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ABSTRACT

Nanotopography presents an effective physical approach for biomaterial cell manipulation mediated through
material-extracellular matrix interactions. The extracellular matrix that exists in the cellular microenvironment is
crucial for guiding cell behaviours, such as determination of integrin ligation and interaction with growth fac-
tors. These interactions with the extracellular matrix regulate downstream mechanotransductive pathways, such
as rearrangements in the cytoskeleton and activation of signal cascades. Protein adsorption onto nanotopography
strongly influences the conformation and distribution density of extracellular matrix and, therefore, subsequent
cell responses. In this review, we first discuss the interactive mechanisms of protein physical adsorption on
nanotopography. Secondly, we summarise advances in creating nanotopographical features to instruct desired
cell behaviours. Lastly, we focus on the cellular mechanotransductive pathways initiated by nanotopography.
This review provides an overview of the current state-of-the-art designs of nanotopography aiming to provide

better biomedical materials for the future.

1. Introduction

The cellular microenvironment is fundamental to the regulation of
cell behaviours. Cells sense physical and functional properties of the
external environment through adhesion formation, which is critical to
cell decision making and behaviour. Cell membrane receptors, such as
integrins, transduce physical information from the microenvironment
into intracellular signalling pathways, leading to changes in cell prolif-
eration, differentiation, migration or apoptosis [1-5]. Properties such as
chemistry [2,6], stiffness [7,8] and topography [9,10] can be manipu-
lated to control and guide cell behaviour.

Topography refers to specific morphological features in the cellular
microenvironment. The scale of these topographical features scale is
important, and leads to changes in cell response. At the macroscale
(>100 pm), topographical features influence the cells arrangement at
colony level [11]. At the microscale, topographies are in the size range
of the cell itself (0.1-100 pm), and thus effect cells at the single cell level.
Cell alignment to microtopographical features is termed ‘contact guid-
ance’, which was coined around 1964 when Curtis and Varde
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demonstrated that fibroblasts can position themselves parallel to mi-
crostructures with diameters of 10-30 pm [12-14]. Nanotopography
refers to specific morphological features that are fabricated at the
nanoscopic scale (1-100 nm), and are therefore within the same order of
magnitude as cell receptors, such as integrins. Since the contact of the
implant surface with the biological environment occurs as soon as the
implant is introduced, the implant surface plays an important role in
influencing the sequence of initial protein adsorption, interactions with
blood such as platelet adhesion and haemostasis, inflammation, and
osteogenic cell responses [15-24].

Invivo, cells are surrounded by the extracellular matrix (ECM), which
is present in all organs and tissues. The ECM is a complex structure
composed of many types of proteins such as collagens, proteoglycans,
glycoproteins and glycosaminoglycans [25]. ECM elastin or fibronectin
(FN) are highly elastic giving tissue the capability to deform reversibly.
Further to this, FN also provides multivalent cellular binding sites that
enable cross-linking with other ECM proteins [26,27]. Collagen can
form fibers or networks that contribute to the mechanical stiffness of
tissues [28]. The ECM acts like a ‘reservoir’ storing and presenting
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growth factors to cells while also modulating cell-cell interactions and
allowing cushioning and pressure resistance [29]. ECM-based control of
cell behaviour has been widely studied and may occur through multiple
physical mechanisms-such as ECM micro/nano-topography, elasticity,
and mechanical signals that are transmitted from ECM to cells [30].
Substrate nanotopography-ECM interactions play a key role for manip-
ulating cellular behaviour through regulation of ECM presentation
(Fig. 1). However, the mechanisms underlying how nanotopographic
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cues influence cell proliferation and differentiation are not well studied
but appear to involve changes in cytoskeletal organization and structure,
potentially in response to the geometrical features and their effects on
conformation of the ECM.

In terms of ECM conformation on biomaterials surfaces, dynamic
protein conformation changes have been studied extensively. For
example, two conformations can be distinguished for FN in ECM; one is a
globular conformation with a diameter of 16-35 nm, the other is a linear
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Fig. 1. Schematic demonstrating influence of nanotopography on cell behaviour through interaction with the extracellular matrix. Cellular behaviours under
microscale such as adhesion, spreading and differentiation are influenced by fibronectin interacts with on nanotopography surface electrons and adsorption under
nanoscale. Transmembrane receptors like integrins can further interact to fibronectin adsorbed on nanotopography, then behave active or inactive. Upon ligand
bonding, the focal adhesions (FAs) is assembled and cytoskeletal filaments are aggregated by actin and talin molecules.
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conformation, 2 nm in diameter with a flexible length of 120-180 nm
[31,32]. It has been shown that the conformation of FN is influenced by
material surface properties, e.g. linear conformation was the predomi-
nant form on hydrophilic surfaces, and globular conformation was
predominant on hydrophobic surfaces [33,34]. This may be due to the
higher exposure to negatively charged groups on hydrophilic surfaces,
which might interfere with the stabilizing ionic interactions between the
two chains in the protein [35]. This demonstrates how subtle differences
in substrate properties can lead to significant differences in protein
conformation on material surfaces. Factors such as temperature, pH, and
ionic strength of the adjacent environment need to be taken into account
for the final conformation of ECM [36].

Following ECM adsorption, cells sense the microenvironment
through adhesions. Adhesion formation is the first step and plays a
fundamental role in subsequent viability, growth and differentiation
[37]. The immobilisation of material substrates and ECM can be
distinguished into two kinds; chemical bonding functionalisation and
physical adsorption [38,39]. Thus, nanotopography acts as an initial
physical ‘trigger’ from the material side to initiate downstream molec-
ular reactions through influencing the conformation of ECM, and
therefore ligand presentation.

In this review, we will discuss how nanotopography influences the
physical adsorption of proteins and how this instructs cell behaviours
from interactions at both the nanotopography-ECM interface and ECM-
cell interface. We will then discuss the cellular response to various
nanotopographies, particularly those that regulate focal adhesions (FAs)
formation, cell differentiation and the mechanosensitive Hippo signal-
ling pathway.

2. ECM-nanotopography interactive mechanisms

Cellular sensing of biomaterial features is mediated by the layer of
protein adsorbed onto the substrate. Thus, the protein adsorption pro-
cess plays a fundamental role at the first stage of cell-material in-
teractions [40]. The status of proteins their concentration,
conformation, distribution, and strength of interaction, can further in-
fluence cell responses [41-44]. During adsorption, the complex
composition and structure of proteins causes phenomena such as protein
structural rearrangements, cooperative adsorption, overshooting
adsorption kinetics, or protein aggregation [45]. For initial contact,
soluble matrix proteins like FN, vitronectin (VN), fibrinogen (FG) in-
fluence cell response, whereas for long-term contact other ECM proteins
dominate, such as collagens (Cols) and laminins (LMs) [46]. FN is a high
molecular weight dimeric glycoprotein that is found in a soluble form in
blood, other extracellular fluids such as plasma, and in an insoluble form
in connective tissues and attached to cell surfaces [26]. FN is able to
ligate to cells via integrins through its cell-binding domain (FNIII9-10)
containing the arginine-glycine-aspartic (RGD) sequence [47,48]. VN is
a glycoprotein with a molecular weight of 75 kDa which also engages the
integrin family (aVp1, aVP3, aVB5, allbp3) through the RGD sequence
[49]. VN is involved in several cell behaviours: adhesion, migration and
integrin-mediated signal transduction [50]. FG is also a large fibrous
dimeric glycoprotein with a symmetrical structure [51]. Col is the most
prevalent fibrous protein in the matrix, where 28 different types of Col
composed of at least 46 distinct polypeptides chains exist [28,52]. LM is
a cell adhesion molecule that comprises a family of glycoproteins and
features within a thin sheet of ECM that underlie epithelial and endo-
thelial cells and surround muscle cells, schwann cells, and fat cells [53].
These proteins dictate how cells adhere to, and thus interact with,
topographical features in their microenvironment. In the following
section, we will discuss the factors affecting protein adsorption on bio-
materials, then focus on electrostatic interactions between nano-
topography and proteins.
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2.1. Factors affecting protein adsorption on biomaterials

Based on thermodynamics, the major driving force of protein
adsorption is an entropy gain arising from the release of surface adsor-
bed water molecules and salt ions, and from structural rearrangements
inside the protein itself [54]. During the process of adsorption, several
factors influence the procedure including external factors like temper-
ature, pH, ionic strength, electrostatic effects and buffer composition
[45]. For example, evidence has shown that the amount of adsorbed
protein increases as a function of increasing temperature and increasing
hydrophobicity [55].

The effect of pH is more complex since the pH determines the elec-
trostatic state of proteins. As the pH equals the isoelectric point (pI) of a
protein, the numbers of negative and positive charges are in balance
resulting in a net neutral molecule. When pH<pl, the proteins are
positively charged, whereas when pH>pl, the charge of proteins are
negative [45]. At the pl point electrostatic protein-protein repulsions are
minimized and the maximum adsorption of protein on substrates is
achieved around their pI [56]. The concentration of dissolved ions is
another parameter affecting protein adsorption processes, which is
expressed in terms of ionic strength. This is because ionic strength de-
termines the Debye length correlating with the damping distance of the
electric potential of a fixed charge in an electrolyte-increased salt con-
centration reduces electrostatic repulsion between like-charged mate-
rials and decreases electrostatic attraction between oppositely charged
materials [57].

Protein adsorption behaviour can be described by several theoretical
models, including Langmuir, Freundlich and Brunauer-Emmett-Teller
isotherm models [58-60]. Among all models, the Langmuir adsorption
model has been widely used for its simplicity. Specifically, there are four
basis conditions that an adsorption system must satisfy in order for the
Langmuir isotherm model to be applied; (I) All adsorption sites are
equivalent, distinguishable and independent (homogeneous adsorption
sites). (II) Each adsorption site binds an individual solute molecule. (III)
There are no interactions between solutes on the surface that influences
their adsorption behaviour. (IV) Adsorption process must represent a
dynamically reversible equilibrium. However, due to the complexities of
protein adsorption, this leads to difficulties in experimental investiga-
tion of the process.

Spreading of proteins can be influenced by cooperative factors,
protein internal stability, interaction strength between protein and
substrate, and protein-protein interactions. Protein-protein interactions
rely on the presence of neighbouring proteins that are affected by the
solution concentration. These effects cause saturated adsorption of a
protein with monolayer coverage on a substrate, which further changes
the spreading and packing of the proteins [61].

To help quantitively analyse the surface protein adsorption, the
biological surface adsorption index (BSAI) was developed. The BSAI is a
statistics-based model that employs five descriptors to represent the
surface energy profile of the substrate: hydrophobicity, hydrogen
bonding, polarity, polarizability and lone-pair electrons. Then, by
combining with traditional adsorption models, this predictive model can
be used in biological applications, for example to predict the safety of
nanomaterials [62].

2.2. Electrostatic interactions between nanotopography and ECM

As the BSAI predicts, the protein-surface interactions are not only
influenced by the protein’s properties, but also affected by the properties
of the material, such as surface energy, polarity, charge, and topography
[63,64]. Proteins are typically asymmetrical, complex molecules of a
few nanometers in size, i.e. the same scale of nanotopgraphical features.
The conformation of adsorbed proteins on material surfaces can be
traced back to its free energy minimum resulting from attractive Cou-
lomb’s force and Van-der-Waals interactions, hydrogen bonds, and the
entropy gain of solvent molecules or counter ion release [45]. Due to
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their complex structure, proteins generally exhibit different affinities
dominated by the local composition of their amino acid residues [45].
To investigate the electrical interactions of proteins to a material, it was
concluded that the protein surface can be divided into different patches
or domains, including hydrophobic, hydrophilic, positively, and nega-
tively charged [65,66]. Obviously, electrostatic-dominated protein
adsorption to positively or negatively charged substrates tend to expose
oppositely charged regions to surfaces.

Titanium (Ti) is a major biomedical implant-based material, and has
been investigated in the context of titanium nanotopography protein
interactions. It has been demonstrated that nanotopographical Ti sur-
faces greatly enhance protein adsorption ability. For example, polished
(smooth) and nanotopographical Ti-6Al-7Nb specimens were immersed
in albumin- and FN-containing (5 mg/ml) phosphate-buffered saline
(PBS), then washed with deionized water. Higher N1s spectra intensity
were observed on the nanotopographical Ti-6Al-7Nb specimen
measured by X-ray photoelectron spectroscopy (XPS), indicating greater
protein adsorption on the Ti-6Al-7Nb nanotopography [67]. Recently, a
selection of nanorough TiO; surfaces was been fabricated with root
mean square roughness (Sq) values below 2.7 nm but with different
surface morphologies, the proteins myoglobin (MGB), bovine serum
albumin (BSA) and thyroglobulin (TGL) adsorption behaviours were
investigated in situ [68]. It was observed BSA adsorbed was faster and
observed a thicker protein film at saturation, MGB adsorption followed a
linear correlation with the surface skewness (Ssk) and the TGL adsorp-
tion was mainly influenced by the Ssk, increased Ssk led to faster
adsorption and thicker protein film [68]. The proteins adsorption of
MGB, BSA and TGL were further investigated on nanorippled TiOx/Ti
surfaces, demonstrated that even nanotopographic features with vertical
dimensions of less than 2 nm have a surprisingly strong effects on the
adsorption and especially the adsorption-induced denaturation of
globular proteins [69].

Other biomedical Ti based alloys have also been investigated, for
example, nanotopographical porous features of p-type Ti-25Nb-25Zr
alloy enhanced albumin and FN adsorption [70]. Moreover, another
study showed the density of FN adsorbed on Ti nanotopography was 2-3
times higher than it was on bare Ti; specifically, Ti nanoflakes showed
the greatest protein adsorption when compared with pristine Ti; Ti
nanowires and Ti nanonests [71]. However, further experimental
investigation of the interaction between protein and nanotopography
has reported that there is no statistical influence of protein adsorption on
titanium with different nanoscale roughness [72]. Titanium films were
engineered with similar surface chemistry but different sizes of grains on
the surface, leading to different topographical features. Using Atomic
force microscopy (AFM) it was shown that surface roughness, even if
larger than nanoscale, has little effects on protein adsorption [72].
Additionally, no significant difference was observed in the quantifica-
tion of FG adsorbing on 53 nm roughness titanium surface (machined),
70 nm roughness (acid etched) and 183 nm roughness (etched and
blasted) [73]. However, in contrast, the amount of FN adsorption
increased as the titanium surface roughness increased [73]. Other
studies have also demonstrated that nanotopography can significantly
impact protein adsorption; FG adsorbed on nanotopographical tantalum
films was increased 70% with increasing film roughness (from 2.0 nm to
32.9 nm) [74]. Another study concluded that the amount of FG adsorbed
on nano-featured colloidal silica surface with 21 nm roughness was
significantly lower than on 7 and 14 nm roughness surfaces [75]. The
quantification methods in both studies were characterized by quartz
crystal microbalance with dissipation (QCM-D). This indicates that even
the same protein exhibits different adsorption behaviour on different
substrates. The protein-nanotopography interactions strongly rely on
the physiochemical properties of the substrate and, the topological
features of nanotopography play a key role in protein adsorption.

The ECM captured by the nanotopography is related to the procedure
of attractive adsorption which consists of two steps - the direct attach-
ment to the surface of substrates as the first step, and the re-arrangement
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of the proteins upon adsorption as the second [76]. For instance, FN
adsorption on various artificial surfaces depends on several factors of the
substrate, such as the physical properties, roughness, wettability and
charge [77]. Of these factors, hydrophilicity and charge are thought to
be the dominant interactions with FN molecules that affect its confor-
mation [78]. For example, increasing negatively charged M — OH
complexes on titanium modulates FN’s integrin binding activity prob-
ably through a change in conformation [79]. It was also concluded that
the binding of a peptide to a titanium-based substrate is strengthened by
ionic interactions of charged atoms and polar interactions of neutral
atoms [80,81].

Alongside electrostatic-dominated adsorption of proteins to titanium
and its alloys, surface oxidation also has an important role. The surface is
naturally covered by an oxide layer, such as a TiO, layer on titanium
metal. The oxidation and dissolution of metal cations partially yield to
the negative surface potential of the titanium surface [82]. For example,
it was shown that the contact between the cell membrane of osteoblasts
and the TiO; layer is established by two steps, firstly the cell membrane
makes a non-specific contact because of the electrostatic interactions,
then the specific binding takes place [83]. It could be speculated that
cells are electrostatically repelled by the negatively charged titanium
surface, therefore this indicates some other attractive forces are not
present in the system. Recently, an ECM-titanium interactive mecha-
nism was assumed where the negatively charged titanium surface and a
negatively charged plasma membrane is mediated by positively charged
proteins. A theoretical model by Monte Carlo methodology was created
to simulate the distribution and orientation of proteins adjacent to the
charged titanium surface. The mediated proteins are featured with a
distinctive quadrupolar internal charge distribution on the titanium
surface [84].

At the nanoscale, it has been proven that nanorough topography
creates a surface with an enhanced electric field strength that is strongly
attractive (electrostatic attraction, Coulomb’s force) to proteins due to
the highly curved edge [84] (Fig. 2a.). Fig. 2a illustrates the electric field
strength near the highly curved edges of a titanium surface that was
estimated in the limit of very sharp edges. Importantly, the cation is also
involved as an attractive mediator between FN and titanium and is ex-
pected to be more efficient for a high surface charge density [84-86].
Both increased electric field strength and surface charge density at the
nanorough area may also promote divalent cation-mediated adsorption
of FN to a negatively charged titanium surface [94]. Thus, the charge
density of a substrate surface is strongly influenced by the curvature of
the nanorough topography. Specifically, based on the Laplace equation,
the surface charge density (c) adjacent to both convex and concave
nanotopographies (Fig. 2b.) was calculated at under the equilibrium
(boundary) conditions, where the electric potential is constant over the
whole conducting metal surface:

2A1 &€
Olvex) = — 3 55 (€8]
O(cave) = — 2A1€,€01 (2

Where, ¢ is the surface charge density of nanorough at convex/concave,
r is the distance between FN and convex/concave edge region, A; is a
constant determined from the additional boundary condition, ¢ is the
permittivity of the free space. While the FN is adsorbing to a convex
surface, r—0, leads to the 6(,.x) becomes infinitely large and singular. In
contrast, the 6(.qy) is zero as r—0 [84] (Fig. 2b.). This indicates the
surface charge density of convex surfaces would not diverge, instead, it
would decrease in magnitude with the increasing curvature radius.
Compared with the variation of density on convex surfaces, the charge
density would monotonically increase with the increasing curvature
radius of the concave edge. Due to the increased surface charge density
at the sharp edge, the increased FN accumulation at the nanorough re-
gion that can facilitate the adhesion and aggregation of integrin
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molecules can therefore induce the formation of FAs. The model was
then tested in situ using human osteoblasts [84].

3. Cellular responses to nanotopographies

It is well established in the recent literature that changes in topo-
graphical features of surfaces can significantly influence cell behaviour
by altering mechanosensitive responses [87-89]. Since naturally formed
titanium oxide film is bioinert with successful biocompatibility,
titanium-based alloys have been widely used in orthopaedic recon-
struction for various types of bone anchored implants. However, this
bioinert film is not integrated into the bone tissue, a lack of bone
ingrowth causing Ti implant failures have been documented in clinical
case reports [90-94]. Successful osteointegration relies upon acceptance
of several key factors: the stable/immobile physical support of an
implant under functional loads, apposition of new and re-formed bone in
the congruency with the implant without fibrous tissue formation,
absence of relative motion between the implant and surrounding bone
tissue under loading, and that the components of bone tissue within a
thin zone of the implant surface are identified as normal bone and
marrow constituents [95]. A critical factor that influences bone
ingrowth to the implant are the surface features of the implant; on a
micro-scale level, these features regulate the cell responses as they
interact with their surrounding microenvironment. Thus, creating
nanotopographical features on implants is a feasible method to improve
osteointegration of implants, rather than altering the mechanical or
chemical components of orthopaedic implants. Among various cell be-
haviours, the improvement of initial cell adhesion is the earliest
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challenge, and then of guiding stem cell differentiation. These two cell
behaviours play vital roles in the success of early osteointegration, and
ultimately, implant longevity [96,97].

Topographical studies on the effects on cell adhesion/spreading,
proliferation and differentiation have been extensively investigated
[10]. In this section, we will firstly review how the nanotopography
manipulates cellular adhesion and spreading behaviour, then we will
focus on the differentiation of stem cells and mechanotransductive be-
haviours triggered by nanotopography.

3.1. Adhesion/spreading behaviour

A variety of approaches have been employed to create different
nanotopographies on substrates to explore their influence on the adhe-
sive/spreading behaviour of various cell types, including mesenchymal
stem cells (MSCs). For example, Yim et al. observed that a decreased
expression of integrin subunits (a2, a6, aV, 2, p3 and p4) occurred in
human MSCs (hMSCs) cultured on 350 nm gratings (nanogroove
topography) of tissue culture polystyrene (TCPS) and poly-
dimethylsiloxane (PDMS), compared to the planar control [20]. The soft
lithography technique was applied on a nanoimprinted poly (methyl
methacrylate) (PMMA)-coated Si master moulds to reproduce the
nanopattern on PDMS. Nano-embossing pre-patterned PDMS master was
used to fabricate nanopatterns onto a TCPS strip or a 35 nm TCPS dish
[20]. Here, cellular cytoskeleton exhibited an elongated shape with an
aligned arrangement, while a random network arrangement was
observed in cells on a control surface [20]. The similar method of soft
lithography technique was also applied in another study investigating
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cellular morphological changes of smooth muscle cells induced by PDMS
nanotopography [98]. In this study, the bovine pulmonary artery
smooth muscle cells showed significantly elongated and parallel align-
ment on 350 nm linewidth, 700 nm pitch, and 350 nm depth grooved
nanotopography [98]. Indeed, it was shown that rutile TiO5 surfaces
promoted better adhesion and a stereoscopic morphology of bone
marrow-derived MSCs with a nanorod array topography, compared to a
smooth ceramic surface [99]. The TiO3 nanorod array was fabricated by
a facile hydrothermal method reported previously [100].

Increasing the roughness of material surfaces can improve the cell
adhesion, especially the roughness at the nanoscale. Another study,
using PDMS with a variety of different wrinkled topographies, showed
that wrinkle dimensions of 7121 nm wavelength and 2561 nm ampli-
tude was optimal for promoting bone marrow-derived MSC adhesion by
influencing various factors, such as cytoskeletal arrangement and FAs
assembly [101]. This gradient wavelength was prepared by a masked
plasma-oxidation procedure with subsequent overoxidation to obtain a
SiOo-like surface [101]. It has also been demonstrated that adhesion,
spreading and self-renewal of human embryonic stem cells (hECSs) can
be regulated by the features of nanorough patterning on silica based
glass wafers [102]. It is remarkable that in nanoscale, it has been
demonstrated that not only the presence of roughness can promote cell
adhesion, but also the arrangement of nanofeatures can change the
adhesion and spreading behaviour of cells. It has been shown that
repeating nanopit features on PMMA surfaces can lead to a reduction of
cell spreading due to the decrease of focal adhesion formation [19]. The
nanopits were fabricated by a fast electron-beam lithography (EBL)
technique, which can form a defined spot size and each shape is spaced
by the beam step size, only by a single exposure [103]. Compared with
nanopit features, dot morphology in nanoscale has also attracted
attention. Dimers, trimers and extended hexagonals arrangement of
nanodots were fabricated by a nanolithographic method, the cell
spreading was significantly enhanced on nanodots when at least four
liganded sites were spaced within 60 nm or less [104]. Cells are
extremely sensitive to nanodot morphologies; indeed, cells have been
described as ‘clinging on with their fingertips’ to nanodots that are only
8 nm in height [105].

Cell-specific changes in behaviour has been highlighted in several
studies. For example, using Ti-based substrates, it was shown that 70 nm
nanoporous surfaces, compared with rough surfaces, induced osteoblast
and fibroblast adhesion and alignment along the pores, whereas mac-
rophages remained oval-shaped and sparsely distributed [106]. The
TiO4 nanoporous features were formed by electrochemical anodization
(EA). Other porous nanotopographies, such as TiO3 nanotubes (NTs),
have also been investigated due to their unique nanomorphology that
can mimic the natural mineral of bone tissue [24,107]. These nanotubes
were also fabricated by the anodization method. It has been demon-
strated that nanotubes are able to significantly enhance the proliferation
of cells by regulating their adhesion behaviour. Specifically, using a
nanotube topography, a significant acceleration in the growth rate of
osteoblast cells by as much as 300-400% occurs, compared with pristine
titanium surface samples [108]. Osteoblast adhesion behaviour was
investigated on ordered and disordered nanopatterns that were func-
tionalized with RGD on polyethylene glycol (PEG). The RGD nano-
patterns were fabricated by a novel method based on a Micelle
nanolithography technique, the Au nanopatterns were prepared on glass
and further constructed by coupling c(-RGDfK-)-thiol ligands via the
thiol group, thus each nanoparticle could bind up one integrin [109]. It
was observed that when ligand spacing was less than 70 nm, integrins
effectively clustered and formed adhesions, whereas integrins did not
cluster when ligand spacing was larger than 70 nm. Interestingly, at a
global average inter ligand spacing of larger than 70 nm, disordered
nanopits displayed some integrin clustering; this may due to a denser
local arrangement which was below 70 nm [109]. Recently, RGD
functionalized nano gold dots with various spacings of 37, 53, 77, 87 and
124 nm were fabricated on PEG and the smaller RGD spacings induced
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larger FAs and a distinct, well-organised, cytoskeleton [110].

It has also been shown that self-assembling polystyrene (PS) nano-
sphere surfaces could enhance spreading behaviour of human adipose-
derived MSCs most optimally with nanopit diameters of 300-400 nm
between a range of 200-750 nm [111]. Another study generated
nanotopography that was optimized to mimic the granularity and
porosity of the natural ECM using TiOz substrates with features on 30
nm thick coatings with an average roughness of 4-5 nm and average
surface slope of roughly 8° [112]. This method was reported in a pre-
vious study, the TiOy thin film was produced by supersonic beam
deposition of titanium clusters [113]. These nanotopographical features
could enhance the spreading behaviour of human MSCs compared to
cells on flat control glass surfaces [112]. Also it has been shown that
mesangiogenic progenitor cells (MPCs), which are thought to be pro-
genitors to MSCs, showed differences in spreading/adhesive behaviour
when cultured on a 400 nm nanograting topography, compared to a flat
control, where more protrusive filopodia were observed on nanograting
topography suggesting more spreading potential [114]. Table 1 sum-
marises several nanotopographical approaches that influence cell
adhesion and spreading.

3.2. Differentiation/maintenance of cell behaviour

Controlling substrate nanotopography is an effective approach for
manipulating cell differentiation behaviour (Table 2 and Fig. 3). For
example, a study highlighted that by increasing surface roughness of
glass using reactive ion etching to generate random nanostructures
ranging from 1 to 200 nm, this enhanced osteogenesis of hMSCs and was
associated with changes in adhesion, cytoskeletal tension and mecha-
nosensitive transcriptional co-activator with PDZ-binding Motif (TAZ)
activation [115]. Using nanopatterned poly (lactic-co-glycolic acid)
(PLGA) patches, it was shown that primary osteoblasts displayed
enhanced osteogenesis and rat bone regeneration in vivo when cultured
on surfaces with 600 nm nanogrooves, compared to flat [116]. More-
over, it has been shown previously that substrates with aligned poly--
t-lactic acid (PLLA) nanofibers, compared to random, enhance the
osteogenic differentiation of hMSCs through modulation of negative
osteogenic regulator miR-125b [117]. It has also been shown that sub-
strates with 120 nm diameter and 100 nm depth disordered nanopits
were more effective at enhancing the osteogenesis of human osteoblasts
and MSCs than a flat surface [21]. Using PMMA, nanopits of 120 nm in
diameter with 100 nm depth were fabricated with different symmetrical
arrangements from highly ordered to random distribution. The result
has further demonstrated that a controlled disordered arrangement of
nanopits generated by the EBL technique can greatly enhance osteo-
genesis from skeletal stem cells [9]. Interestingly, regulating the
ordering level of nanopits can also achieve the maintenance of the MSC
phenotype. Absolute square lattice symmetry was also fabricated by EBL
on polycaprolactone (PCL) substrates, resulting in a switch from osteo-
genic stimulation to maintenance of MSC stemness and proliferation,
permitting prolonged retention of multipotency for up to eight weeks
[5].

In terms of stem cells differentiation responses to NTs, researchers
have also demonstrated that the behaviour of MSCs is strongly affected
by the dimensionality of NTs [118]. On small diameter nanotubes, MSCs
display increased cell adhesion and growth with minimal differentia-
tion; this is potentially due to protein aggregate adhesion and distribu-
tion configurations induced by the small nanotubes. In contrast, on
larger diameter nanotubes, MSCs are forced to elongate and stretch to
search for protein aggregates, and as a result, are forced/guided to
differentiate specifically into osteoblast cells.

Aside from nanopits and nanotubes, nanodots have also been fabri-
cated by block copolymer techniques. MSCs on 8 nm and 15 nm nanodot
patterned surfaces were shown to exhibit an increased number of large
osteogenic focal adhesions when compared to polished Ti surfaces
[119]. Along with spacing, other features such as height of nanodots
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Table 1
Nanotopographies affect cell adhesion & spreading behaviours.

Nanofeatures Material substrate Cell type Functional studies Ref

Nanopits Polymethylmethacrylate (PMMA) Human fibroblasts Control cell spreading Dalby M Jetal. [19]

Diameter-100 nm
Depth-100 nm
Nanodots
Dimers, trimers and hexagons

arrangement with interdot spacing of

60 nm
Nanorods
Length-1.5 pm
Diameter-100 nm
Nano wrinkles
Amplitudes-49 to 2561 nm
Wavelengths-464 to 7121 nm
Nanorough
R,=70 nm
R;=150 nm
Nanogroove
350 nm linewidth and 700 nm pitch
500 nm linewidth and 1 pm pitch
Nanotubes
Outer diameter-100 nm
Inner diameter-70 nm
Height-250 nm

AuPd nanodots

TiO, substrate

Polydimethylsiloxane (PDMS)

Silica based glass

Tissue culture polystyrene (TCPS) and

polydimethylsiloxane (PDMS)

TiO, substrate

3T3 mouse fibroblasts

Bone marrow-derived

MSCs

Bone marrow-derived

MSCs

Human embryonic stem

cells (hECSs)

stem cell (hMSC)

MC3T3-E1 osteoblast

cells

Human mesenchymal

Control cell adhesion receptors
arrangement

Osteogenic differentiation

Promoting adhesion

Adhesion, spreading and self-
renewal

Induction of focal adhesion and
cytoskeleton arrangement

Accelerate osteoblasts growth

Schvartzman, M
et al. [104]

Qiu J et al. [99]

Zhou Q et al. [101]

Chen W et al. [102]

Yim EKF et al. [20]

Oh S etal. [108]

Table 2

Nanotopographies affect cell differentiation behaviour.

Nanofeatures

Material substrate

Cell type

Functional studies

Ref

Nanorough
Ry=1 nm
R;=100 nm
R;=200 nm
Nanopatch
Ridge-800 nm
Groove-800 nm
Height-600 nm
Nanopits
Diameter-120 nm
Depth-100 nm
Random displacement+50 nm
Ordered/disordered Nanopits
Diameter-120 nm
Spacing-300 nm
Disordered-+50 nm offset
Ordered-0 nm offset
Nanopatterns
Distancing-30 nm
Interdot spacing-106 nm
Nanopillar
Height-15, 55, 100 nm
Nanoholed
Pore sizes-72, 108, 135 amd 195 nm
Nanocolloidal
Hexagonal lattice spacing-58 nm,
108 nm
Nanopatterns
Hexagonal lattice spacing-37, 53, 77,
87 amd 124 nm
Nanopatterns
Hexagonal lattice spacing-36, 50, 71,
98, 136 amd 143 nm
Micro/Nanopatterns
Nanospacing 46 and 95 nm and with
micropans 35 and 65 pm

Glass

Poly (lactic-co-glycolic acid) PLGA

Polymethylmethacrylate (PMMA)

polycaprolactone (PCL)

TiO, substrate

TiO, substrate
Opal film

Gold nanoparticle + polyethylene
glycol (PEG)

Gold nanoparticle + polyethylene
glycol (PEG)

Gold nanoparticle + polyethylene
glycol (PEG)

Gold nanoparticle + polyethylene
glycol (PEG)

Human mesenchymal stem
cell (hMSC)

Primary osteoblasts

Mesenchymal stem cell
(MSC)

Mesenchymal stem cell
(MSC)

Mesenchymal stem cell
(MSC)

Human mesenchymal stem
cell (hMSC)

Rat bone marrow-derived
MSCs (rBMSCs)

Rat fibroblast

Rat MSCs (rMSCs)

Rat chondrocytes

Human mesenchymal stem
cell (hMSC)

Osteogenesis induction

Osteogenesis induction

Osteogenesis induction

Maintenance of MSC phenotype and
multipotency

Osteogenesis induction

Bone matrix nodule formation
Promotes osteogenesis

Ligand density regulation
Osteogenic and adipogenic
induction

Maintenance phenotype

Independently regulating cell
spreading and ligand spacing

Qian W et al. [115]

Lee M Setal [116]

Allan C et al. [21]

McMurray R J et al.
[5]

Sjostrom T et al.
[119]

Sjostrom T et al.
[120]
Xiao Q R et al. [121]

Cavalcanti-Adam E A
et al. [123]
Wang X et al. [110]

Li Setal [124]

Wang X et al. [125]

influence cell differentiation. Heights of 15 nm, 55 nm and 100 nm
nanodots/nanopillars were generated on Ti substrates by anodization;
MSCs cultured with nanopillars with a height of 15 nm displayed
increased osteogenesis after 21 days [120]. Another study, using nano-
holed opal films formed using self-assembly of colloidal SiO, nano-
particles, showed that a more oriented and stretched nanotopography
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was favourable for osteogenesis of MSCs, compared to inverse topog-
raphy [121]. Additionally, it has been shown that gold nanorods,
fabricated with similar dimensions to the tobacco mosaic virus,
enhanced MSC osteogenesis and chondrogenesis when functionalized to
hyaluronic acid hydrogels due to the effects of the highly ordered
nanotopographical environment [122]. Differentiation into MSCs from
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Nanotopographies for cell differentiation

Features

Nanopits
(PCL)

Nanorough
(glass)

Nanogrooved
(PLGA)

N

Nanoholed
(Si0Oz2)

Nanodots
(Au+PEG)

Nanopillar
(TiO2)

Arrangement

N

Fig. 3. Both nanotopographical features type and
arrangement can guide cell differentiation. Nano-
rough glass substrates and PLGA nanopatch have
been demonstrated to enhance osteogenesis [115,
116]. Osteoinduction and bone matrix nodule for-
mation were proven on TiO, nanopillar [119,120].
SiO, nanoholed nanotopography also promoted the
osteogenic induction of MSCs [121]. Maintenance
of multipotency of stem cells has been strongly
influenced by the arrangement of
nanopits-ordered/disordered PCL nanopits [5]. Au
nanoparticles combined with PEG substrates has
been widely used for differentiation guidance by
manipulating integrin ligand density [110,
123-125].

Nanopits
(PCL)

Nanodots
(Au+PEG)

progenitor cells has also been investigated in response to nano-
topography where it was shown that MPCs preferentially differentiated
into MSCs on a 400 nm nanograting topography than on flat surfaces
[114].

In addition to nanotopographical features, ligand density is a leading
factor of nanotopographical regulation. Nanocolloidal features have
been used to control the number of integrin-adhesive RGD ligands per
unit area; cells on 108 nm centre-centre nanopatterns demonstrated a
delayed spreading with repeated protrusion-retraction cycles, compared
to cells on a 58 nm centre-centre nanopatterned substrate [123]. Gold
nanodots used to create these features were ~8-12 nm in size-integrins
are sized between 8 and 12 nm, therefore the gold nanopattern tech-
nique is well matched to these single receptor dimensions [126]. Since
the size of a nano gold dot is around 10 nm, they are well suited to
connect a single integrin to each nano dot. The features of a gold
nanopattern creates the possibility of precisely tailoring the dot spacing
to regulate the density of integrins. For example, PEG hydrogels with
gold dots coated with RGD ligands were prepared to investigate the MSC
response. As mentioned in the adhesion section, nano gold dots with
spacings of 37, 53, 77, 87 and 124 nm were investigated on these PEG
substrates [110]. It was concluded that a small RGD spacing induces
strong FAs assembly and distinct cytoskeleton organization, whereas
larger spacing of RGD generates weak FAs assembly and an indistinct
cytoskeleton. The critical spacing was thus said to be 70 nm, where less
spreading of cells was observed on dots with spacing larger than 70 nm.
Both osteogenic and adipogenic inductions resulted in greater extents of
differentiation on large nanospaced patterns [110]. This method was
also shown to improve maintenance of the chondrocyte phenotype when
the nano spacing is above 70 nm [124]. Moreover, corresponding effects
of micro-nanopatterns with 46 nm and 95 nm spacings were developed
to further explore the stem cell response. This technique allows inde-
pendent investigation of the ligand spacing on cell spreading and
regulating differentiation. It was concluded that the small spacing leads
to stronger cell tension even in instances of identical cellular size [125].
Thus, the differentiation of cells is influenced by the tension of the
cytoskeleton, which is induced by the ligand density which is directly
defined by the nanotopography.

Nanopatterning not only manipulates cellular behaviours by shifting
features density, but also affects cellular differentiation and multi-
potency expression through regulated pattern arrangement. Long term
maintenance, growth and prolonged retention of MSCs was achieved on
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ordered square lattice symmetry nanopatterns with dimensions of 120
nm diameter and 300 nm spacing distance that was generated in poly-
carbonate [5]. In contrast, a surface arrangement of disordered square
array with dots displaced randomly up to 50 nm in x and y axes was
shown to promote osteogenesis of MSCs. It was speculated that while
cell spreading is permitted by the nanotopographical surface, cells will
respond to the nanopatterns through regulation of FAs assembly and
cytoskeletal tension which leads to further effects on mechano-
transductive pathways [9]. A summary scheme of cell differentiation
behaviours on substrates such as glass, PLGA, TiO and SiOy with
various nanotopographical features are shown in Fig. 3. All these studies
illustrate the significant influence of nanotopography on cellular
behaviour. However, the interaction between nanotopography-matrix
and, matrix-integrin mechanisms have remained elusive, the detailed
interactions of these are illustrated in Section 4.

3.3. YAP/TAZ signalling

Yes-associated protein (YAP) and TAZ are downstream regulatory
targets of the Hippo signalling pathway. YAP/TAZ translocate to the
nucleus and serve as transcriptional co-activators of specific target
genes. Nuclear translocation is regulated by large tumour suppressor
kinase (LATS)1/2, which phosphorylates YAP/TAZ to allow binding
with 14-3-3 protein that causes cytoplasmic sequestration [127,128]. In
the absence of YAP/TAZ phosphorylation, a complex is formed with
Scalloped (Sd) to permit nuclear translocation where gene expression is
facilitated by YAP/TAZ nuclear interactions with DNA-binding partner
TEA domain family member (TEAD) [129,130]. Further, YAP/TAZ
translocation is highly mechanosensitive to changes in the physical cues
of the cellular microenvironment resulting in rapid on-off mechano-
transduction [131]. Mechanical inputs regulate cell mechanics and
cytoskeletal dynamics that direct YAP/TAZ mechanotransduction to
control many key cell responses including proliferation, differentiation,
and stem cell maintenance [132-135].

Amongst the many physical cues presented to cells, nanotopography
has been shown to significantly influence YAP/TAZ mechano-
transduction which regulates gene expression to control various aspects
of cell behaviour. Osteogenic differentiation has been widely investi-
gated in terms of YAP/TAZ regulation on different nanotopographies;
rough, patterned and fibrous substrates largely support enhanced
osteogenesis through nuclear YAP/TAZ activation [136]. For example, it
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was shown that YAP/TAZ activation and osteogenesis was optimal on
hydroxyapatite discs with a surface roughness of 0.77-1.09 pm and a
mean distance between peaks of 53.9-39.3 ym [137]. Additionally, YAP
activation of MC3T3-E1 preosteoblast cells was enhanced on PDMS
micropatterns with a grid topography which coincided with enhanced
osteogenesis [138]. Other studies have shown that specific nanopatterns
can enhance osteogenesis via TAZ activation, for instance using human
MSCs on substrates with 70 nm and 200 nm features [139,140].
Collectively, these studies also suggest that rougher, patterned and
fibrous surfaces promote YAP/TAZ-mediated osteogenesis through
enhanced cell adhesion and spreading driven by increased integrin
clustering and FA formation; this subsequently facilitates increased actin
polymerization and cytoskeletal tension via Rho GTPase, focal adhesion
kinase (FAK) and mitogen-activated protein kinase (MAPK) signalling
[137-140]. Other studies have demonstrated that integrin clustering
and FA formation are closely associated with YAP/TAZ-mediated
osteogenesis; for instance, in response to cylindrical vs. ribbon-like
nanofiber morphologies, enhanced stem cell osteogenesis was facili-
tated by integrin f1l-based FA complex formations [141]. Similarly,
using micropatterned substrates that enabled precise control of human
MSC spreading and adhesion, larger cell adhesion areas facilitated
YAP/TAZ activation and osteogenesis, whereas smaller cell adhesion
areas diminished TAP/TAZ activity and favoured adipogenesis [142].
Interestingly, in contrast to previous studies, it was shown in the pres-
ence of cell-cell contacts that autophagy-induced YAP degradation
permitted nuclear p-catenin translocation to facilitate osteogenic gene
expression of MC3T3-E1 preosteoblast cells on titanium nano-
topographies [143]. This suggests that the synergistic influence of
nanotopograhic guidance and cell-cell contacts can regulate osteo-
genesis via an alternative mechanism to conventional nuclear YAP/TAZ
activation in other environments.

Additionally, neural cell behaviour can be regulated by YAP/TAZ on
specific nanofeatures. For instance, nanograting topographies between
200 and 1000 nm were found to enhance neurite alignment of PC12 cells
which coincided with increased sub-cellular localization of YAP [144].
Additionally, it has been shown that motor neuron differentiation of
human pluripotent stem cells (hPSCs) can be promoted on 200 nm
nanorough surfaces via increased nuclear YAP activation [145].

Evidently, YAP/TAZ plays a key role regulating cell behaviour in
response to nanotopographical cues; this could be harnessed in tissue
engineering and regenerative medicine by directing cell fate towards
desired lineages.

4. Mechanotransduction of nanotopographical cues

Nanotopography can provide the physical cues that cell receptors
require to organize the cellular cytoskeleton and to propagate me-
chanical signals towards the nucleus. Direct mechanotransduction relies
on ECM being directly coupled with the nucleus through the cytoskel-
eton, which is postulated to behave like a mechanical tensegrity struc-
ture [146]. In contrast, indirect signalling cues via biochemical
mechanotransduction, also dominates the cytoskeleton through regu-
lating focal adhesion behaviour and embedded biochemicals such as
FAK interacting with extracellular signal related kinase (ERK 1/2
[1471). Thus, alternations in cytoskeleton arrangement, and cell and
nucleus morphology can be achieved by manipulating the conformation
of matrix. In this procedure, cellular adhesion behaviour plays an initial
but vital role.

4.1. Integrin receptors bind to extracellular matrix

Cell sense the nanotopography during adhesion via thin cell mem-
brane projections, filopodia, that contain integrins. Integrins are
essential mechano-sensors when a large fraction of force is transmitted
from the ECM to cells [148-150]. Specifically, integrins are trans-
membrane receptors existing in at least 24 unique combinations of
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non-covalently interacting o-subunits (18 types) and f-subunits (8
types), containing adhesion complexes and binding to ECM ligands, such
as the RGD peptide [149]. Both integrin a-subunits and p-subunits are
type I transmembrane proteins which consist of a large number of
extracellular domains, a single-pass transmembrane helix, and a short
cytoplasmic domain [149]. Binding sites for ECM ligands either
comprise epitopes from both subunits or bind to a specific domain of
a-subunits. For example, a5p1 and oVB3 integrins bind to the RGD motif
in proteins such as fibronectin and vitronectin [126]. In other cases, the
binding site can also reside on specific domains of integrin a-subunits,
such as collagen-binding integrins al1p1, a2p1, «10f1 and «11f1 [151].
In a resting cell, integrins exist in a bent, inactive conformation. Then,
upon biochemical signals and force activation, these integrins become
activated, shifting conformation from ‘bent closed’ (inactive), to
‘extended closed’, and finally to ‘extended open’ (active) [149,152]
(Fig. 4). One of the best understood biochemical integrin activation
signals is the binding of intracellular adaptor protein talin. Talin is a 270
kDa molecular weight protein that has a key role in the first steps of
integrin activation. Upon initial integrin ligation, talin binds to the
cytoplasmic tail of the integrin f-subunit, inducing separation of the
cytoplasmic domains of integrin a- and p-subunits (opening) and triggers
a global conformational change in the extracellular domain [153]. As a
result, active integrins have a higher affinity for other ligands and
initiate increased adhesion [152].

The bond between integrins and the ECM is cyclic, rather than per-
manent, and the lifetime of the bonds will be closely affected by the
force, which behaves as a catch bond (or more accurately, a catch-slip
bond) [154-156]. The time required to break the bond first increases
and then decreases with force. As force keeps on growing, force in in-
dividual integrins loads so fast upon binding that integrins become
destabilized and disengage before additional integrins can bind [157].

Integrins have no enzymatic activity, but they can recruit and
accumulate multiple intracellular proteins at the site of integrin clusters.
Such multi-protein structures are termed as integrin adhesion complexes
(IACs), which mediate mechanical linkage between the integrin and
actin cytoskeleton, and further direct cell spreading and fate [158]. The
components of the IACs are highly complex, a large number of proteins
have already been demonstrated to be involved in the complex. Recent
proteomic analysis on the IACs revealed that over 2000 proteins were
identified as IACs components, with a consensus 60 defined as being
central to IACs formation [159], encompassing 180 protein-protein
interaction nodes [160]. Super-resolution fluorescence microscopy has
determined the molecular architecture of IACs down to nanoscale, in
which integrins and actin are vertically separated by a 40 nm core region
that consists of partially overlapping protein specific layers [161].
Generally, three protein layers assembling the IACs; one is a signalling
layer, closest to the plasma membrane, which contains the highly
phosphorylated signalling proteins FAK and paxillin. Next, an interme-
diate force transduction layer, composed of adaptor proteins talin and
vinculin, which links the integrin complex to the actomyosin machinery.
The third is a distal actin regulatory layer containing zyxin,
vasodilator-simulated phosphoprotein (VASP) and a-actinin; these lie up
to 60 nm away from the integrin layer [161,162]. The molecular
structure of IACs is shown in Fig. 4.

4.2. The bonding between integrins and actin

The formation, disassembly and maturation of IACs is tightly regu-
lated in time and space [163]. Nascent IACs are small and transient, with
relatively short lifetimes [164]. This is followed by the formation of
focal complexes clustered from nascent IACs. Focal complexes mature
into larger, elongated supramolecular complexes called FAs. FAs size is
critically important for cell fate. For example, small FAs are featured
with ‘dot’ shapes below 1 pm, which are related with cell mobility.
Medium sized FAs are in the range of 1-5 pm and matured FAs can reach
more than 5 pm, and are associated with stability and tension of
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Fig. 4. Molecular structure of integrin adhesion complexes (IACs) [159,161] and the inactive/active conformation of integrin [149,152].

cytoskeleton [165]. FAs can themselves further mature into fibrillar
adhesions, which support ECM synthesis and remodelling [166]. The
adhesion maturation process is closely regulated by the force. The
general view is that initial, nascent adhesions form independently of
force and then mature in response to force applied either internally by
actin structures coupled to integrins at nascent adhesions, or by any of
the external factors through the ECM [149,156,167,168]. Once force is
applied, adhesions grow and alter their molecular composition.
Concomitantly, both adhesions and associated actin fibres align in the
direction of force application [149,169-171]. As a result, integrin
adhesion maturation induces downstream cell responses involving the
recruitment and activation of signalling proteins such as FAK [172],
paxillin [173], proto-oncogene tyrosine-protein kinases (SRC) [174] or
extracellular signal-related kinases (ERK) [175]. Mature FAs also lead to
the enhancement of actin polymerization and the formation of actin
stress fibres, which could further connect with mechanotransduction
signalling pathways [176].

The adaptor proteins within the force transduction layer of IACs,
especially talin and vinculin, have been shown to be involved in
mechanosensitive events and are critical for adhesion maturation. It has
already been demonstrated that talin tethering spans the whole layer of
the IACs structure [161]. The head of talin binds to the cytoplasmic tail
of the integrin p-subunit and the rod domain of talin harbours multiple
actin-binding and vinculin-binding sites, which mediates the bond be-
tween the actin and integrins. As a consequence, integrin-talin-actin
axis complexes are formed and serve as mechanical linkages [161]
(Fig. 4). Many functional binding sites of talin are mechanosensitive and
only become exposed under tensile forces [153]. Once forces are
transmitted and sustained from integrins, normally of the order of a few
piconewtons, talin shifts to an unfolded conformation and exposes its
binding sites, which allows vinculin and actin binding to stabilize talin
unfolding; consequently this leads to the strengthening of the adhesion
and eventually adhesion maturation [156,177]. It should be noted that
the talin unfolding needs time to be completed; talin unfolding is faster
when the rate of the force is built up by pulling coming from both sides
of the protein (actin filaments and integrins) [178]. Talin unfolding
responds to force according to the Bell model [179] as a classical slip
bond. That is, when a constant force is applied to a single talin molecule,
the time required to unfold decreases exponentially with force [180].

4.3. Molecular clutch model

As aforementioned, integrins are receptors on the cell membrane and
their behaviour is significantly influenced by the cellular mechano-
transductive pathways which further effects cell behaviours, however
the interactive mechanism is still elusive. This interactive mechanism is
important for manipulating cells through designing nanotopographies;
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thus, the integrin receptor has been individually studied. Specifically,
several receptors are involved in the interactions between cells and
nanotopographical features, and the cellular interactive mechanisms
have also been well investigated. For instance, regarding integrin be-
haviours, the complex responses may be explained by the ‘molecular
clutch’ mechanism, where the integrin binding complexes mechanically
couple to the force-generating actomyosin system. The adjacent integ-
rins are recruited to respond to force loading until a maximum of
integrin recruitment is reached which leads to the collapse of adhesion
[88]. Collapse of FAs was observed in cells on a rigid gel (150 kPa) with
100 nm spacing RGD-nanodots; this indicates a general framework for
cell sensing of the spatial and physical information at nanoscale. Taken
together, the cell mechanosensitive events can be well described as a
molecular clutch model, which combines the integrin unbinding
catch-bond model and talin unfolding slip-bond model [88,156]. Within
this model, the link between actin and an ECM ligand is termed the
molecular clutch, which can be bound (engaged) or unbound repeat-
edly. To engage the clutch, talin unfolding has to occur before integrins
unbind from the ECM (this happens with a characteristic biochemical
lifetime) [88]. On the other hand, if integrin unbinding (from the ECM)
happens before talin unfolding, the clutch cannot engage, and the
adhesion is not stabilized [88,178]. Based on this, the clutch model can
explain cell response to ECM ligand density and spatial distribution
[43]. Increasing density or reducing distance of ECM ligands could in-
crease the number of bound integrins, leading each of them to experi-
ence a lower fraction of the force applied either internally by actin
structures coupled to integrins at nascent adhesions or by external fac-
tors through the ECM [149]. Consequently, the time needed to build up
force to unfold talin is high; as a result, integrins unbind from the ECM
before talin is unfolded and the clutch does not engage. Reducing den-
sity or increased distance of ECM ligands could facilitate the reaching of
the threshold of force sensing by integrins, promoting the
force-mediated effects. Consequently, integrin adhesions are more prone
to grow and induce downstream signalling in response to force loading.
When the ligand density reducing or the distance increasing, force is
built up faster; this leads to talin unfolding and stabilization by binding
to vinculin (i.e., the adhesion grips). The clutch is engaged and stabilized
and cell adhesion to the ECM is secured [156]. Of note, if ligands are
spaced very far apart (and therefore the force per integrin is extremely
high), adhesion growth no longer occurs. That is due to a yet to be
characterized mechanism, that high contractile forces dissociate
integrin-RGD bonds so fast that integrins become destabilized and
disengage before additional integrins can bind [88,104].

In terms of mathematical modelling of molecular clutch simulation,
Roca-Cusachs and colleagues have applied the clutch model to show the
agreement of prediction and experimental investigation on a monotonic
increase in traction force in response to increasing ECM stiffness [157].
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On low-stiffness ECM, the force loading rate on the clutch is slower than
the integrin-ECM bond lifetime, and the integrin-ECM bond fails before
any force loading can be transmitted to talin (Fig. 5a). In contrast,
increasing the rigidity of substrate (>5 kPa) leads to faster clutch
loading, when the rigidity threshold is reached (Fig. 5b), the clutch
becomes faster than the integrin-ECM lifetime, thereby resulting in force
transmitting to talin. Leading to talin unfolding, and binding of vinculin
and FAs formation [157,181].

4.4. Direct physical cue: tensegrity structure

Nanotopography also affects cellular mechanotransduction by direct
physical cues. The tensegrity theory offers an explanation of how the
cellular cytoskeleton could help cells respond as mechanical units [182].
In tensegrity structures, tensional and compressive forces act in unison
to maintain the shape of the structure, providing strength and resilience
at the same time. This indicates cells are maintained in equilibrium
under a balance of forces [183]. When receptors, such as integrins, are
pulled by micromanipulation of integrin bound microbeads or micro-
pipettes, the cytoskeletal filaments reorient, nuclei distort and the
nucleoli redistribute along the axis of an applied tension field [184,185].
Tensegrity allows a model whereby such forces can be delivered from
the ECM to the nucleus (and beyond) through an integrated cytoskel-
eton. Several models have been established to explain how different
orientations based on cytoskeletal stress and strains can convey forces
via tensegrity structures. For instance, a simple theoretical model has
predicted the dynamics and orientation of cells in both the absence and
presence of applied stresses [186]. In this theory, cells are modelled as
elastic force dipoles that can change their contractile activity and
orientation by reorganizing the FAs and stress fibres in response to
external forces. It is noted that this reorganization only occurs if the
temporal variation of the force is slower than the time required for FAs
and stress fibre reformation [186]. Another substrate strain model ex-
plains the relationship between actin cytoskeletal reorganization and
substrate deformation applied to cells. Various hypotheses assumed that
the normal substrate strain, rather than shear substrate strain, de-
termines the actin cytoskeleton reorganization. Normal substrate strain
is transmitted to individual actin filaments, each of the actin filaments
has a basal strain energy when the cell adheres to the substrate without
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stretching, the actin filaments undergo disassembly when their strain
energies are decreased to zero or increased to twice that of their basal
strain energy. Based on those assumptions, the model predicted that the
actin filaments are formed in a direction where their basal strain energy
are minimally altered [187], helping explain the difference in cell
orientation. In addition, FAs can significantly affect cell orientation. It
has been demonstrated that an adhesion cluster is prone to losing its
stability under high-frequency loading; this is due to the receptors and
ligands having insufficient contact time to form stable bonds because of
high speed deformation of the substrate [188]. Furthermore, a cyto-
skeletal tensegrity planar model of cell reorientation on a substrate
under biaxial cyclic stretch was proposed. It was shown that not only the
longitudinal stress fibres, but also the lateral actin network also plays a
crucial role in cell orientation [189].

5. Conclusion and outlook

The topographical design of biomaterials has been developed since
the first studies of cellular contact guidance and has continued to be
investigated over the following decades [10,13,20,47,190-192]. Nano-
topographical regulation of cell behaviour has been widely employed,
however the underlying mechanisms remain elusive. It has been well
documented that the nanofeatures manipulate the cell responses
through direct physical cues, such as influencing the cytoskeletal
structures within in a cell to apply forces upon the nucleus, or indirectly
regulating mechanosensitive pathways through integrin receptor linked
biochemistry on the cell surface. It is well understood that cells interact
with nanotopography through a layer of ECM, and understanding how
proteins adsorb onto these substrates is of critical importance to un-
derstanding cell responses. However, due to adsorbing characteristics of
real time and interfacial features, it is unfeasible to directly measure the
interactive mechanisms of protein adsorption. Thus, many of the phys-
ical, but fundamental, models have been established based on several
hypotheses to explain and predict the adsorption. It has been widely
accepted that the dominating interactions can be divided into two:
attractive Coulomb’s force, electrostatic attraction and Van-der-Waals
non-electrostatic interactions [45,54]. It is important to dissect those
interactive mechanisms under complex preconditions that can simulate
protein adsorption onto nanotopographical surfaces, and predict the
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Fig. 5. The molecular clutch model. a, molecular clutch on soft substrate, clutch is slower than the lifetime of integrin-ECM bond causing bond failure. b, molecular
clutch on rigid substrate, clutch is faster than the lifetime of integrin-ECM bond leads to force transmission and unfolding of talin, leading to stabilization of the

adhesion [157].
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conformation of anchored proteins. Those mechanism-focused studies
can help to further reveal the cell-nanotopography interactions so that
they can be utilized to harness desired cell responses by fabricating
appropriate substrates. In terms of nanotopography clinical applica-
tions, there are still several barriers that need to be overcome. For
example, the infection of orthopaedic implants caused by bacteria is one
of the major concerns; however, the bacterial
colonization-nanotopography interaction is unclear [193]. It has been
reported that transmucosal higher surface roughness/surface free en-
ergy facilitates the bacterial biofilm formation; also, the presence of
topographical features caused difficulties in sterilisation [194,195].
Sterilisation is also a challenge since it may affect the hydrophobicity
and electrical charging of the nanotopographical implant surface [196,
1971.

In summary, more efforts should be made in nanotopography
research, from both fundamental interactive mechanisms and trans-
lational medicine perspectives. In this review, we provided a compre-
hensive discussion on fundamental cell and protein interactions. This
review may enlighten readers with designing nanotopographical fea-
tures to instruct cell behaviours for next generation biomedical
implants.
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