Nanotechnology Usages for Cellular
Adhesion and Traction Forces

Sangyoon J. Han and Nathan J. Sniadecki

Abstract Cell mechanobiology studies have incorporated micro- and nanotech-
nology-based tools to understand the interaction between cells and their sur-
rounding environment. These tools have helped to uncover findings that physical
factors in the extracellular matrix can strongly affect important cell functions like
proliferation, migration, differentiation, and survival. Here, we review the nano-
technologies that have been used for cellular adhesions and traction forces and the
findings that have come at the molecular and protein level.

1 Introduction

Prior to revolutions in the life sciences, there have been innovations in technology
that helped unlock the limitations in scientific understanding. For example,
development of the microscope led to the discovery of cells and automated DNA
sequencing and information storage has both made it possible to map and better
understand the human genome. Likewise, adoption of nanotechnology in cell
biology has led to a new era where it is now possible to control the physical
interactions between a cell and its surroundings. A typical eukaryotic cell has a
diameter that can range between 10 and 100 pm, but the protein structures inside it
are even smaller. Understanding the mechanics of a cell is critical because it plays
a role in orchestrating cell function. It is now possible to use approaches that have
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the same length scale as the structures of interest in a cell to learn how they work
in the overall system. In particular, it has become apparent that spatial domains,
structural compositions, and mechanical forces influence the adhesive binding
interactions between cells and their underlying substrates.

The environment that surrounds a cell is its extracellular matrix (ECM). It is
composed of matrix proteins such as collagen and elastin that serve as tension-
bearing structures. These proteins form strong fibers that are mixed with a gel-like
substance that consists of proteoglycans. By their affinity with water, proteogly-
cans provide resistance against compressive forces as well as regulate cell
behavior through interactions with other enzymes. The structure of the ECM can
also take a sheet-like mesh, referred to as the basement membrane, which consists
of laminin and collagen networks. In addition to these proteins, there are others
such as fibronectin and vitronectin that help cells adhere by having binding sites
for adhesions receptors. Mechanical and structural features of the ECM such as
stiffness, content, and density of available ligands can influence cellular functions
through mechanosensation at integrins [40].

Integrins are heterodimeric, transmembrane receptors that bind to ligands found
in the ECM [48]. In particular, integrins o,f3 and osf; bind to a short peptide
sequence (Arg-Gly-Asp, RGD) found in ECM proteins. They have a width of 10 nm
and are 10-100 times more abundant on a cell’s surface than other receptor types [2].
Integrins are freely dispersed within a cell’s membrane, but become tightly bound
when they encounter a ligand. A conformational change occurs upon binding within
the cytoplasmic domains of integrins that allow for the recruitment of proteins at the
cytoplasmic side of the membrane. These proteins are known as focal adhesion
proteins and they link integrins to the actin cytoskeleton. At the same time, these
focal adhesion proteins can act as signaling transducers that interpret the cell’s
environment and influence cellular decisions like migration, apoptosis, proliferation,
or differentiation. As more focal adhesion proteins and integrins are recruited, the
size, strength and signaling activity of the structure becomes larger. These aggre-
gated clusters are known as focal complexes and have are approximately a 100 nm in
diameter and contain over a 100 different proteins that associate within the adhesion
site [4, 18, 39]. Focal complexes are transient structures that can vanish or develop
into mature focal adhesions. Although the molecular nature of ligand binding is
relatively well-established, the changes that allow the focal complex to transition
into a focal adhesion remain elusive. Yet, the size, strength, assembly, and disas-
sembly of focal adhesions appear to be key mediator of many cellular functions.

One aspect of focal adhesion maturation is that mechanical forces acting on the
structure are essential for its regulation. Focal adhesions are elongated and localized
at the terminating end of fiber bundles containing actin, myosin, II, and «-actinin,
which are known as stress fibers [81]. Interestingly, the formation and growth of focal
adhesions relies on myosin, II, especially its isoform myosin IIA [33, 101, 102]. It is
increasingly evident that traction forces from the actin—myosin contractile machin-
ery mediate the assembly and disassembly of focal adhesions [36, 88]. Traction
forces are generated by the cross-bridge cycling between myosin and actin and allow
a cell to spread, migrate, and maintain its shape. Since focal adhesions act as points
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where tension in stress fibers are transmitted to the surrounding microenvironment,
they are essential for a cell’s ability to migrate, but also to pull and rearrange proteins
in the ECM or reshape tissue during morphogenesis [59, 74, 75, 96].

While cells can perform many functions by applying traction forces at their
focal adhesions, much interest has been focused on how cells sense and respond to
forces. In vivo, mechanical forces are transmitted to cells through the tissue during
physiological events: For example, hemodynamic shear forces acts on endothelial
cells in the vasculature and fibroblasts experience loads during the movement of
tendons and ligaments. These forces that cells experience are of great importance
in tissue formation, maintenance, and growth [3, 49]. Cells use traction forces to
respond to their surroundings [27, 93]. In particular, cells can sense and respond to
rigidity of a substrate by using traction forces to probe the elasticity and by using
feedback from mechanosignaling at the focal adhesions [27]. The stiffness of the
ECM can change if the tissue has reached a severe diseased state. Increased
stiffness of mammary gland tissue can promote malignancy by increasing focal
adhesions, Rho activity, traction forces, and migration [64, 79]. On the other hand,
the geometry of a cell’s spread area affects differentiation in human mesenchymal
stem cells (MSCs) by driving osteogenesis or adipogenesis [55, 73]. Matrix
rigidity is also found to be a key factor that directs stem cell differentiation [30].
Since both substrate stiffness and spread area of a cell change a state of cellular
function (e.g. differentiation) through Rho-mediated cytoskeletal contractility [8,
73, 86], there has been a growing number of tools developed for studying traction
forces which we highlight in this chapter.

The binding interactions between cells and their surroundings have been
investigated over the last half-century through the development of micro- and
nano-engineered tools and techniques. The first representative example is the
internal reflection microscopy which enabled a closer scrutiny of the cell-substrate
contact area [100]. Chick heart fibroblasts were observed to have non-uniform,
discrete adhesion points at their peripheral regions of contact, whereas the center
of cell was separated from the substrate by a distance up to a few hundred
nanometers [22]. This observation of the existence of focal adhesions was also
later confirmed by electron microscopy [1]. Micropatterning of ECM proteins on a
surface is the second example. By spatially controlling the available area of ligand
on which a cell can spread, it was found that whether a cell proliferates or dies can
be strongly influenced [17]. As mentioned previously, the same technique was
used to discover that cells differentiate into specific lineages depending on
available area [73]. As a last example, optical tweezers trap nanosize objects with
focused light and have been used to study the formation and maturation of focal
adhesions by trapping ECM-coated beads at a cell’s surface where integrins can
bind [19]. It was found that by increasing the trapping force of the optical tweezer,
the adhesion strength between a cell and a bead also grew stronger. This
strengthening of the adhesion site implicates that cells can sense forces at their
integrins and recruit additional focal adhesion proteins to reinforce the connection.
Together, these examples underline that with the advent of new technology, the
fundamental mechanism behind a cell’s behavior can be revealed.
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In this chapter, we review nanotechnology-based tools that have been used for
cell-surface interactions, major discoveries through using the tools, and the needed
areas for new technology. Specifically, we will examine achievements attained by
surface control over the chemical presentation of the ECM and tools for measuring
and analyzing cellular traction forces.

2 Surface Control

Cell adhesion is the essential mechanism that guarantees the structural and func-
tional integrity of tissue. It involves different biochemical signaling pathways that
mediate the integrin-ligand transduction response [111]. However, knowledge has
been somewhat limited by the biochemical composition of a substrate used for cell
culture, which is typically a polystyrene dish. There have been efforts to tailor the
surface chemistry of polystyrene for better attachment of cells by modulating the
ability of the surface of polystyrene to capture soluble ECM proteins in culture
media [23, 43]. It was found that the surface that promotes the best adhesion of
cultured cells had a contact angle of 40° with water, which is relatively hydro-
phobic. By forming a gradient of the wettability on a surface using a nano-film of
metal, it was observed that cells migrated toward regions of higher adhesivity, a
process referred to as haptotaxis [14, 15]. Likewise, cells have been found to
spread to a larger extent when in contact with a hydrophobic surface [44].
Moreover, by adjusting the adhesivity of a surface by applying a hydrophilic
hydrogel coating of poly(2-hydroxyethyl methacrylate), it was found that spread
area, DNA synthesis, and proliferation of cells increased with the degree of surface
adhesivity [34]. These early findings on adhesion, migration, and proliferation
established a framework that has been used to engineer surfaces that control the
geometrical area, spacing, and density of ligands.

Self-assembled monolayers (SAMs) of alkanethiols on gold have become a
model surface to study cell adhesion due to its fine control over protein adsorption
and its ability to spatially pattern regions of adhesion. Alkanethiols have a general
structure of SH(CH,),, X in which the sulfur atom coordinates with a gold atom of
underlying film, # is the length of the hydrocarbon spacers, and X is the terminal
group that is presented on the surface (Fig. 1a). Alkanethiols self-assemble on gold
surface in a side-by-side fashion that is dense, stable, and highly ordered, creating
a semi-crystalline monolayer that is approximately 2—3 nm in thickness (Fig. 1b).
The terminal group (X) and the length of alkyl chain spacer ((CH,),) can be
tailored to control the surface properties of the monolayer [7]. If the terminal group
is hydrophobic such as methyl or carboxyl, it readily adsorbs a number of ECM
proteins, whereas terminal groups such as poly(ethylene glycol) (PEG) prevent
protein adsorption [83]. Furthermore, the adhesivity of the model surface can be
also tuned by altering the ratio of terminal groups between methyl and PEG.

Using SAMs, different densities and gradients of ECM ligands could be made
to study cell growth and migration. By controlling the adsorption time of carboxyl
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Fig. 1 Typical alkanethiol molecules on a gold substrate form self-assembled monolayers
(SAMs). a Simplified illustration of a single C18 thiol molecule shows a head group (sulfuric
atom), spacer group (alkyl chain), and terminal group. b Alkanethiols form a tightly-packed SAM
on a gold substrate that can be used to study cell adhesion by tailoring the degree of protein
adsorption. Refer to the electronic version of this chapter, DOI: 10.1007/8415_2010_26, for
viewing color version of this figure

(a) gold suip (b)

Fig. 2 Cross-diffusion device used for the preparation of the ligand gradients: a top view and
b side view. The polysaccharide matrix is used to diffuse different alkanethiol solutions from
either end to create a concentration gradient on top of a gold strip. Adapted from [66]. Refer to
the electronic version of this chapter, DOI: 10.1007/8415_2010_26, for viewing color version of
this figure

terminal group that had been conjugated with RGD, it was found that more cells
attached to the surface and had larger spread areas [50]. Likewise, on gradients of
fibronectin, it was observed that cells migrated faster in the direction of the highest
gradient [91, 92]. To make the gradients, a cross-diffusion method was used
(Fig. 2), where inert and reactive alkanethiols were simultaneously added to either
end of filtration gel and allowed to diffuse across the gel to produce a gradient of
carboxyl terminal groups on a gold-coated surface. In addition to studying the
haptotactic migration speed of cells, it was also found that cells polarized their
morphological structure in the direction of the steepest gradient. Previously, cells
had been seen to migrate in the direction of steepest gradient of chemo-attractants,
a process known as chemotaxis. Interestingly, when haptotaxis was compared
against chemotaxis by preparing a gradient of fibronectin in a direction
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perpendicular to a gradient of VEGF, it was found that directional migration was
influence by both factors, but the influence of chemotaxis was stronger [67].
This result supports that insoluble factors like ligand density gradients have a role
in cell migration, but may not be as dominant as soluble factors.

A powerful advantage of using SAMs has been the ability to incorporate
microscale spatial control by microcontact printing. Here, an elastomeric stamp is
coated with alkanethiols and placed in contact with a gold substrate to form
regions of SAMs (Fig. 3a). The region that did not contact the stamp was treated
subsequently with PEG-based alkanethiols to block cell adhesion. The stamp is
made from a silicone rubber and formed with features as small as 0.2 pm through a
technique known as soft lithography [76, 106]. By having square patterns of
different area on a stamp (Fig. 3b), it was found that spread area determines
whether cells proliferate or undergo apoptosis [17]. Different patterns of small dots
were also used to limit the available ECM area for a cell, but still allow them to
spread to the same area as the square patterns. It was found that whether a cell
proliferations or commits suicide did not depend on the extent of its cell-ECM
contact area but on the extent of its projected spread area. Cell spreading was also
found to control whether stems cells undergo osteogenesis or adipogenesis [73].
Since then, it has been observed that cells patterned onto a wider variety of shapes
such as triangles, pentagons, hexagons, and trapezoids formed lamellipodial
extensions used for migration at the sharp corners of each pattern (Fig. 3c) [11].
Similar patterns have been found to play a role in stem cell differentiation [55].
The work on cell polarity has progressed beyond the use of symmetric geometries

Fig. 3 Microcontact printing of SAMs. a Schematic showing microcontact printing procedure of
alkanethiol molecules. Reproduced from [105]. b Cells attached and spread on printed islands of
square patterns (shown in phase image at right) with several different areas. Adapted from [17]. ¢
Patterned cells on various shapes have more actin filaments at the sharp corners. Green actin, blue
nucleus. Reproduced from [11]. d Cells (middle column) were plated on anisotropic adhesive
ligands (left column). Polarity vectors from nucleus—centrosome locations were plotted as angular
distribution (right column). Reproduced from [99]. Refer to the electronic version of this chapter,
DOI: 10.1007/8415_2010_26, for viewing color version of this figure
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by patterning anisotropic shapes (X, C, K and arrows), which all had the same
projected area for the cells (Fig. 3d) [99]. It was found that cells defined their
polarity by positioned their centrosomes in the direction of greatest adhesivity.
These works suggest that projected spread area determines cell fate in both growth
and differentiation and adhesive geometry determines cell polarity and migration,
but there may be cross-interactions between the two.

Microcontact printing typically confines a cell from migrating, but using
electrochemistry, however, it is possible to switch a non-adhesive surface to an
adhesive one by electrically desorbing PEG-terminated SAMs from a surface. This
approach has been used to patterned cells of two different cell types to look at co-
culture interactions [109]. The switchable SAMs also allowed cells to migrate out
of confined region after a voltage pulse, providing a nondestructive alternative to
scratch-wound assays to study cell migration [53]. With this electrochemical
approach, it was possible to study the effect of cell polarization on the direction of
migration. Fibronectin was printed onto a substrate in an asymmetric, teardrop
shape (Fig. 4a, top left) [54]. Before release, the lamellipodia of the cells pref-
erentially formed at the blunt end, but with a lesser degree at the sharp end
(Fig. 4a, bottom left). After release, the cells migrated in the same direction as
their blunt ends (Fig. 4a, right), suggesting that asymmetry of lamellipodia
extension induced biased migration. Building from this work, the persistence of
biased migration was studied with arrays of teardrop patterns formed in a ring
(Fig. 4b, top) [57]. When blunt ends of the teardrops were adjacent to the sharp
ends of the next pattern, cells preferentially migrated in the direction of the blunt

(a)
Sharp Blunt
end ' nd
Centroid of nucleus

Fig. 4 Cells show directed migration on micropatterned surfaces. a A 3T3 fibroblast patterned
by a teardrop shape (top left) showed ruffling activity of lamellipodia (arrowhead, bottom left)
and migration in the direction of the blunt end upon release of confinement (right). Adapted from
[54]. b Arrays of teardrop patterns direct cell migration. NIH 3T3 fibroblasts migrate from the
blunt ends to the sharp ends of the next island (fop). In contrast, cells migrate from the sharp end
to the blunt end of an adjacent island (middle). Cells on continuous rectangular islands (bottom)
showed no preferential orientation of cell migration. Adapted from [57]
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ends. However, when the sharp ends were adjacent to blunt ends, the direction of
migration was reversed (Fig. 4b, middle). These works demonstrate that direc-
tional migration depends on the polarity of the cell, but also on the availability of
ECM in the direction of lamellipodia formation.

Cell polarization from geometric anisotropy and migration along the polarized
direction implicates that cells are polarized before migration. Since haptotaxis was
observed on gradients of ECM ligand, cells might be polarized in a confined, but
gradient condition. This question was evaluated using microfluidic networks and
SAMs [82]. To prepare the surface, SAMs were deposited as patterned strips using
an arrangement of parallel microfluidic channels (Fig. 5A, a,b). A Y-shaped
microfluidic serpentine channel was placed on top of the treated surface and active
RGD peptide and inactive RDG peptide were flowed over the SAMs from two
entrance ports to form a diffusion-based gradient (Fig. 5A, c). The remaining
unexposed regions were also blocked in a solution of nonadhesive peptides, ren-
dering square patterns in which there was a gradient in adhesivity (Fig. 5A, d).
Cells formed focal adhesions predominantly in the direction of the gradient
(Fig. 5A, e). Interestingly, despite the presence of a gradient, the geometric effect
of sharp corners persisted in these cells, which indicates that nanoscale geometries
may have a stronger effect than adhesive gradients.

Instead of using continuous confinement of a certain pattern shape, micro-
contact printing at the length scale of focal adhesions can provide more insight into

(a) (b)

a c

Fig. 5 Various micropatterning approaches. A Micropatterning combined with microfluidics
creates a pattern with gradient (a—d). Vinculin heat maps (e) of stacked images of cells on
gradient islands and uniform islands show focal adhesion density distribution. Reproduced from
[82]. B Myofibroblasts plated on arrays of islets of different lengths (a, b 20 pm, ¢, d 10 pm, e, f
6 um, and g, & 2 um). Green F-actin, red vinculin, blue fibronectin, right column image a-SMA.
Reproduced from [42]. C Dip-pen nanolithography was used to form symmetric (a) and asym-
metric (c) nanoarrays. Images of the patterns were observed under lateral force microscopy (a, c).
Fibroblasts attached to asymmetric nanoarrays (d) showed polarized cytoskeletal structure
whereas those on the symmetric pattern showed no polarity. Green Golgi apparatus, red actin,
blue nuclei. Refer to the electronic version of this chapter, DOIL: 10.1007/8415_2010_26, for
viewing color version of this figure
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how cells sense and respond to the ECM environment. Cells plated onto substrates
micropatterned with arrays of fibronectin islets were used to verify the hypothesis
that only large focal adhesion can support high tension from stress fibers [42].
Incorporation of a-smooth muscle actin (x-SMA) into stress fibers was the hall-
mark used to indicate a high cytoskeletal tension. Cells plated on the long islets
arrays formed “supermature” focal adhesions and only those cells showed stress
fibers that had «-SMA (Fig. 5B, a,d). In contrast, cells grown on the small islet
arrays showed no o-SMA incorporation in their stress fibers (Fig. 5B, e,h). Fur-
thermore, when the cells were stretched mechanically, their focal adhesions grew
in size, allowing «-SMA to be recruited to the stress fibers, but this response only
occurred for adhesions that were stretch above a critical size to support the higher
cytoskeletal tension.

Dip-pen nanolithography (DPN) is another approach to patterned adhesive
islands on which cells can form focal adhesions. DPN uses an atomic force
microscope tip that is inked with SAMs or proteins to deposit these molecules at
defined locations on a surface [61]. Although there have been few studies that used
this powerful tool to study cell-ECM interaction, one was conducted on how
asymmetric peptide nanoarray affect cell polarization [47]. Cells were plated on
either symmetric arrays having 3 pm pitch and 500 nm RGD peptide spots
(Fig. 5C, a) or asymmetric arrays consisting of two regions—high density (3 pm
pitch) and low density (6 um pitch) regions with the same 500 nm spot size
(Fig. 5C, c). Cells on the asymmetric array were observed to be polarized toward
the higher density region as evidenced by the relative position of Golgi apparatus
with respect to the nucleus (Fig. 5C, d). Cells on the symmetric arrays showed non-
uniform distribution of their Golgi, indicating they were not polarized (Fig. 5C, b).
Although this polarization result is in agreement with the result found in ligand
gradients using microfluidics, the DPN study demonstrated that nanotechnology
affords the opportunity to conduct more quantitative studies by tailoring the spatial
pattern—Iligand size, spacing between adhesive islands, aspect ratios, and shapes.

Efforts to study how individual integrins interact with each other in mechano-
sensing have led to the development multidomain colloidal gels to control spacing
between individual integrin receptors. The colloidal gels are made from a large
polymer molecule that has a brush-like structure (Fig. 6A, a) [51]. Poly(methyl
methacrylate) (PMMA) forms the backbone of the molecule and polyethylene oxide
(PEO) forms the side chains. A portion of the ends of the side chains are func-
tionalized with RGD peptides to allow cells to adhere, but those side chains without
peptides block cell adhesion. The diameter of the brush-like molecule was
approximately 32 nm and the spacing between RGD peptides varied between 14 and
25 nm, which depended upon the number of peptides bound to the molecule
(Fig. 6A, b). The nanoscale spacing between RGD peptides allowed for control over
integrin clustering, independent of the overall RGD surface density. For colloidal
gels with small spacing between RGD peptides, the clustering of integrins permitted
the cells to remain attached to the surface when subjected to a centrifugal detach-
ment force. This result indicates that integrin clustering is more essential for the
mechanical stability of cell adhesion than ligand surface density. Similar colloidal
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Fig. 6 Multidomain peptide colloidal gel system. A Schematic of RGD-comb structure (a)
shows RGD peptides attached on short PEO side chains that are tethered to the PMMA backbone.
RGD islands (b) are formed in a quasi-2D configuration at the water—polymer interface.
Reproduced from [56]. B On a film of star polymers, ligands (shaded oval) are tethered with
controlled density and degree of spacing to control integrin clustering. Adapted from [71]

gels were used to study how integrin clustering affects cell migration [71]. Cells
were plated on PEO gel substrates that either permitted or restricted clustering and
had either high or low density of RGD peptide (Fig. 6B). As expected, cells on
substrates that had high RGD surface density had increased motility. However,
migration speeds were significantly reduced if the integrins were restricted from
clustering. Furthermore, ligand clustering reduced the average ligand density
required for cell migration and also allowed more stress fibers to form. In contrast,
non-clustered integrin did not allow full spreading or motility, but only weak
adhesion. Together, the studies using colloidal gels implicate that integrin clustering
enables recruitment of cytoplasmic regulatory and structural proteins at focal
adhesion to activate signaling pathway that regulate cell motility and traction forces.

Patterning gold nanodots is a technique that corroborates the findings that used
colloidal gels to investigate integrin clustering, but affords a higher degree of
spatial control and precision in the placement of the adhesion sites. Each gold
nanodot has a diameter of 6-8 nm whereas that of the integrin head domain is 9 nm
[107], resulting in only a single integrin binding to a deposited gold particle. Arrays
of gold nanodots were made by self-assembled polymer micelles, which contained
a single gold particle at their center (Fig. 7A, top). The micelles form a monolayer
on a substrate that begins the seeding process for the gold particle arrays. When the
micelle-coated substrate is exposed to oxygen plasma, the polymer capsule is
removed and only the naked gold particles are left on the surface (Fig. 7A, bottom).
By using different diameters of micelles, the spacing between the particles could be
varied between 30 and 140 nm [95]. Examples of gold nanodot patterns with 50 and
90 nm inter-particle spacing are shown in Fig. 7B. Gold particles are biofunc-
tionalized with RGD-containing peptide, and rest of the region on a substrate is
covered with PLL-g-PEG to prevent integrin adhesion to the glass. Taking
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Fig. 7 Gold dots for controlling integrin interactions and clustering. A Gold clusters (bottom) are
formed via oxygen plasma treatment by degrading copolymer micelles completely (fop).
Reproduced from [95]. B Nanopatterned glass substrates have hexagonally arranged gold par-
ticles with inter-particle spacings of 50 nm (left) and 90 nm (right). The illustration on the bottom
shows the schematic of a nanopatterned substrate with gold particles coated with RGD peptide for
integrin adhesion and space between the gold dots filled with PLL-g-PEG for integrin blocking. C
Cells on 58-nm spaced RGD-coated nanodots (a) showed f35-integrins (green) colocalized with
focal adhesion kinase (FAK, red) whereas cells on 73-nm spaced nanopattern (b) showed poor
spreading and no colocalization with FAK. Reproduced from [5]. D Schematic (¢) and SEM
images (b—d) of cells on a gradient of nanodots across an 8-mm long substrate (e). Reproduced
from [6]. Refer to the electronic version of this chapter, DOIL: 10.1007/8415_2010_26, for
viewing color version of this figure

advantage of the nanoscale control over ligand spacing, it was found that cells on
substrates with adhesive spacing greater than 73 nm showed poor adhesion and
spreading, whereas cells on smaller spacings spread as well as they do on glass
surfaces coated uniformly with RGD peptide [5]. Cells on nanodots with 58 nm
spacings (Fig. 7C, a) were observed to have focal complexes that were well formed
because f5; integrin and focal adhesion kinase (FAK) co-localized with each other.
On the other hand, cells on 73 nm spacing (Fig. 7C, b) had poor spreading because
f3 integrin and FAK failed to co-localize. These results demonstrate that the dis-
tance between ligands can restrict the ability for integrin to cluster together and thus
prevent the maturation of an adhesion. Interestingly, integrin clustering was found
to be more important than the amount of ligand deposited on a surface. Cells spread
better on hybrid arrays of 2 x 2 um” squares, where each square consisted of
58-nm spaced gold dots, than on uniform arrays of 73-nm spaced dots that had more
ligand content. The influence of ligand spacing on focal adhesion formation was
further confirmed by a study where integrins that formed on 108-nm spaced
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nanodots showed rapid turnover of focal adhesions and reduced amounts of zyxin at
the focal adhesions, which is a protein that is recruited to the adhesion complex
upon mechanical force [16, 62]. In addition to cell spreading, studies on cell
polarization have benefitted from this nanopatterning technique. A gradient of
nanodot spacings from 50 to 80 nm (Fig. 7D, e) was used to find that cells reorient
their polarization towards closer spaced patterns and are able to sense spatial dif-
ferences as small as 1 nm in spacing [6]. Cells on gradients of gold dots also
showed membrane protrusions toward individual gold particles at the nanometer
scale, which suggests that membrane protrusion activity is essential for restruc-
turing the polarity of a cell (Fig. 7D, b,d).

3 Force Measuring Tools

Use of surface control techniques at the nanoscale has helped to reveal the
structure and underlying mechanisms that influences cell adhesion, polarization,
and migration. However, the same intracellular proteins involved in adhesion are
also essential for actin—-myosin generated traction forces that are transmitted at
focal adhesions. For this reason, traction forces can strongly contribute to cellular
responses such as adhesion strength, cytoskeletal morphology, and cell motility.
During cell migration, for example, cells need to pull themselves forward to move.
Traction forces had been hypothesized to drive cell migration due to actin—-myosin
cross-bridges, but they had been difficult to measure at the nanoscale. Develop-
ment of deformable substrates has provided approaches to observe and quantify
cellular traction forces by the extent of physical distortion in a substrate.

The first method for measuring traction forces was to use a thin film of silicone
rubber that wrinkled under the load from traction forces exerted on them [45].

Fig. 8 Silicone rubber
membrane wrinkles due to
the traction forces from
several chick heart
fibroblasts. Reproduced
from [45]. Bar 100 pm
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This wrinkling substrate was made by briefly exposing silicone fluid to a flame that
crosslinked only the surface of the silicone, creating a skin of 1 pm thickness.
When cells were plated on the surface, they spread out and pulled tangentially on
the rubber sheet, producing visible wrinkles in the rubber (Fig. 8). This result was
significant in that traction forces could be observed and compared for the first time.
Wrinkling membranes were used to confirm that signaling pathways such as the
small GTPase RhoA or Ca**/calmodulin pathways regulate traction forces through
stress fiber formation and focal adhesion formation [20, 46]. Despite the immense
significance of this technique to the field, it provided a limited measurement
because it could only be used to assess cells by the number of wrinkles they
produced and not the exact amount of force. Some improvements have been made
to provide a semi-quantitative measurement of the traction forces using wrinkling
membranes [12, 13]. The mechanics of wrinkling however is nonlinear in its
relationship between force and deformation so it is inherently inaccurate to find an
exact force measurement. Moreover, wrinkles are formed rather chaotically so
there is limited temporal and spatial resolution possible to measure forces acting at
individual focal adhesions [25].

The first, non-wrinkling, but still deformable substrate was made by crosslinking
the silicone rubber in a glass chamber using a glow discharge device (Fig. 9a) [60].
Small beads that were a micrometer in diameter were embedded on the elastomer
surface. As a cell produced traction forces, the position of the beads on the silicone

(a)

Fig. 9 Traction force microscopy (TFM) is used to measure cellular forces. a Silicone rubber-
based traction force microscopy has latex beads embedded on the surface of silicone film to report
the distortion from traction forces. Reproduced from [60]. b A fibroblast on a compliant poly-
acrylamide (PA) gel. Reproduced from [80]. Bar 10 pm. ¢ Traction forces of a fibroblast migrating
in the direction of the arrow were measured by the displacement of fluorescent nanobeads (0.2 pm
diameter) which are seen as white dots embedded in the gel. Reproduced from [77]. Bar 20 pm.
d Regular array of micropatterned dots on an elastomeric substrate shows contraction of a fibroblast
(indicated by arrowheads). Reproduced from [8]. Dots pitch 2 pm, bar 6 pm. e A fibroblast plated
on a soft region of a gel migrated towards the rigid region. Reproduced from [69]. Bar 40 pm. f 3D
forces of a cell are measured by the displacement contour slice along the depth of a gel. Color bar
Magnitude of total 3D displacement. Reproduced from [72]. Refer to the electronic version of this
chapter, DOI: 10.1007/8415_2010_26, for viewing color version of this figure
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rubber changed due to deformation of the film. From the bead displacements, the
force vectors of cells could be measured. At first, the local traction force was
assumed to be linearly related to bead displacement. This incorrect assumption was
later rectified by using elasticity theory about the deformation of a compliant film
[24]. This technique was only able to measure traction forces for highly contractile
cells and so a limited range of cultured cells were able to be studied. Nonetheless,
there were interesting findings on the migration of fish keratocytes using this early
elastic film. These cells are highly motile and had been studied extensively to
understand the mechanisms and mechanics of cell migration. Using the non-wrin-
kling silicone films, small bead displacements were observed at the leading edge of
the cells and larger bead displacements at the rearward region.

The introduction of polyacrylamide gel to measure traction forces was a
breakthrough in addressing the limitations of silicone film substrates by providing
a way to control the stiffness by varying the mixing ratios between the acrylamide
monomer and bisacrylamide cross-linker (Fig. 9b) [80, 104]. The technique
measured the movement of fluorescent nanobeads embedded in the gel and was
referred to as traction force microscopy (TFM) (Fig. 9c¢). The displacement vectors
are calculated by subtracting the positions of beads as they are deformed by a
cell’s traction forces from their original, undeformed positions once the cell has
been removed. The traction stress field is then calculated from the displacement
vectors using elasticity theory [10, 58]. Since the beads are randomly seeded into
the gels, there can be uncertainty in solving for the appropriate traction forces at
regions of low bead density. To address this, orthogonal arrays of fluorescent
beads were made by electron beam lithography and then patterned onto an elas-
tomeric substrate (Fig. 9d) [8]. Due to the even distribution of the bead markers,
the number of possible solutions for the traction force vector field for a measured
displacement field was significantly reduced.

Despite some of the difficulties in analyzing traction forces using TFM, it has
become widely used to study cells during migration and contraction. The traction
stress distribution of migrating fibroblasts was found to have high forces at the
leading edge of a cell whereas the middle and posterior of a cell had lower forces
(Fig. 9c) [25]. This non-uniform distribution of forces indicates that cells are
pulled forward by contractile forces at the front of a cell. The role of high forces at
the leading edge were also found to determine the change in direction during
migration [77]. Since the gels can have finely controlled stiffness, this has led to an
important finding that cells sense and respond to the rigidity of the ECM [27].
Cells on soft gels have less spread area, increased rates of motility and lamelli-
podia extension, small focal adhesions, and less phosphorylation of focal adhesion
proteins as compared to those on rigid gels [80]. Building from this finding, gels
were created that contained both soft and rigid regions that were adjacent to each
other [69]. Cells were able to migrate from the soft region to the rigid region
(Fig. 9¢). However, cells refused to cross from the rigid region into the soft region
because they had higher traction forces and more spreading on the rigid side. This
phenomenon of directed migration due to substrate rigidity is called durotaxis. It
was later found that durotaxis, like haptotaxis and chemotaxis, is sensitive to
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gradients in substrate stiffness [52]. In addition, ECM stiffness has been found to
affect the contractile development of cardiomyocytes [31], differentiation of stem
cells [30], and invasiveness of breast tumor cells [64, 79].

TFM has also been used to study the effect of ligand density and the
involvement of traction forces in spreading. The spread areas of cells were tightly
influenced by the ligand density on a surface, but had different increasing rela-
tionships depending on cell type and ECM ligand type [29, 38, 84]. Interestingly,
traction forces also increased with spread area and ligand density, indicating that
traction forces play a role in a cell’s ability to extend its structure and maintain
stable contact with a surface [84, 85]. These findings are in agreement with those
from previous studies using surface adhesivity control, where cell spreading and
adhesion strength were enhanced with increased ligand density [5, 44, 50]. Since
integrins need high ligand density in order to cluster, it is likely that ligand density
allows focal adhesions to stabilize in such a way that multiple integrins work
together to support a larger degree of traction force. Furthermore, focal adhesion
size, a measure of the degree of recruitment of cytoplasmic proteins and integrins,
was found to increase with the local traction force acting at an individual adhesion
[8]. In light of these findings, it is likely that the high force required to detach cells
on colloidal gels and gold nanodots is because these surfaces promote integrin
clustering so that large focal adhesions are able to form [71, 89].

TFM has elucidated the two-dimensional (2D) distribution of cellular contrac-
tility, but cells often reside in a three-dimensional (3D) context. Cell motility in 3D is
slower and the molecular composition of focal adhesions are smaller as compared to
those in 2D [21, 32, 110]. Thus, traction forces of cells are expected to be different in
3D environments. Some early works into measuring traction forces in 3D have been
implemented using TFM, but have not found dramatic differences are compared to
traction forces in 2D [9, 72]. One approach was to overlay a second TFM gel on top
of a cell to look at tangential traction forces on the dorsal and ventral surfaces [9].
It was found that the strength of these traction forces were similar to those observed
in 2D culture. To analyze traction forces that were normal to a surface, the distortion
of beads in a gel underneath a cell were measured in all three directions using
confocal microscopy [72]. Interestingly, the normal displacements were similar to or
slightly greater than tangential displacements for the cells (Fig. 9f). The forces that
cells generate in 3D imply that they can use them to explore or remodel their
microenvironment using both normal and tangential forces. Although these works
provided an early framework to analyze 3D traction forces, there are still many
challenges and obstacles to create a feasible and analyzable assay to study the
physical interactions of cells in 3D [26, 32].

Continuous, deformable substrates such as silicone membranes or TFM gels have
an inherent disadvantage in that a local force at a focal adhesion can cause a wide
distortion of the substrate, which can in turn cause weaker, secondary forces that act
externally at adjacent focal adhesions. Thus, the continuous nature of the substrates
makes it difficult to isolate the local force at each focal adhesion. The need for tools
to measure the local traction force in an independent manner brought about the
development of the microfabricated cantilevers [28, 35, 36, 97]. The first cantilever
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used for a traction force study was a horizontal cantilever which was fabricated on a
silicon wafer using surface micromachining fabrication (Fig. 10a) [35]. The canti-
lever is deflected laterally when a cell pulls on the tip of the cantilever. The local
traction force can be determined by multiplying the displacement of the tip by the
stiffness of the cantilever. Interestingly, a migrating cell showed much larger force at
its tail than those found at the front [35]. This result is similar to traction forces of
keratocytes measured on silicone rubber [60], but somewhat different from findings
by TEM [25, 77]. Nonetheless, the study with this micromachined device provided
deeper understanding that forces at the front of the cell need to overcome those at the
rear in order for a cell to migrate [90].

One of the limitations of the horizontal cantilever was a fixed, single location of
force sensing which only allowed for a force measurement across a straight-line
trajectory of a migrating cell. Unlike TFM, it did not provide a 2D map of traction
forces acting at all adhesions of a cell. To address this issue, vertical arrays of
elastomeric cantilevers were developed through a soft lithography and replica
casting with a silicone rubber [28, 97]. Cells could spread out by attaching to the
tips of individual posts (Fig. 10b) [63, 97]. Like the horizontal cantilever, posts
deflect independent of each other and thus could report the local traction force
based upon the stiffness of the posts. The use of this array of vertical cantilevers
has helped confirm that RhoA signaling and focal adhesion size affect the strength
of traction forces, as seen previously with wrinkling silicone membranes and TFM
[97]. Moreover, the stiffness of a post can be easily tuned by tailoring dimensions
of a post, so traction forces of a cell could be tested in response to different
stiffness. As seen with 2D TFM, traction forces increased with the stiffness of the
posts in an array, which indicates that the displacement at a focal adhesion is
constant, but the local force increases in accordance to the stiffness of the

Fig. 10 Microfabricated cantilevers for traction force study. a MEMS-based horizontal canti-
lever force sensor. The end of the cantilever is positioned below the square opening in the surface
of the substrate. Reproduced from [35]. Bar 10 pm. b Scanning electron micrograph of a smooth
muscle cell attached on tips of vertical post arrays. ¢ Microcontact printing can be used to confine
cell spreading. b and ¢ reproduced from [97]. Scales bars 10 pm. d Platelets in a clot (green)
deflect the microposts (red). Reproduced from [65]. e Two cells patterned in a bow-tie shape
apply a tugging force against each other. Green f-catenin, red DAPI, blue Dil. Reproduced from
[68]. Bar 10 pm. f Cell on nanopost arrays showing force vectors (red). Reproduced from [108].
Bar 20 pm. Refer to the electronic version of this chapter, DOI: 10.1007/8415_2010_26, for
viewing color version of this figure
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environment [27, 41, 88]. It is worth noting that in 3D, TFM has shown that the
magnitude of bead displacements were constant for different gel stiffness [72].
It may be likely that a cell has an integrin-associated mechanosensory feedback
system that regulates the overall strain that actin and myosin produce within a cell.

One advantage of using silicone rubber for the posts is its availability to be
functionalized by microcontact printing [98]. Cells can be patterned on the posts
with different sized square patterns to pattern single cells, pairs of cells, or mono-
layers (Fig. 10c) [68, 78, 87, 97]. It has been seen that cells with more spreading
exerted higher traction forces than those that are less spread, which agrees with
findings from TFM studies. Confinement of spread area on a force sensor can allow
one to rule out the effect of spread area and focus on the influences of other factors on
traction forces. For example, cells have been observed to exert more force on stiffer
substrates, but at the same time, they also spread more on stiffer environments so the
effect on traction forces may be confounded by cell spreading [29, 69, 84, 85, 88].
Techniques to isolate the roles of cell spreading and stiffness would be beneficial to
understand how cells regulate their adhesion strength and traction forces. Micro-
contact printing can also be used to examine intercellular forces of cells in a
monolayer or adjacent to one another (Fig. 10e) [68, 78]. It has been seen that cells
transmit tugging forces through their adherens junctions and the length of the
junctions can determine the strength of force that can be withstood.

As the contractile and adhesion biomechanics of different cell types become of
wider interest, post arrays with micrometer dimensions may not provide enough
spatial resolution. In particular, platelets are amongst the smallest cells in the human
body and have adhesion and contractile properties that are essential for clotting and
vascular healing. The contractility of aggregated platelets on different ligands have
been tested with the microscale post arrays (Fig. 10d) [65]. Moving forward,
measuring the contractility of individual platelets would be valuable for evaluating
the strength of platelet—platelet versus platelet—~ECM interactions. One approach
that could be helpful is nanopost arrays. Nanoposts have sub-micrometer dimen-
sions and can be fabricated using projection lithography and reactive ion etching
[108]. Cells plated on these posts showed similar spreading area and morphology as
those found on continuous substrates (Fig. 10f). Further development of nanoposts
might also elucidate the contractile mechanics of cells during migration and
spreading. In particular, the lamellipodium and lamellum regions at the leading edge
of a cell have different molecular players involved in their extension and contraction
[102]. It would be beneficial to use the improved spatial resolution of nanoposts to
examine the different strengths of traction forces at each of these regions.

4 Conclusions

Cells respond to many aspects of their surrounding ECM—from chemical pre-
sentations such as adhesivity, ligand density, and nanoscale ligand spacing to
mechanical presentations such as stiffness and spreadable area. Surface
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characterization techniques have provided a platform to find that cell adhesion
requires integrin clustering, focal adhesion strengthening, and stress fiber forma-
tion. At the same time, studies with force measurement tools have revealed that
myosin-based traction forces are necessary for the stability of cell adhesions. As
new nanotechnology-based tools are developed, however, it is worth noting that a
cell contains a complex network of interactions that combine receptor signaling,
protein conformational changes, ion gradients, and transport along the cytoskel-
eton, which are all integrated to determine the activity of a cell. Particularly for the
cell-ECM interactions, there is a reciprocal relationship between the cell and the
ECM that involves mechanical forces. Specifically, the structure of the ECM can
affect the adhesion, morphology, contractility and motility of cells, and at the same
time, those cellular activities can also cause the restructuring of the surrounding
ECM. When developing and applying new technology, one should consider sec-
ondary causes and maintain a degree of guarded skepticism when interpreting the
results from the data. Moreover, it would be a vast improvement if there were
approaches to study the different chemical and mechanical factors independently
and in combination with each other.

We have highlighted the tools for studying the adhesions and traction forces of
cells in response to changes in the microenvironment. It is worth noting that there
are tools that can be used to applying nanoscale forces to a cell, which help
understand the sensation and response involved in mechanotransduction [93]. These
tools use magnetic forces, optical forces, or atomic force microscopy to test the local
adhesion strengthening and cytoskeletal connection to focal adhesion [19, 37, 70,
89, 94, 103]. One common finding from these tools was that in response to external
force, cells strengthen the connections between their adhesions and the ECM by
recruiting additional focal adhesion proteins. Interestingly the same adhesion
strengthening occurred in response to internally generated traction forces, which
implicates that cells respond to forces acting internally or externally. A number of
questions on the molecular nature of mechanosensing, focal adhesion maturation,
cytoskeletal connectivity, membrane extension, and release of adhesions remain
unaddressed. The tools to address these questions are emerging and with them will
likely be the answers to important questions in stem cell and cancer biology.
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