along the side
walls (Figure 4a). Both clathrin and dynamin-2 show preferential
accumulation at the two ends of nanobars with high curvatures
(Figure 4b). In addition to clathrin and dynamin, we examined
the curvature preference of ten different proteins (Figure 4c).
Lipid dye or a membrane associated protein, mCherry-CAAX, is
evenly distributed along the entire length of the nanobars. On the
other hand, all proteins involved in clathrin-dependent endo-
cytosis, including four curvature-sensing proteins, F-BAR protein
FCHo1, N-BAR protein amphiphysin 1, and ENTH protein
Epsin 1, show strong preference to the ends of nanobars. Inter-
estingly, caveolin, a protein involved in caveolin-dependent endo-
cytosis, does not show curvature-dependent accumulation, which
indicates that cellular processes that are modulated by nano-
structures are highly specific.29 This experimental evidence dem-
onstrates that nanostructures enhance clathrin-mediated endo-
cytosis by recruiting curvature-sensitive proteins.
We observed that nanopillars not only enhance the occurrence

frequency of clathrin-mediated endocytosis but also accelerate
the dynamics of the clathrin-mediated endocytosis process.29

The average lifetime of clathrin puncta shows a 40% reduction on
nanopillars as compared with flat areas on the same substrate.
As membrane bending is an energy consuming process, it is

Figure 2. Vertical nanostructures induce plasma membrane wrapping. Plasma membrane deformation is observed by (a) confocal microscopy27

(scale bar, 10 μm), (b) SEM,24 (c) TEM,19 and (d) FIB/SEM.24 Reprinted with permission from the following: ref 27, Copyright 2012 IOP Publishing
Ltd.; ref 24, Copyright 2017 American Chemical Society; ref 19, Copyright 2012 American Chemical Society.
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possible that nanopillar-induced membrane curvature reduces
the membrane-bending energy and thus facilitates CME dynam-
ics, but further evidence is needed to support the bending energy
assumption.

2.3. Nanostructure-Induced Actin Polymerization and Its
Potential Link to Membrane Curvature

Unlike the nanostructure-enhanced endocytosis that has only
been investigated by a handful of studies, there are extensive
studies on how nanostructures change the cell shape and

modulate whole-cell actin cytoskeleton, which has been reviewed
previously and is not a focus of this Account.14,35 Here we discuss
studies that show local accumulation of actin filaments around
nanostructures. By phalloidin staining, accumulation of fibrous
actin (F-actin) was observed on various vertical nanostructures
including IrOx nanotubes,

36 InAs nanowires,28 CuO nanowires,30

SiO2 nanopillars,
23 and SU-8 polymer nanopillars (Figure 5a).37

Using LifeAct-GFP, a protein marker for visualizing F-actin in
live cells, we observed accumulation of actin fiber at SiO2

Figure 4. Clathrin-dependent endocytic proteins accumulate at nanobar ends in a curvature-dependent manner.29 (a) (left and middle) Schematic and
SEM images of nanobar structure. Scale bars, 1 μm. (right) CellMask Deep Red staining of SK-MEL-2 cells on the nanobar arrays. Scale bar, 2 μm.
(b) Averaged fluorescence images show that clathrin and dynamin-2 preferentially accumulate around the ends of nanobar structures. Scale bar, 5 μm.
(c) The distribution of CellMask, mCherry-CAAX, and various endocytic proteins on the nanobar arrays. Scale bars, 2 μm. Reprinted with permission
from ref 29. Copyright 2017 Nature Publishing Group.

Figure 3. Vertical nanostructures induce local accumulation of proteins. (a) SEM image of the nanocone substrate.34 (b) TEM images of 3T3 cells on
nanocones.34 (c) Fluorescent images show nadrin-2 (red) preferentially accumulated on nanocone strips compared with flat strips.34 (d) (left)
Schematic illustration of gradient nanopillars deforming the plasma membrane. (right) SEM images of the gradient nanopillars.29 Scale bars, 10 μm
(top), 400 nm (bottom). (e) TEM images of the membrane−nanopillar interface (left) and clathrin-coated pits (right) on the nanopillars.29 Scale bar,
100 nm. (f) A time-averaged image of dynamin2−GFP demonstrates that dynamin−GFP exhibits strong preference to sharp nanopillars.29 Scale bar,
10 μm. Reprinted with permission from the following: ref 34, Copyright 2012 Nature Publishing Group; ref 29, Copyright 2017 Nature Publishing Group.

Accounts of Chemical Research Article

DOI: 10.1021/acs.accounts.7b00594
Acc. Chem. Res. 2018, 51, 1046−1053

1049

http://dx.doi.org/10.1021/acs.accounts.7b00594


nanopillars in live cells.29 Therefore, local actin accumulation on
nanostructures seems to be rather ubiquitous, observed by many
research groups in different cell types and using nanostructures of
different materials.
Molecular mechanisms underlying local accumulation of

F-actin on nanostructures remain poorly understood. The
F-actin appears as distinct puncta or rings at the cell periphery,
inside the cell, and underneath the nucleus. Most of the time,
these puncta are not connected to linear stress fibers in the same
cell and do not colocalize with focal adhesion kinase.28 Except at
the cell edge, these actin puncta do not colocalize with focal adhe-
sion probed by vinculin.28 Using nanobars that induce two differ-
ent culture values, we showed that F-actin accumulates strongly
at nanobar ends with high membrane curvature but very little
along the flat sidewall (Figure 5b).29 This result suggests that
F-actin accumulation at nanostructure locations is curvature depen-
dent.29 However, how membrane curvature induces F-actin accu-
mulation on nanostructures remains to be elucidated.
2.4. Nanostructure Geometry Effect on the Plasma
Membrane Deformation and Membrane Integrity

Membrane curvature is affected by the diameter, density, and
height of the nanostructures underneath. The diameter or shape
of the nanostructures determines the curvature value of the
membrane deformation for sparsely distributed or intermediate-
density nanopillars.29 The density of nanostructures not only
affects the total area of deformed membrane but also determines
whether the plasma membrane can fully wrap around these
structures. For example, NIH3T3 cells engulfed low density
(3 NPs/100 μm2) nanopillars but grew on the top of high density
(700 NPs/100 μm2) nanopillars.38 The height of nanostructures
also plays a significant role in determining the area of the

deformed membrane. When nanowires are much taller than the
height of the cell, they may prevent cells from attaching to the
bottom surface.39 Overall, nanostructures with small diameter
(<500 nm), intermediate density, and intermediate height would
induce the most significant effect in deforming the plasma
membrane.
Many studies indicate an intact plasma membrane wrapping

around vertical nanostructures, and therefore, electroporation,2

physical insertion,1,40 and other physical forces41 have been
explored for these nanostructures to gain intracellular access.
However, some studies suggest that sharp nanostructures may
have spontaneous access to the intracellular domain. For exam-
ple, vertical silicon nanowires and silicon nanoneedles were
shown to deliver biological reagents such as peptides, siRNAs,
and nucleic acids into the cells.8,11 In another example, nano-
straws could deliver cobalt ions to quench green fluorescent pro-
teins in the cytosol but only a small fraction of nanostraws were
able to do so.42 The molecular mechanisms of how some vertical
nanostructures spontaneously gain intracellular access remain
unknown, but this topic has been explored by theoretical studies.
Xie et al. suggested that nanowire penetration is unlikely to occur
in the absence of external force unless the nanowire radius is as
small as 10 nm.43 Their later study suggested that penetration is
possible for 100 nm diameter nanopillars but only occurs in a
limited time window such as shortly after cell adhesion.44

3. NANOSTRUCTURE-INDUCED NUCLEAR
DEFORMATIONS AND THEIR POTENTIAL ROLES IN
REGULATING GENE EXPRESSION

In addition to the plasma membrane deformation, some vertical
nanostructures also induce nuclear deformation. The nucleus
contains most of the cell’s genome and controls cell behaviors by
regulating gene expression and protein synthesis.45 Furthermore,
it is also the most rigid organelle and considered as the major
contributor to the mechanical properties of the cell.46 It is shown
that the nuclear shape, size, and mechanical rigidity respond to
mechanical forces and pathological conditions.47 For example, a
genetic mutation of lamin A, a nuclear lamina protein providing
structural support for the nucleus, causes severe nuclear defor-
mation and premature aging in Hutchinson−Gilford progeria
syndrome.48 Therefore, it is important to understand how nano-
structures deform the nuclear envelope and how these nuclear
deformations contribute toward nanostructure-induced cell behav-
iors and gene expression.

3.1. Evidence of Nanostructure-Induced Nuclear
Deformation

Several ultrastructural studies by TEM and FIB/SEM demon-
strate that the cell nucleus can be deformed by nanostructures
protruding from the surface. For example, high aspect ratio CuO
nanowires caused bulging of the nuclear membrane,30 and GaP
nanowires caused deep invagination of nuclear envelope
(Figure 6a).49 We showed that vertical SiO2 nanopillars push
nuclear envelope deep into the nucleus of 3T3 cells (Figure 6b).23

Two independent FIB/SEM studies both show that nanostruc-
tures not only deform the cell membrane but also cause signif-
icant upward bending of the nuclear envelope.24,50 Fluorescence
studies also confirmed the TEM observation of nuclear defor-
mation by nanostructures (Figure 6c).23 Large micropillars also
induce dramatic nuclear deformation. However, unlike nano-
pillar-induced nuclear deformation, which is characterized
by nucleoplasmic invaginations of the envelope membrane,

Figure 5.Vertical nanostructures induce local polymerization of F-actin.
(a) (left) SEM image of SU-8 nanopillar arrays. Scale bar, 1 μm. (right)
Maximum intensity projection of a 3D-SIM stack showing phalloidin−
Alexa488-labeled F-actin (green), Hoechst 34580 labeled nucleus
(blue), and 1 μm spaced nanopillars (magenta) in a hexagonal array.37

Scale bar, 5 μm. (b) Full frame images of F-actin shows its strong
preference on two ends of nanobars, suggesting a curvature effect.29

Reprinted with permission from the following: ref 37, Copyright 2015
The Royal Society of Chemistry; ref 29, Copyright 2017 Nature
Publishing Group.

Accounts of Chemical Research Article

DOI: 10.1021/acs.accounts.7b00594
Acc. Chem. Res. 2018, 51, 1046−1053

1050

http://dx.doi.org/10.1021/acs.accounts.7b00594


micropost-induced nuclear deformation is often dramatic shape
changes induced by confinement (Figure 6d).51,52

Systematic studies have provided detailed investigation of how
the depth of nuclear deformation depends on the spacing, the
diameter, and the height of nanopillars. It was found that the
spacing between nanopillars dramatically affects the extent of
nuclear deformation. When the nanopillar spacing was increased
from 2 to 6 μm, the depth of NIH3T3 nucleus deformation
increased by 400% from 220 to 900 nm.23 The diameter of
nanopillars is shown to mildly affect the nuclear deformation,
with 300 nm diameter pillars inducing deeper nuclear defor-
mation than 700 nm diameter pillars of the same height and
spacing (260 and 160 nm) in 3T3 cells. The height of nanopillars
also slightly affects nuclear deformation. It was found that 2 μm
tall nanopillars induce slightly deeper deformation than 1.4 μm-
tall nanopillars (290 vs 260 nm). Therefore, within the measure-
ment range of the three geometric parameters, the spacing is the
most effective in modulating nuclear deformation, while the
diameter and height affect the nuclear deformation to a lesser
extent.
3.2. Actin Cytoskeleton Is Critically Involved in
Nanostructure-Induced Nuclear Deformation

Vertical nanostructures are not in direct contact with the nuclear
membrane, so nanostructure-induced nuclear deformation must
be mediated by intracellular forces. Cytoskeleton, including
F-actin, intermediate filament, and microtubule, physically con-
nects the nucleus to the plasma membrane and plays a critical
role in mechanotransduction between the plasma membrane and
the nucleus.53 To understand the mechanisms of nanostructure-
induced nuclear deformation, it is important to investigate
whether and which cytoskeletal filaments modulate nanostruc-
ture-induced nuclear deformation. We found that latrunculin
B treatment, which disrupts actin filaments, significantly reduced
the extent of nanopillar-induced nuclear deformation, which
suggested that actin filaments are crucial for generating the
contractile force necessary for the nanostructure-induced nuclear
deformation in 3T3 cells.23 The intermediate filaments, however,
seem to act against the contractile force from the F-actin.

Meanwhile, the microtubule has no significant effect on pillar-
induced nuclear deformation.23 These results indicate that the
cytoskeleton, especially F-actin, regulates the force transmission
between nano- or micropillars and nucleus.

3.3. Nanostructure-Induced Nuclear Deformation May
Affect Gene Expression

Microposts often cause dramatic change of the nuclear shape.
However, despite their severely misshapen nuclei, osteosarcoma
cells on polymer microposts show the same level of viability as
cells grown on flat surfaces of the same polymer.52 Furthermore,
deformed nuclei enter into the proliferation cycle at a similar rate
as non-deformed nuclei,52 which indicates that nuclear defor-
mation did not impede DNA replication and cell proliferation.
Similarly, nanopillars with low aspect ratios (height/diameter
< 10) that induce mild nuclear deformation and do not affect cell
viability or proliferation28,54 or their electrophysiological func-
tions.2,55 Some studies even show that these nanopillars at low
densities caused a slight increase in cell proliferation or the percent-
age of dividing cell.28 These results indicate that the nuclear shape
change bymicroposts or low-aspect ratio nanopillars does not affect
either viability, proliferation, or differentiation of cells.
However, sharp and tall nanopillars with high aspect ratios

(height/diameter > 10) that induce deep nuclear invaginations
are shown to decrease the cell proliferation rate and cause the
occurrence of multinuclear cells.49 These high aspect ratio nano-
pillars also caused measurable generation of ROS and DNA
damage. We note that nuclear deformations induced by micro-
posts or short nanopillars usually have shallow curvatures, while
nuclear deformations induced by sharp and tall nanopillars
usually have high curvatures. These studies provide evidence that
the curvature of local membrane deformations instead of the
global nuclear shape may affect signaling and gene expression
inside the nucleus. However, a direct link between nanostruc-
ture-induced nuclear membrane curvature and gene expression is
yet to be established.

4. SUMMARY AND PERSPECTIVES

In a broader sense, this Account provides a new angle to under-
stand the interactions between biological systems and nano-
topography. Our curvature hypothesis proposes that nano-
topography can directly affect intracellular signaling and
functions by inducing local membrane curvatures. It includes
but is not limited to nanostructure-generatedmembrane curvatures
at the plasma membrane and the activation of curvature-related
intracellular signaling pathways, for example, endocytosis and
actin cytoskeleton rearrangement, nanostructure-induced nuclear
envelope reshaping, and its possible impacts on both nuclear
mechanotransduction and chromatin-organization-related epige-
netic control.
A few pioneer studies have been discussed here, but the whole

picture is far from clear. The role of membrane curvature at the
nano−bio interface has been largely overlooked until we
demonstrated its effect on endocytosis.29 Besides endocytosis,
curvature sensitive proteins participate in many other cellular
processes from exocytosis, filopodia generation, and adhesion to
neuronal development and differentiation.56 Inside cells, there
are still more curvature-sensitive proteins controlling the shaping
of intracellular organelles and the membrane trafficking between
different organelles. Whether and how nanostructures disrupt or
reshape their behaviors are intriguing questions but yet to be
investigated. Similarly, for the nanostructure induced nuclear
deformation, whether there are curvature-related proteins

Figure 6. Vertical nanostructures induce nuclear membrane deforma-
tion. (a, b) TEM images of nuclear membrane deformation on vertical
nanowires49 and nanopillars.23 Scale bars, (a) 1 μmand (b) 2 μm. (c)Con-
focalmicroscopy showed nuclear membrane deformation of 3T3 nucleus
on nanopillars.23 Scale bars, 3 μm. (d) Nuclear deformation between
PLLA micropillars showed by fluorescence microscopy.51 Reprinted
with permission from the following: ref 49, Copyright 2013 Wiley;
ref 23, Copyright 2015 Nature Publishing Group; ref 51, Copyright
2013 Elsevier.
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involved in triggering signal transduction or chromatin repo-
sitioning is unknown but highly possible.
Membrane curvature is likely not the only mechanism

underlying how cells recognize and sense nanotopography. Never-
theless, existing evidence suggests that membrane curvature is a
major player participating in nanotopography-modulated intra-
cellular signaling. We envision more research endeavors will be
put into this curvature angle to understand how nanotopography
impacts cellular behavior, such as cell migration54 and stem cell
differentiation.18 The knowledge obtained can guide the design
of biomaterials and biodevices that interface with cells.
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