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Biomechanics applies the knowledge the traditional mechanics in the field of
biology, with an increasing interest in living systems.
“De partibus animalium” written by Aristotle is the first book, where biology
becomes an empirical science. It is the first comprehensive description of the
anatomy and function of internal organs and he pointed out very accurately
the peristaltic motion of the ureter. This is the first time the involuntary
movement of living matter was described.
Further developments of biomechanics received a boost from engineering
and physics, starting from Galileo Galilei, René Descartes, Robert Boyle, Isaac
Newton to Herrmann von Helmholtz and Balthasar van del Pol in 20th
century. Nowadays groups of scientists, with different background, work
together for the final goal to understand, manage and use the biological
matter.
Applying mechanics to biology means study aspects of stress and strain
distribution in materials, optimizing the constitutive equations, which
describe the mechanical properties of materials, for biological matter,
working with heat and mass transfer, with temperature distribution or
transport through membrane, referred also to the dimension of the life unit,
the cell [1].
The aim of projects developed during the Ph. D. in Nanotechnology is to give
a contribution for a better understanding of biomechanics, in particular of
the cell.

1.1 The Cell
The cell is the building block of life. Each cell is a virtual microcosm of life
and it is the smallest unit that can carry out all life activities. When provided
with essential nutrients and an appropriate environment, some cells can be
kept alive and growing in the laboratory for many years. By contrast, no
isolated cell part is capable of sustained survival.
Composed of a vast array of inorganic and organic ions and molecules
including water, salts, carbohydrates, lipids, proteins, and nucleic acids, most
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cells have all the physical and chemical components needed for their own
maintenance, growth and division.
Genetic information is stored in DNA molecules and is faithfully replicated
and passed on to each new generation of cells during cell division.
Cells exchange materials and energy with the environment. All living cells
need one or more sources of energy, but a cell rarely obtains energy in a
form that is immediately usable. They convert energy from one form to
another and that energy is used to carry out various activities, ranging from
mechanical work to chemical synthesis. Energy is converted to a convenient
form, usually chemical energy stored in ATP.
Cells are the building blocks of complex multicellular organisms. Although
cells are basically similar, they are also extraordinarily versatile. They can be
modified in a variety of ways to carry out specialized functions.
In Fig. 1‐1 a schematic view of a typical animal cell is shown and its main
characteristics labeled.
A brief description of cell structure follows in the next sections, in particular
for cell membrane, the cytoskeleton and the nucleus, which more contribute
to cell mechanics.

Fig. 1‐1 Typical animal cell showing characteristic organelles and cellular inclusions.
The arrangement of the intracellular features and the shape of the cell vary from cell to cell
[2].
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1.1.1 Cell Membrane
From the early days of the microscope, the cell has been differentiated as
having an outer boundary membrane (the cell or plasma membrane)
containing the cytoplasm and a nucleus (Fig. 1‐1).
Through study of pathologic cells and experimentation, components of the
cell, named organelles, were investigated. For instance, a pathologic cell,
deficient in organelle called rough endoplasmic reticulum (RER),
demonstrates an inability to produce many proteins. Therefore, RER is
involved with protein production [2].
The outer boundary, or cell membrane, forms a compartment that is
biochemically distinct from the outside environment. The biological content
enclosed by the cell membrane is regulated by the membrane and its
components allowing some substances into and out of the cell. This
differential permeability is a hallmark of a cell membrane.
For the mechanical point of view, the main components of the cell membrane
are the phospholipid bylayer, proteins complex and cytoplasm.
When examining the cell membrane with high magnification, details of the
membrane structure can be seen. The cell membrane is actually a bilayer
composed of phospholipids about 5 nm to 10 nm [2].
The amphipathic character of phospholipids helps to maintain a hydrophilic
and hydrophobic orientation to the cell membrane. This feature causes
water and other polar molecules and compounds to stay on one side of the
membrane.
Some hydrophobic molecules are able to pass through the membrane. This
characteristic of the cell membrane is important in regulating the internal
environment of the cell and in creating and maintaining concentration
gradients between the internal cell environment and the extracellular
environment.
The phospholipid bilayer of the cell also includes a variety of proteins added
to the membrane, with different functions.
Membrane proteins fall into two broad categories: integral proteins,
incorporated into the membrane and peripheral proteins, not embedded in
the membrane. Integral proteins are also amphipathic like phospholipids.
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Some of them span the thickness of the membrane and they are called
transmembrane proteins, often engaged in communication between the
intracellular and extracellular compartments (channel proteins). Some of
this kind of proteins act as anchors between adjacent cells.
Peripheral proteins are applied to a surface of the membrane though not
embedded in the membrane. These proteins are polar, like the surfaces of
the membrane and found mostly on the intracellular side. They are involved
with cytoskeleton.
Inside the cell membrane the cytoplasm or cytosol is contained. It contains
mostly water with a variety of solutes. Many ions such as calcium, sodium,
and potassium ions are found in the cytoplasm and engage in initiating and
terminating cellular functions. Additionally, numerous compounds including
proteins, carbohydrates, and lipids are distributed in the cytoplasm. The
cytoplasm is shown as a constantly changing and complex matrix.
Proteins aggregate in one portion of the cell, thereby thickening the
cytoplasm while making another, more fluid.

1.1.2 Cytoskeleton
As the name implies, most cells have a matrix of tubules and filaments, which
can maintain or change the cells’ shape as well as move substances around
within the cytoplasm. There are three main types: microfilaments,
intermediate filaments and microtubules (Fig. 1‐2).
Microfilaments are solid, rod like structures about 6–10 nm in diameter;
they provide structural support and play role in cell and organelle
movement and cell division. They are sometimes called actin filaments since
composed of the protein actin.
Intermediate filaments are stable, tough fibers made of polypeptides, about
7–11 nm in diameter. They help to strengthen cytoskeleton and to stabilize
cell shape intuitively.
Microtubules are hollow tubes about 25 nm in diameter, composed of
repeating protein subunits called tubulin. They can grow by adding subunits
at either end or shorten by the removal of subunits.
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a)

b)
Fig. 1‐2 Cytoskeleton. (a) The three types of cytoskeletal filaments are microfilaments with
a diameter of around 7 nm, microtubules which may exceed 25 nm, and intermediate
filaments with an intermediary size. The cytoskeleton provides for the form of the cell, for
transport within the cell, and, in some cells types, for the motility of the cell [2]. (b) Three
views of the same cell. A cultured fibroblast was treated with three different fluorescent
antibodies complex preparations. In this case, intermediate filaments are stained green;
microtubules, blue; and microfilaments, red. All three fiber systems contribute to the shape
and movements of cells [3].

Two frequent cellular appendages associated with microtubules are cilia and
flagella. Cilia are fine cellular foldings of the cell membrane typically
associated with the apical surface of a cell responsible for absorption and
motility. Microtubules create movement of the cilia moving extracellular
material along the surface of the cells. Microtubules are also the functional
component of flagella. Flagella are long cell processes or cell surface
modifications.
Other microtubules structures are centrosomes microtubule structures
involved in movement of chromosomes (DNA) during cell division.
Centrioles are paired structures in the centrosome. Each centriole is
‐6‐
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comprised of nine triplet microtubules. The centrioles are organizing centers
for microtubule formation since microtubules originate there and are grown
and shortened from there as needed in the cell. When cells divide, genetic
material is packaged together to form chromosomes.

1.1.3 Nucleus
The nucleus houses most of the genetic material of the cell (Fig. 1‐1).
The DNA, or genetic material, guides the cellular machinery. Genetic material
guides the formation of RNA and subsequently proteins, which turn on and
off a multitude of functions in the cell. The appearance of the nucleus varies.
In metabolically active cells producing many proteins, the chromatin is
dispersed for easy transcription and gives the nucleus a pale appearance.
The dispersed chromatin is called euchromatin. Tightly packed chromatin
that is more visible with typical stains is called heterochromatin. Cells with
heterochromatic nuclei are less actively making proteins.
Inside the nucleus is found the nucleolus, or little nucleus. This spherical
mass is composed of RNA and proteins. The nucleolus is the source of the
ribosomes, which subunits are made and released from the nucleolus and
then transported into the cytoplasm from the nucleoplasm (fluid matrix of
the nucleus). Nucleic acids used to make DNA and RNA enter and leave the
nucleus. A central dogma of biology states that DNA leads to RNA, which
leads to the production of protein.

1.2 Structures, sizes and shapes of a cell
Despite their immense variety of shapes and sizes, cells display common
architectural themes, reflecting the similarity of their basic functions.
Frequently, cells adopt similar strategies to cope with mechanical stress and
the chemical similarities among the structural elements of different cells are
remarkably strong.
As in the macroscopic world, cells follow the strategy of outer boundaries
fairly thin compared with the linear size of the cells themselves. Boat and
balloons are fairly thin compared with their volume and in modern
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skyscrapers, the weight of the building is carried by an interior skeleton and
the exterior wall is often just glass cladding.
The tensile strength of the thin cell membrane is less important than its
impermeability to water and its capability of self‐assembly and repair. By
using thin, flexible membranes, the cell can easily adjust its shape as it
responds to its changing environment or reproduces through division.

a)

b)

c)

d)

e)

f)

g)

h)

Fig. 1‐3 Cells come in an astounding assortment of shapes and sizes. Some of the
morphological variety of cells is here illustrated. In addition to morphology, cells differ in
their ability to move, internal organization (prokaryotic versus eukaryotic cells), and
metabolic activities. (a) Eubacteria; (b) A mass of archaebacteria (Methanosarcina); (c)
Blood cells, shown in false color; (d) Large single cells: fossilized dinosaur eggs; (e) A
colonial single‐celled green alga, Volvox aureus; (f) A single Purkinje neuron of the
cerebellum; (g) Cells can form an epithelial sheet, as in the slice through intestine shown
here; (h) Spaces between the cells are joined into tubes for transport of water and food [3].

Some cells can move or actively change shape. One way for a cell to change
its shape is to possess a network of stiff internal poles that push the cell’s
surface in the desired manner. Consequently, several types of structural
filament, each with different stiffness, are present in the cell, as reported in
section 1.1.2. Some filaments are part of reinforcing networks, while other
are associated with locomotion or internal transportation.
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1.3 Movement in the cell
A common property of all cells is motility, the ability to move in a specified
direction. Many cell processes exhibit some type of movement at either the
molecular or the cellular level; all movements result from the application of a
force. In Brownian motion, for instance, thermal energy constantly moves
molecules and organelles in random directions and for very short distances
[3].
On the other hand, materials within a cell are transported in specific
directions and for longer distances. This type of movement results from the
mechanical work carried out by proteins that function as motors.
To generate the forces necessary for many cellular movements, cells depend
on specialized enzymes commonly called motor proteins. These
mechanochemical enzymes convert energy released by the hydrolysis of
small molecules (adenosine triphosphate ‐ ATP, which stores readily
available chemical energy in two of its chemical bonds) or from ion gradients
into a mechanical force.
Motor proteins generate either linear or rotary motion (Fig. 1‐4). Some
motor proteins are components of macromolecular assemblies, but those
that move along cytoskeletal fibers are not. This latter group comprises the
myosins, kinesins, and dyneins, linear motor proteins that carry attached
“cargo” with them as they proceed along either microfilaments or
microtubules [4].
In contrast, rotary motors revolve to cause the beat of bacterial flagella, to
pack DNA into the capsid of a virus, and to synthesize ATP. The propulsive
force for bacterial swimming, for instance, is generated by a rotary motor
protein complex in the bacterial membrane. Ions flow down an
electrochemical gradient through an immobile ring of proteins, the stator,
which is located in the membrane. Torque generated by the stator rotates an
inner ring of proteins and the attached flagellum.
Actin and tubulin are the base of myosins. They are dynamic polymers: their
fundamental protein building block (G‐actin or the tubulin heterodimer) can
both polymerize and depolymerize, depending on the conditions, changing
the length of the filament in the process. Further, each end of the filament
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grows and shrinks at a difference rate: the rapidly growing end is called the
plus end, while the slowly growing one is the minus end.
Also the growth of dynamic filaments, such as microtubules, affects cell
shape and motility. The filaments grow and shrink continuously, with their
rapidly growing plus ends extending out towards the cell periphery.

a)

b)

Fig. 1‐4 Comparison of linear and rotary molecular motors. (a) In muscle and eukaryotic
flagella, the head domains of motor proteins (blue) bind to an actin thin filament (muscle) or
the A tubule of a doublet microtubule (flagella). ATP hydrolysis in the head causes linear
movement of the cytoskeletal fiber (red) relative to the attached thick filament or B tubule
of an adjacent doublet microtubule. (b) In the rotary motor in the bacterial membrane, the
stator (blue) is immobile in the membrane. Ion flow through the stator generates a torque
that powers rotation of the rotor (red) and the flagellum attached to it [3].

1.3.1 Forces from filaments
In the mobile edge of the cell an actin mesh forms lamellipodia, where the
growth and disassembly of actin filaments produce a movement of the cell
[5]. The motion of lamellipodium involves more than filaments elongation at
the cell boundary: material such as monomeric actin and other proteins
must be transported to the leading edge. Several models have been proposed
for the cooperative machinery of a crawling cell [6, 7].
For actin, the force generated by a single myosin motor has been measured
by several techniques. The first measurements reported a value of 8 pN [8],
then of 4 pN [9]. The force for motor protein/microtubule system presents
also different values, depending on the techniques used, ~2.6 pN [10],
1.9±0.4 pN [11], 4‐5 pN [12] and 4‐6 pN [13].
The difference of the values demonstrates the necessity of new methods and
investigations in cell forces.
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1.4 Responses of cells to mechanical forces
Like every engineering material, cells deform when external forces act on
them. Cell composition and structures, as well as the surroundings
environment, with which the cells interact, determine such behaviors
described by the mechanical properties of cells. The contributions from
different components may vary, however.
There are specific structures in a cell that dominate deformability. For
example, the whole‐cell deformations of leukocytes can be described by a
cortical tension generated within a thin actin‐rich layer underneath the
plasma membrane and the viscoelastic properties of the cytosol [14, 15, 16].
The deformability of blood cells is of interest because of its significant impact
on flow resistance in the microcirculation, where the diameters of the
vessels are comparable to those of the cells. By the same token, the
mechanical properties of tissue cells may contribute to the overall
deformation of the tissue under applied forces.
Mechanical forces, however, also induce biological responses in cells, unlike
inert substances. There is increasing evidence that many normal and
diseased conditions of cells are dependent on or regulated by their
mechanical environment.
A major interest in cell mechanics is the regulation of cellular functions by
mechanical forces. Critical issues include: how forces are applied to tissue
cells that are adherent to the extracellular matrix (ECM), how these forces
are transmitted into and distributed within cells, and how they are
transduced into biochemical signals that induce biological responses. A key
point is identifying specific molecular pathways for mechanical force
transmission and sensation and, at the same time, it is important to identify
molecules in the cascade of biochemical events. Cytoskeleton, with actin
filaments, intermediate filaments, and microtubules, is an attractive
candidate for mechanical regulatory mechanisms. The mechanical properties
of the cytoskeleton are a key determinant not only of the cell shape, but also
of other cellular functions including spreading, crawling, polarity, and
cytokinesis. In contrast to cells in suspension, not only do deformations of
adherent cells depend much more on the cytoskeleton, but they are also
‐ 11 ‐
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influenced by mechanical and biochemical interactions between the cell and
its environment, especially the extracellular matrix.

1.4.1 Cellular viscoelasticity
Leukocytes are perhaps the nucleated cells whose mechanical properties are
most intensively studied. The small (<10% strain) and short‐time (~1 s)
deformations of resting neutrophils into a micropipette in response to a step
aspiration pressure have been modeled by a viscoelastic standard solid with
two elastic moduli of ~50 Pa and a viscosity of ~10 Pa·s [17]. Large
deformations over long periods require a cortical‐shell–liquid‐core model
because the cell continuously flows into the pipette when the aspiration
pressure exceeds a threshold. The apparent viscosity for the neutrophil
liquid core in this slow flow is ~200 Pa·s [18]. The cortical shell has been
modeled by a uniform, isotropic prestress, a prestress plus membrane
viscosity, a prestressed elastic membrane, and an elastic shell with bending
rigidity. There are an increasing number of models for the liquid core, as
Newtonian fluid, Maxwell fluid, power‐law fluid, Maxwell fluid with
deformation‐dependent coefficients, and a multilayer structure to account
for the nonuniform properties caused by the nucleus.
For other tissue cells, an early work [19], using a phagocytosed‐magnetic‐
particle (2–5 µm in diameter) method, estimated an elastic modulus of ~10
Pa and a cytoplasmic viscosity of ~1 Pa·s for adherent cultured chick
fibroblasts. Even after being detached from the substrate, endothelial cells
that had been exposed to shear stress were found not to round‐up, indicating
their solidlike behavior. Indeed, deformations of endothelial cells and
chondrocytes into micropipettes have been modeled as elastic or viscoelastic
solids with elastic moduli of hundreds of Pa and viscous coefficients of
thousands of Pa·s. When a cell was quickly indented (~0.5 s) with a glass
needle (2 µm in diameter), the apparent modulus was ~1 kPa [20]. When the
AFM was used to probe the cell surface, the measured modulus was much
higher (~100 kPa) [21].
It is apparent that different experimental techniques and theoretical models
yield very different viscoelastic parameters even for the same cell type under
similar conditions. A major reason for this is that the models used for data
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analysis are likely to be overly simplified, thereby grouping many
unmodeled elements into the viscoelastic parameters. Consequently, they
became model‐dependent instead of been intrinsic, despite their capability
for reproducing a particular data set. As such, these viscoelastic parameters
should be referred to as apparent properties. Another reason for the
discrepancies, which is often underappreciated, is that the values for elastic
modulus and viscosity may depend on the length scale of the probe and the
time scale of the mechanical perturbation, because they may represent
properties of different cellular structures that may actively respond to the
perturbation.
Techniques such as micropipette aspiration or atomic force microscopy
(AFM) indentation induce deformations by applying surface forces to the cell
in a nondiscriminatory manner. Using ligand‐coated micrometer‐sized beads
allows the mechanical loads to be selectively applied to intracellular
structures via specific receptors. Of the two existing techniques, the laser
tweezers apply forces to a single bead attached to a single cell, and the bead
displacement is visualized [22]. In comparison, the magnetic twisting
cytometry (2.3.6) applies a torque to a large number of ferromagnetic beads
bound to a population of cells, and the average bead rotation is measured.
Here an apparent stiffness is defined as the ratio of the specific torque
(torque per bead volume) to the average bead rotation. This approach
enables to relate the measured parameters to subcellular systems, as
revealed when the same specific torque was applied to beads coated with
ligands against scavenger receptors and integrin receptors. The apparent
stiffness measured by loading through the former receptor was only 10% of
that measured via the latter receptor, probably reflecting the properties of
the different intracellular structures that were probed. After disrupting the
three filamentous systems of the cytoskeleton and then probing integrin
receptors or scavenger receptors, similar apparent stiffness values resulted,
indicating the identity of such structures.
Applying mechanical loads to specific intracellular structures also allows to
investigate biologically relevant characteristics beyond those of mechanical
properties alone; an interesting topic is how forces applied to the
cytoskeleton induce its reorganization or how the resulting cytoskeletal
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dynamics regulate the mechanical properties and the shape of a cell.
Magnetic‐twisting cytometric experiments showed that, when probed
through integrin receptors, adherent rounded endothelial cells exhibited
much less stiffness compared with spread cells, and that apparent stiffness
increased as the cells increased the degree of spreading after attachment
[23]. Both the adherent spread and rounded endothelial cells showed
increased stiffness as the applied stress increased. Disrupting the
cytoskeleton inhibited the stiffening response, indicating its dependence on
the intactness of actin microfilaments. Strain hardening has also been found
in other types of cells, such as epithelial cells, airway and vascular smooth
muscle cells, and myogenic cells. The apparent strain‐hardening behavior
may reflect both the cytoskeleton dynamics and the stress redistribution in
cells.

1.4.2 Compression and Tension in Cells
Leukocytes require a prestress in the cell cortex to maintain their rounded
shape in the resting state [24, 16]. The presence of cortical tension in
adherent cells has also been shown [25]. This cortical prestress has been
found to depend on proteins, such as F‐actin as well as myosins II and I [26,
27]. Within the cell body, actin microfilaments are also believed to be under
tension. Early work showed [28] that fibroblasts generated tension and
transmitted it to the substrate to which they adhered. By measuring the
isometric contraction in cultured adherent fibroblasts and endothelial cells,
it is demonstrated that an intact F‐actin network was essential for tension
generation [29]. Thus, prestress is internally generated, probably via the
action of molecular motors, and is exerted on the filamentous network
within the cell. This is in contrast to the internal stress that is developed in
response to an externally applied force.
In leukocytes, existing data support the notion that the cytoplasmic pressure
balances the cortical tension based on the law of Laplace.
LaPlace’s law describes that the larger the vessel radius (in this case the cell
radius), the larger the wall tension (membrane tension) required
withstanding a given internal fluid pressure:
‐ 14 ‐
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where T is the wall tension, P the internal pressure, R the radius and M the
wall thickness.
Pressure may also provide a major part of the compressive stress in rounded
tissue cells that have been detached from the substrate. However, water in
the cytoplasm is likely constrained at least partially by the filamentous
elements and may even be trapped in a gel state [5]. For example,
endothelial cells exposed to shear stress assume an elongated shape and the
organized actin microfilaments inside these cells were preserved even after
being detached and suspended. This fact suggests a significant role for the
cytoskeleton in determining the cell shape, because the hydrostatic pressure
and cortical tension alone could not explain the observation in this case.
The role of active tension in cell migration is well known [30]. It is
demonstrated that tension in fibroblasts influenced cell shape and
movement [25, 31]. Cellular functions are regulated from a balance between
internally generated tension and externally applied.
When the distending stress in the cells was raised by sudden stretching of
the cells on a flexible substrate, the cytoskeleton stiffness increased. The
same result was obtained regardless of whether the cell was intact or
membrane permeabilized [32]. Moreover, stiffness in airway and vascular
smooth muscle cells increased or decreased when cell contraction was
increased or decreased with constricting or relaxing agents [33]. The
stiffness also increased with spreading in endothelial cells [23] and in airway
smooth muscle cells [33]. This spreading‐associated elevation in stiffness
was inhibited when active force generation was abolished with a relaxing
agent [33]. The stiffness in fibroblasts also increased when myosin light‐
chain phosphorylation was increased. Taken together, these results support
the view that prestress is a major determinant of cell deformability.

1.4.3 Mechanical effects of the extracellular matrix on cells
Cells usually aggregate in tissues, which form organs. The assembly of those
complex structures is determined by molecular interaction at cellular level.
Cells adhere directly to one another (cell‐cell adhesion) through specialized
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integral membrane proteins called cell‐adhesion molecules (CAMs), shown
in Fig. 1‐5. They can also adhere indirectly (cell‐matrix adhesion) through
the binding of adhesion receptors in the plasma membrane to components of
the surrounding extracellular matrix (ECM), Fig. 1‐5 and Fig. 1‐6 [2, 3].

Fig. 1‐5 Major families of celladhesion molecules (CAMs) and adhesion receptors. A
CAM on one cell can directly bind to the same kind of CAM on an adjacent cell (homophilic
binding) or to a different class of CAM (heterophilic binding). Fibronectin can play a role
both in homopholic and heterophilic binding (combined with integrins) [3].

ECM is a complex interdigitating network of proteins and polysaccharides,
produced and secreted by the cells into the space between them and
contains fibrillar proteins such as collagens, which give strength, and
elastins, which give resilience. Extracellular matrix further contains
nonfibrillar proteins such as fibronectins, which bind to membrane
receptors such as integrins and to other components in the matrix such as
collagen, fibrin, and heparin. A soluble form of fibronectin exists in blood
plasma. The last family of common proteins in extracellular matrix is
proteoglycans, which provide the ground substance that fills intracellular
gaps, but most likely also contributes to intracellular signaling.
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Fig. 1‐6 Schematic overview of adhesive interactions between cells and extracellular
matrix. Cell‐surface adhesion molecules are usually integral membrane proteins whose
cytosolic domains often bind to multiple intracellular adapter proteins. These adapters,
directly or indirectly, link the CAM to the cytoskeleton (actin or intermediate filaments) and
to intracellular signaling pathways. As a consequence, information can be transferred by
CAMs and the macromolecules to which they bind from the cell exterior into the
intracellular environment, and vice versa. In some cases, a complex aggregate of CAMs,
adapters, and associated proteins is assembled [3].

Extracellular matrix is another potential structure that may provide the
mechanical support to balance the tension in an adherent cell. Because the
mechanical properties of the ECM determine the ECM deformations under
compressive loads, they must also have an effect on the level of the prestress
and on cell deformability. It is well known that ECM influences many cellular
functions via interacting with integrin receptors [34]. In vivo, the local
stiffness of the ECM could be modulated by protein synthesis or degradation,
by the contraction of an adherent cell, as well as by pressure and fluid flow.
This might in turn influence cellular functions by altering cell mechanics.
However, it is not easy to separate changes in the chemical environment
from those in the mechanical environment, owing to the difficulty of
selectively altering the stiffness of the ECM without changing the chemical
composition of the matrix. A well demonstrated technique uses a
polyacrylamide gel to change the stiffness of the substrate while maintaining
a constant chemical environment [35]. It is demonstrated that, compared
with stiff substrate, fibroblasts or epithelial cells on flexible substrates
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present reduced spreading, increased rates of motility, and reduced amounts
of phosphotyrosine at adhesion sites. Thus, not only does the ECM serve as a
load‐bearing structure for the cell but it also modulates the cell
deformability via influence on other cellular processes.

1.4.4 Mechanical signals into and from the cell
Living cells generate, experience and respond to mechanical forces.
Fluid shear stress can induce cytoskeleton remodeling, leading to elongation
and alignment of endothelial cells in the direction of flow. The cytoskeleton
remodeling was inhibited when microtubules were disrupted [36].
Furthermore, it has been shown that tyrosine kinase activity and
intracellular calcium were important in fluid shear‐induced cell shape
change and cytoskeleton remodeling, whereas mechanosensitive ion
channels, protein kinase C, and intermediate filaments were not [36]. In
contrast, cyclic stretching induced endothelial cells to align perpendicularly
to the direction of stretching [37]. The responses to cyclic stretching were
inhibited when stretch‐activated channels were inhibited with gadolinium.
Thus, it appears that distinct mechanisms are used in sensing different
mechanical perturbations, which result in different responses.
A simple way of transducing mechanical signals can be deforming lipid
membrane. It has been proposed that such deformation may result in
membrane attachment and activation of cytoplasmic molecules such as G
proteins, which triggers a cascade of biochemical events. Another possible
molecule is phosphoinositide 3‐kinase, the activity of which is associated
with membrane curvature. Mechanosensitive ion channels have also been
suggested by many studies, because their blockade by gadolinium inhibited
stretch‐induced gene expression and morphological changes in endothelial
cells. Perhaps the candidate that has received most attention is the integrin
adhesion receptors. A role for integrins has been suggested even when other
mechanisms are proposed. For example, the activation of ion channels may
be tightly controlled by the underlying cytoskeleton.
Nowadays a challenge in the area of cellular deformability is to develop
rigorous mechanical analyses for the structural models, to overtake the
poorly defined factors, for example, the bead‐cell contact area, receptor‐
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ligand binding, and receptor‐subcellular structure interaction. To reconcile
the differences in the apparent mechanical properties measured via the
twisting cytometric method and those determined by other better validated
methods, it is necessary to understand how forces are transmitted from the
ECM to the cytoskeleton. Most published work on the molecular connections
between ECM and cytoskeleton describes these interactions in biochemical
terms, for example, reaction kinetics and binding affinity. Obviously, physical
analyses have to be included to elucidate not only which but also how these
molecular bridges transmit mechanical forces and transduce the signals
encoded by these forces. To this end, the issue is similar to a key question in
cell adhesion, discussed next, which has to do with the coupling between
mechanics and chemistry in receptor‐ligand binding.

1.4.5 Focal Adhesion Complexes
Tissue cells are anchored to insoluble ECM scaffolds via receptor clusters
called focal adhesion complexes (FA) and to neighboring cells via junctional
complexes. Focal adhesion complexes contain integrins and a number of
cytoskeleton‐associated proteins, such as talin, vinculin, α‐actinin, paxillin,
and focal adhesion kinase, that connect the cytoplasmic tails of integrins
with F‐actin. These molecules form a physical bridge that spans from the
ECM to the cytoskeleton.
Focal adhesions evolve from small (less than 1 µm in diameter) dot‐like
adhesion sites: nascent integrin‐mediated adhesions formed during
lamellipodial protrusions [38, 39] (Fig. 1‐7).
Transition of the focal complexes into focal adhesions is accompanied by
transition of the associated actin mesh into densely packed straight bundles
of filaments known as stress fibers [40]. Stress fibers contain many actin‐
associated proteins, including myosin II in an active form (with
phosphorylated light chain) [41], and are contractile structures [42] that
apparently apply tension to the membrane‐bound adhesion plaque. Via
integrins, these tension forces are transmitted to the extracellular matrix
and can be measured.
It is now generally accepted that mechanical forces can be transmitted
across the membrane through integrins that mediate cell‐ECM adhesion. For
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2.1 Introduction
Cells are constantly exposed to mechanical perturbation in their natural
environment, the tissue.
In contrast with most material systems, the mechanical behavior of a living
cell cannot be characterized simply in terms of fixed properties, as the cell
structure is a dynamic system that adapts to its local mechanochemical
environment [1]. Mechanistic understanding of the relationships among
extracellular environment and intracellular structure and function, however,
requires meaningful quantification of these closely coupled fields. The
mechanism underlying the conversion of physical signals in adhesion sites
into chemical ones is still largely obscure [2].
Bao and Suresh [3] in 2003 presented a classification of the techniques for
mechanics of cells. They introduced three categories: cell population
techniques, single cell deformation and local cell deformation methods.
Deformation of substrates and substrates composition are part of the first
class, because a whole cells population is analyzed. Micropipette or optical
tweezers permit to deform a single cell, while magnetic twisting cytometry
acts only on a portion of the cell.
Another classification was proposed by Moraes in 2006 [4]: passive
characterization or active stimulation. The passive techniques are used for
measuring the mechanical properties of cellular structures, while the active
methods analyze the respond of the cell to mechanical stimuli.
Micropipette, atomic force microscopy, optical tweezers and magnetic
twisting cytometry belong to the passive group; substrates deformation and
composition to the active one.
The recent studies of adhesion‐coupled mechanosensory processes are here
presented.

2.2 Cell population techniques
In cell population techniques the role, that mechanics plays in regulating the
structure and function of tissues, are the aim of the studies.
‐ 26 ‐

Experimental Approach to the Mechanics of Cell
Chapter 2

Here two of the most common techniques are presented, the substrates
deformation and the substrates composition.

2.2.1 Substrates deformation
Macroscopic studies on cell population are possible deforming the
substrates. Strains are imposed and measured via standard strain gages or
other low‐resolution displacement sensors, and global forces are calculated
directly from strain gage output and/or experimentally determined
substrate stiffness. Maximum applied force and displacement are in the
Newton range (with resolution of 1 mN) and mm range (with resolution of 1
µm), respectively. The typical cycling frequencies are 0.1‐10 Hz and
deformation in the range of 1‐30%.
The possibility of performing static and cyclic deformation allows the
researchers to reproduce in vivo conditions, in particular on peculiar cells
types, like myocytes, myotubes, myblasts or fibroblasts [5, 6].
The simplest device is the uniaxial stretching one (1D), shown in Fig. 2‐1a. It
consists in a voice coil actuator that imposes displacement, a linear encoder
that measures displacement, a proportional‐integral‐derivative (PID)
controller/amplifer, a power supply and a computer interface [7]. The
actuator can impose displacements of up to 2 cm at high rates and it is
mounted on a linear bearing slide and is controlled by the PID feedback loop
with the linear encoder.
In Fig. 2‐1b another uniaxial device is illustrated. It imposes global strain of
an elastic substrate on which cells are maintained in two‐dimensional
culture. Cells are seeded on a thin (130 μm) silicone membrane that is
mounted between a glass cover slip and a thick (1.5 mm) silicone layer that
includes a well. This well contains pH‐buffered, nutrient‐enriched media so
that experiments can be conducted in vitro and defines the gage length of the
substrate. The substrate can be deformed over a loading profile specified by
the user. In this device, cells can be maintained in vitro under various
uniaxial loads and the effect of this deformation on the morphology, genetic
regulation (via standard molecular biology techniques such as polymerase
chain reaction or PCR), metabolic activity (via analysis of molecules excreted
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by the cells into the media), injury and even cell phenotype (via staining with
cell‐specific surface markers) can be assessed [1].

Fig. 2‐1 Substrate deformation (SD) for cell population studies. (a) An example
apparatus consisting in a voice coil displacement actuator and a linear encoder
displacement sensor in proportional‐integral‐derivative (PID) feedback. The substrate can
be deformed uniaxially according to a specified displacement profile. (b) Schematic of
substrate fluid chamber that can maintain cells in vitro by culturing them on a compliant
silicone membrane fixed between a thicker silicone membrane containing a well and rigid
glass cover slips [1].

Two dimensional (2D) devices are an extension of 1D type. Using them a
more uniform biaxial deformation is applied [8]. These devices were used to
study the MAP kinase expression in muscular cells under load conditions;
MAP kinase is a protein that responds to extracellular stimuli (mitogens) and
regulates various cellular activities such as gene expression, mitosis,
differentiation, and cell survival/apoptosis [9].
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2.2.2 Substrates composition
An alternative method to provide mechanical stimuli to a cell population
through substrate manipulation is by controlling the chemical composition
of the substrate material; that affects the mechanical properties of the
substrate.
Different materials, but also different materials classes, can be used for cell
deposition, e. g. from the polymers to ceramics.
In case of polymeric gels, for example, mechanical properties can be changed
by varying the concentration of one component or the extent of crosslinking
in a polymeric gel [10], or the entire composition of the substrate (e.g.,
collagen gel vs. synthetic polymeric gel).
Although the aim is changing the mechanical properties of the substrates, it
is important to maintain the same chemical environment (species, hydration,
adhesivity, etc.) of the cell population, including the concentration and
activity of molecules at the substrate surface, that will interact directly with
the cells [11].
The cell is attached to the substrate by a protein complex. In order to keep
the environment constant, the same ECM proteins is applied.
Furthermore, cells moved toward a region of localized tension in the
substrate (pulling on a blunted micropipette submerged in the gel) and away
from a region of localized compression (pushing on that micropipette).
Although the molecular mechanism by which the cells sense the difference in
mechanical stiffness of the substrate is not fully understood, related research
[10] has shown that myosin motors play a role in enabling the cell to sense
the local mechanical stiffness through focal adhesion complexes (FACs) and
the correlation between the increased substrate stiffness and the increased
phosphorylation of tyrosine.
The methods outlined above consider the cells in a 2D culture system,
whereas cells in vivo are typically contained within a three‐dimensional (3D)
ECM. In theory, each of these methods could be extended to 3D. In practice,
however, this critical aspect of the cell environment is limited by the
difficulty associated with imaging and manipulating cells in 3D. Efforts to

‐ 29 ‐

Experimental Approach to the Mechanics of Cell
Chapter 2

overcome this limitation will extend the utility of such cell population
studies.

2.3 Single cell techniques
The methods here presented about cells population show how cell
structures can be altered by a mechanical stress. What these techniques
cannot discriminate is the heterogeneity among cell responses. Moreover,
the response of a single cell to mechanical signals is not easily decoupled
from the response of the entire population.
A review of the principal single cell manipulation techniques is here
presented. All methods study living cell in the more natural conditions
possible, but also the manipulation of the environment of a single cell can
help to elucidate how a cell receives and processes extracellular mechanical
signals.

2.3.1 Atomic force microscopy
The atomic force microscopy (AFM) was introduced in 1986 by Binning,
Quate e Gerber [12]. It is a specific example of scanning probe microscopy,
and was an adaptation of a scanning tunneling microscope, that formed
images through tunneling current between a probe and a conductive sample.
AFM measures forces that are governed by the interaction potentials
between atoms.
It consists in a probe attached to a soft cantilever spring touching the surface
of the sample. A tip is mounted on the end of the soft, silicon nitride
cantilever spring and its position, in relation to the sample, is controlled with
high precision in X, Y and Z using tube‐shaped piezoceramics. Where optical
setups are combined with the AFM, it is the cantilever which translocates,
alternatively the whole sample is mounted on a piezoelectric scanner and
moved with respect to the probe (Fig. 2‐2).
The relative displacement of this tip is tracked via a laser that reflects off of
the back surface of the cantilever onto a position sensitive photodiode, a
device that converts laser light to voltage V. Through feedback with the
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cantilever base transducer, contact mode AFM imaging is attained by
maintaining constant the voltage V and thus tip deflection and contact force
at a fixed value as the cantilever tip scans the sample surface. The resulting
displacement of the cantilever base comprises the height map, showing (nm
to μm‐scale) features of the surface topography.
The cantilever, usually hundred micrometers long and micrometer thick, is
normally made out of silicon utilizing integrated circuit microfabrication
techniques. Typical tip radius of curvature is between 2 nm and 50 nm.
AFM can operate with different options: contact mode, non contact or
tapping mode.

Fig. 2‐2 Principle of Atomic Force Microscopy (AFM). The sample is on a xyz piezo
scanner while the AFM tip is in contact. The deflection of the cantilever is detected by an
optical lever, a laser beam focused on to the very end of the cantilever and reflected onto a
position sensitive detector.

In contact mode the cantilever scans the surface at a constant height. The
feed‐back keeps constant the distance between the cantilever and the
surface.
Alternatively, the cantilever can be oscillated above the surface such that it
intermittently approaches (non contact) and/or contacts the sample
(tapping mode). Thus, voltage‐derived forces generate images
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corresponding to parameters such as sample height, charge density, or
intermolecular forces, depending on the operational mode of the AFM. The
resulting image quantifies both the surface topography and the relative
stiffness of sample regions [13].
AFM has been exploited as a research tool by the biophysics community
because this technique affords Angstrom‐scale positioning accuracy, the
ability to both image and mechanically manipulate a single biological
structure with better than nm/pN resolution, and the potential to track
biological processes in near physiological environments over time.
The value of cell rigidity (hundreds of kPa) obtained with an AFM is higher
than other techniques (0.1‐10 kPa); on the other hand, with the atomic force
microscopy, the heterogeneity of cell can be clearly demonstrated. It is
possible to map different cell structure, e. g. the distribution of actin fibers.
This method can be used both in air and water [14, 15]. The tip changes
depending on the experimental solution and can be functionalized. V‐shaped
cantilever with a silica bead [14] or polystyrene bead [16] is used for
enhancing the contact area between the tip and the cell. A mediated Young
modulus is obtained, according to the other techniques (some kPa) [17].
There are some experimental difficulties in using tip with a very low radius
of curvature. Due to the low cell stiffness, the tip can pierce it and this can
produce high value in the Young modulus measuring the substrate.
Moreover using the bead on the tip, the damages of the cell can be reduced
and more accurate images acquired.
Cells are divided in three areas with different stiffness: AFM discerns
between the area above the nucleus, the cytoplasm and the cell limits (Fig.
2‐3) [18].
The possibility to use the AFM in non contact mode opens a wide range of
opportunity in biomechanics: cantilever tip can be chemically functionalized
for proteins interactions [20], surface cell interactions [14] and substrate cell
interactions [21].
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Fig. 2‐3 AFM on cells. With AFM is possible to monitor directly the spontaneous beating of
live myocyte cells. The bottom cell is a myocyte, the neighboring cell above with prominent
cytoskeletal structures is a fibroblast. When positioning the AFM tip to a given location
(yellow dots) we can follow the height of the cell as a function of time (red traces) [19].

2.3.2 Microneedles
With the term microneedles (MN) different techniques are grouped.
The glass microneedles (MN) technique is one of the earliest experimental
approaches developed for cell deformation. Portions of the cell are deformed
via a cantilevered probe and displacement is measured via optical images
[22, 23].
The cantilever or glass microneedles stiffness is calibrated experimentally.
Force maxima are on the order of 200 pN, with force resolution of 0.6 pN,
and displacement maxima are on the order of micrometers. Thus, this
technique can be used to deform whole, adherent cells as well as single
molecules.
Another microneedles technique is the very well‐known one, introduced by
Tan in 2003 [24]. An array of microneedle‐like posts is produced in
polydimethylsiloxane (PDMS) by replica‐molding (Fig. 2‐4 a‐b). PDMS is
micromolded into arrays of posts from templates generated by
photolithography. Substrates with posts of different dimensions (2 to 10 µm
in diameter and from 3 to 50 µm in height) were made such that the range of
stiffnesses of the posts (1600 to 2.7 nN/µm) would encompass the
stiffnesses detectable by cells [10]. Substrates were made by using PDMS
with a Young’s modulus of 2.5 MPa.
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Fig. 2‐4 Fabrication of arrays of posts. (a) Cells spread across multiple posts, which are
deflected by the traction force exerted by the cell itself. (b) Schematic drawing of the
fabrication process. (c–g) Scanning electron micrographs of fabricated arrays c,d, and f) and
schematic drawings for the compliance of posts (c and g). Scale bars indicate 10 µm [24].

With the appropriate surface density of vertical posts positioned on a
substrate, a cell should spread across multiple posts as shown in Fig. 2‐4.
Under the proper geometric constraints of post height and width, cells
exerting traction forces would deflect the elastomeric posts.
This behavior is described for beams composed of linearly elastic material
under pure bending by
3
where F, E, I, L, and δ are the bending force, Young’s modulus, moment of
inertia, length, and resulting deflection of the post, respectively.
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Fig. 2‐5 Cell culture on arrays of posts. (a) Scanning electron micrograph of a smooth
muscle cell on an array of posts coated uniformly with fibronectin (FN). (b) Schematic of
microcontact printing of protein (red), precoated on a PDMS stamp, onto the tips of the
posts (gray). (c) Differential interference contrast (upper) and immunofluorescence (lower)
micrographs of fibronectin printed posts. (d‐e) Scanning electron micrograph (d) and phase‐
contrast micrograph (e) of a smooth muscle cells attached to posts where only the tips of the
posts are covered by fibronectin. (Scale bars indicate 10 µm.) [24]

This technique demonstrates that a positive correlation exists between the
size of focal adhesions and the force generated at those adhesions. In
addition, in the same cells, a subset of smaller focal adhesions (<1 µm2 in
area) points, that exerted significant traction forces, did not correlate with
adhesion size.

2.3.3 Micropipette aspiration
One of the first techniques used for whole cell deformation is micropipette
aspiration (MA). It has been used widely to study time‐dependent
deformation of living, individual cells subjected to extracellular pressure.
The cell is drawn into a glass tube; the inner diameter of the pipette is a
fraction of the nominal diameter of the cell, via stepwise application of
aspiration pressure Δp [25, 26]. Applied aspiration pressure ranges from
0.1‐1000 Pa, with resolution of 0.1 Pa [27, 28]. It is maintained over a
specified duration, and the attendant extension of the cell into the pipette is
monitored via optical microscopy. Displacement of the cell membrane is
tracked by light microscopy. The micropipettes and glass walls that define
the fluid cell of the experiment are coated with 1% agar to inhibit cell
adhesion (Fig. 2‐6).
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Fig. 2‐6 A typical application of the micropipette technique in which a cell suspended in
saline solution is partially drawn into the pipette tip (top). A “soft” cell will start by with a
small protrusion into the pipette (a) and eventually flow into the tip (c). A hard cell will
show a small protrusion into the pipette tip (b).

Through application of a chosen viscoelastic model for the cell membrane,
MA‐induced deformation is used to calculate elastic modulus E, apparent
viscosity μ for the cell membrane and time constants of deformation and/or
relaxation t.
In addition, MA has been applied to discern the viscoelastic contribution of
the cortex, or outermost region of the cytoplasm that is rich in the
cytoskeletal protein actin [27, 29]. This experimental approach has also been
applied to cell types that are present in load‐bearing tissues such as
cartilage.
As shown in Fig. 2‐7, Jones et al. [30] employed micropipette aspiration to
compare the calculated elastic modulus E and magnitude of pressure
induced volume change in chondrocytes derived from normal and
osteoarthritic articular cartilage.
Usually finite elements modeling (FEM) is coupled with MA to fit
experimental data to a given constitutive model and thereby obtain
estimates for elastic and viscous properties.
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Fig. 2‐7 Micropipette aspiration (MA) for single cell studies in chondrocytes. (a, b) Cell
elasticity experiment; (c, d) Whole cell compressibility experiment [50].

The choice of constitutive model dramatically affects the value of fitted
parameters, i.e., the calculated viscoelastic characteristics. In order to have
more reliable results, a validation from other techniques of the obtained
values is required.

2.3.4 Particles tracking for traction force microscopy
It is possible to embedding micro‐scale beads within a polymeric substrate,
usually polyacrylamide gel.
Traction forces exerted by adherent cells can be measured at many points of
cell‐surface contact. This force, generated by fibroblasts, was first
investigated using thin silicone rubber substrates [31, 32], where wrinkles
appear as a result of compression and stretching.
The new approach is based on the developed polyacrylamide substrates [33]
and on the application of computational procedures to convert
measurements of substrate deformation into a maximum likelihood estimate
of the traction stresses [34].
Improvements in data collection, analysis, and rendering have now made it
possible to generate time‐lapse images and shear fields of traction stress at a
high spatial and temporal resolution.
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The gel is coated with extracellular matrix proteins (e. g. type I collagen) for
cell adhesion and embedded with fluorescent beads for tracking the
deformation as a result of exerted forces.
Here, the beads serve as fiduciary markers within a flexible membrane [35].
The displacement of the beads x is measured optically, and the
corresponding force F is calculated via the experimentally determined elastic
stiffness k of the membrane:
.
As this force is derived from the traction between the adherent cell and its
substrate, this method is also commonly referred to as traction force
microscopy [36]. The displacement resolution of this technique is limited by
the available optics; the force resolution is limited by available optics as well
as the accuracy of k. The value of k can be estimated by simple mechanical
tension experiments such as the optically measured deflection of the
membrane via a known mass, or via techniques such as microneedle (MN,
2.3.2) or nanoindentation, and typically neglect time‐dependent responses of
the membrane.
The deconvolution of bead displacement to force maps has been a major
analytical challenge but, as shown in Fig. 2‐8, can now be resolved at the sub‐
micron scale to identify molecular sites of cell‐substrate adhesion that
comprise focal adhesion complexes. This technique, like the majority of
substrate interaction techniques, is confined to adherent cells in 2D culture.
In principle, optical deconvolution of 3D beads displacement would allow
through‐thickness determination of traction forces in 3D experiments.
In this method no force is applied to the cell, but only the force exerted by
the cell is measured.
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Fig. 2‐8 Traction force microscopy. Example of resulted images from particles tracking. (a)
Fluorescent microspheres embedded in polyacrylamide substrates, with a NIH 3T3
fibroblast. The image is recorded with simultaneous illumination for phase contrast and epi‐
fluorescence. Arrow indicates the direction of cell migration. (b) Deformation vectors
determined by comparing the distribution of microspheres before and after force relaxation.
Regions devoid of vectors either contained few fluorescent beads or went out of focus as a
result of traction. (c) Field of traction stresses, shown as vectorial arrows within the
boundary of the cell and (d) rendered as a color image; the range from violet (9.20 10‐3
N/cm2) to red (≥3.60 N/cm2). Scale bar of 20 µm [34].

2.3.5 Optical traps and stretcher
Optical tweezers are a new tool for manipulating single cell. They are based
on the controlled displacement of dielectric objects that are either attached
to the cell membrane or placed inside the cell [37, 38].
They are known as single‐beam gradient optical traps (OT), optical tweezers,
laser tweezers or optical clamps, rely on the conservation of photon
momentum.
A focused laser beam provides an attractive or repulsive force (typically on
the order of piconewtons), depending on the refractive index mismatch to
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physically hold and move microscopic dielectric objects. The beads present a
high refractive index and a radius R >> laser wavelength λ and the photons
from a focused laser beam are subject to a change in momentum as a
consequence of refraction when the beam enters and exits the object.
In Fig. 2‐9 an optical trap apparatus is schematically shown; it comprises a
laser source and an inverted microscope instrumented with a CCD video
camera. Beads can be coated with different ECM proteins to enhance cell
adhesion; they are added to a cell suspension and two such beads are
positioned at opposite ends of the cell and given sufficient time to adhere.
The maximum force attainable via this method depends on the adhesion
strength of the beads to the cell surface. Stretching forces of tens to
hundreds of pN can be imposed with this method [1].
In the fluid chamber of the OT apparatus, the position of one cell‐attached
bead is fixed to a stationary glass slide; this bead acts as the fixed crosshead
of a loading frame. The opposing, cell attached bead is confined via the OT,
and its position is modulated via the magnitude of the laser power; this bead
acts as the mobile crosshead. An increase in power attracts the bead toward
the laser and thus exerts a tensile force on the cell.
Using this technique, the cell can be deformed and from the deformation
analysis, material properties of the cell can be found. This technique has
been typically applied to red blood cells [39]. Membrane elasticity can be
found [40] and used to study cell health. By studying the formation with the
optical trap, plasma membrane characteristic can be found [41].
Due to its high accuracy in force measurement, OT has been used extensively
in single‐molecule studies [42].
Note that optical tweezers require that the sample have a greater refractive
index than its surrounding media, that is not homogeneous across the
biological structure, and that the laser intensity does not destabilize the
structure.
Further application of this approach may include high frequency (kHz)
mechanical oscillation of mechanosensory cells, as well as flow‐assisted cell
sorting based on disease related changes in mechanical stiffness.
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where c is an experimentally determined bead calibration constant,
measured in a medium of known viscosity such as glycerol, Φ f is the angle
between the remnant fields B2 and B1, and H(t) represents the amplitude Ha
and frequency w of the applied field Hasin(wt). Note that displacement is not
measured directly, but is calculated from the magnetic signal B(t) (Fig. 2‐10).

Fig. 2‐10 Magnetic twisting cytometry (MTC) for single cell studies. (a) Micro‐ to
nanoscale ferromagnetic beads attach aspecifically or specifically to the cell membrane and
are briefly magnetized to align magnetic dipoles. (b) A magnetic field H is applied to induce
bead rotation φ, and the corresponding remnant field of this rotation B is measured via a
magnetometer. To increase the magnetic signal/noise ratio, the sample is rotated about the
H direction at an angular velocity ω [1].

In order to reduce the magnetic signal noise ratio, during these experiments,
the cell sample can be rotated at a low frequency (~10 Hz) [51], requiring
demodulation of the output signal according to a time or frequency domain
algorithm. This involved and restrictive identification of the magnetic signal
limits the frequencies of cell deformation that can be studied and also
complicates the interpretation of the data. However, the time dependence
inherent to this technique makes MTC well suited to the viscoelastic
characterization of single cells and also cell populations, including
estimation of elastic storage and loss moduli, over frequencies ranging from
0.2 to 400 Hz [51]. Furthermore, as the beads can be tailored to attach to
specific cell surface receptors, various hypotheses about how the cell
communicates with the ECM can be tested experimentally [52].
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2.3.7 Microplates
A new microdevice for single cell manipulation under optical microscope
was introduced in 1999 [53]. Two glass slide form the microplates; they are
2 μm thick and 20 μm width. The stiffness of the slides can be tailored
changing the pulling protocol parameters and the surfaces chemically
modified in order to enhance the cell adhesion.
One plate present an high stiffness, the second one, more compliant, is the
force sensor. The force range is 1‐1000 nN.

Fig. 2‐11 Microplates operation modes. The device can operate in compression (a) or in
traction (b) until the detachment of the cell from the slides.

In the first version, both the deformation of the cell and the slide deflection
were optically acquired. Nowadays only the deflection is acquired through a
laser reflection on the slide [54].
This device is really simple in geometry and in surface versatility. It can
operate both in compression and in traction (Fig. 2‐11) and also measures
the detachment value. Different time scales produce three mechanical
behaviors: short time scale (~seconds) produces elastic deformation, viscose
(after one minute) and contractile (between ten minutes and one hour)
Fibroblast Young modulus was evaluated in 1000 Pa, with a viscosity of 104
Pa·s and a contractile force of 40 nN.
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3.1 Mechanobiology and MEMS
The techniques presented in the previous chapter are typically characterized
by low efficiency. Timescale and resolution are frequently not enough for a
fine cell mechanics analysis. Moreover, cells are different in sizes and shape
(Fig. 1‐3). An ostrich egg is a single cell with a diameter of more than 10 cm,
while a human red blood cell is orders of magnitude smaller, with a diameter
of approximately 8 µm. Most cells, however, are in the range of 10‐30 µm in
diameter, an ideal size to study with micro electromechanical system
(MEMS) devices [1]. The benefits of a system capable of performing quickly
several measurements have been seen in the optical stretching device [2]
(2.3.5), but cells are not in the natural environment and living conditions.
In many cases, miniaturization of the system reduce waste chemicals and
media, allowing the application of extremely small and precise forces, and
more important, increase the number of results possible per experiment, and
the number of experiments that can be performed simultaneously.
MEMS devices are manufactured using similar microfabrication techniques
as those used to create integrated circuits [3]. They often have moving
components, which allow a physical or analytical function to be performed
by the device, in addition to their electrical functions. Microfabrication of
silicon‐based structures is usually achieved by repeating sequences of
photolithography, etching, and deposition steps in order to produce the
desired configuration of features, such as traces (thin metal wires), vias
(interlayer connections), reservoirs, valves, or membranes, in a layer‐by‐
layer fashion.
Microelectronics fabrication techniques routinely produce well‐controlled
features that range in size from millimeters to submicrometers, while soft
lithography techniques were recently used to produce features below 100
nm [4].
The forces played by the cell are involved in a range from picoNewton, in the
case of AFM studies, to milliNewton, for membrane‐based stretching. These
force magnitudes are within the range achievable by MEMS microactuators
or resolvable by MEMS sensors.
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MEMS have already found application in biology, where they are known as
bioMEMS. Most of the devices work as passive characterization tools, for
measuring mechanical properties of the cell, and only few capable of
applying forces to investigate mechanotransduction.
Here passive and active MEMS devices are presented and a new design
described.

3.1.1 MEMS for passive characterization
As already pointed out, MEMS purposes can be passive characterization or
active stimulation. In the first case, the device presents structures designed
for sense cell properties, in the second for applying stimuli to it.
The first microfabricated structure applied to cell mechanics was a thin
membrane, used to determine the forces exerted by cells adhering to
substrates. As the cells anchor themselves to the substrate, the membrane
wrinkles. Algorithms were developed to analyze the deformation. Forces
exerted by each of the cells were calculated [5]. The material used was too
stiff comparing to cell stiffness, but this drawback was overcame by a recent
study [6], where the researchers coupled a liquid‐crystal system with cell
culture. They created a microfabricated grid, in which liquid crystals were
deposited. The liquid crystals are the same material used in flat‐screen
monitors, changing colors when forces are applied. The whole surface was
then covered with an extremely thin layer of a matrix protein mixture. This
system provides a fairly stiff region upon which the cells are able to grow
while providing feedback on the cellular forces involved.
A step further of bioMEMS is a microdevice for cell migration, in which
movable and horizontally configured cantilever beams are mounted. Cells
are plated onto the beams. Deflections of the beams are tracked as cells
migrate [7].
MEMS force sensors have also been developed to measure forces generated
by individual cells. The contractile forces of heart cells, as they beat, is
monitored by a surface micromachined device [8], shown in Fig. 3‐1a.
Cantilevers deflect as the cell contracts. The change in cantilever position is
monitored via video microscopy, and the forces exerted by the cardiac cells
are calculated.
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a)

b)

Fig. 3‐1 Devices for force measurements in MEMS. (a) SEM image of a device for measure
contractile forces of heart cells. The microstructure is in silicon. The base of the lower beam
contains a piezoresistive strain gauge connected to the Wheatstone bridge circuit via the
aluminum hinges. Gold wirebonds transfer the electrical signals on and off the chip [8]. (b) A
device designed for sensing force in two directions. It uses comb drives for sensing and it is
produced by bulk microfabrication [9].

MEMS‐based two‐axis capacitive force sensors were produced [9]. They are
capable of resolving normal forces applied by a cell as well as tangential
forces generated by improperly aligned cell probes.
MEMS devices present biological interest not only for cell mechanics, but
also in other fields, for example drug delivery.
A number of researchers have pursued a similar strategy for the
incorporation of sensing components into responsive polymeric systems for
drug delivery, including systems that can be triggered by the application of
ultrasound [10], changes in pH [11], temperature [12], chemical
concentrations [13], and electric [14] or magnetic [15] fields.

3.1.2 MEMS for active stimulation
The ability of MEMS to act on a short time scale and under physiologically
relevant conditions, coupled with their ability to deliver an electrical
stimulus and/or drugs from a device, offer the potential for these devices to
actuate systems in the body.
A vast assortment of MEMS components and devices, including
microreservoirs, micropumps, cantilevers, rotors, channels, valves, sensors,
and other structures, is available, already fabricated and tested, but most
devices are designed for in vitro diagnostics.
Interest in using MEMS and microfabrication technologies for in vivo
applications, however, is growing. MEMS can be aseptically fabricated and
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hermetically sealed, and the biocompatibility of materials used in MEMS
fabrication is being investigated.
One of the most common active components is the comb drive. It uses
electrostatic forces, which act between two metal combs. In the next sections
(3.3.1) an exhaustive description of this kind of actuators is presented.

3.2 A new cell stretcher
In this thesis work, a new device has been developed; it couples sensors and
actuators on the same platform for cell mechanics. The actuator is tailored
for cell dimensions and the sensors for the range typical of cell forces.
MEMS can be produced by surface or bulk micromachining, but the second
one was chosen, because thicker structure can be produced. As substrate,
silicon‐on‐insulator (SOI) is a type of silicon wafer, that offers the possibility
to produce suspended structures in few steps. It consists in a layered silicon‐
insulator‐silicon substrate; the insulator is usually silicon dioxide, but
sapphire can also be used, in particular for radiation‐sensitive applications.
A commercial technique, the MUMPs® (Multi User MEMS Process,
MEMSCAP, France) is chosen for starting to test the developed geometries.
On the other hand, this process presents some constrains, as explained in the
next sections.

3.2.1 SOIMUMPs® process applied to the new cell pulling
A silicon‐on‐insulator (SOI) wafer is used as the starting substrate.
Customers can choose between two substrate types: the first choice is 10 μm
silicon thickness, that presents silicon thickness of 10 ± 1 μm, oxide layer of
1 ± 0.05 μm and bulk silicon wafer of 400 ± 5 μm; the second one is 25 μm
silicon thickness with silicon thickness of 25 ± 1 μm, oxide of 2 ± 0.1 μm and
bulk silicon wafer of 400 ± 5 μm [16].
The 25 μm silicon thickness wafer was chosen, for the purpose of having
higher force in the comb drives and higher capacity in the sensors, because
both force and capacity are proportional to the thickness. The process begins
with 150 mm n‐type double‐side polished SOI wafers. The top surface of the
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silicon layer is doped by depositing a phosphosilicate glass (PSG) layer and
annealing at 1050°C for 1 hour in Argon (Fig. 3‐2a). This PSG layer is then
removed via wet chemical etching.
The wafer is then coated with negative photoresist and lithographically
patterned by exposing the photoresist with light through the first level mask,
and then developing it. A metal stack, consisting of 20 nm chrome and 500
nm gold, is deposited over the photoresist pattern by e‐beam evaporation
(Fig. 3‐2b). The photoresist is then dissolved to leave behind metal in the
opened areas.
The silicon layer is doped, patterned and etched down to the oxide layer.
This layer can be used for mechanical structures, resistor structures, and/or
electrical routing (Fig. 3‐2c). This is the step for the main structures on the
top silicon layer.
Wafers are coated with UV‐sensitive photoresist and lithographically
patterned by exposing the photoresist to UV light through the second level
mask (SOI), and then developing it. A frontside protection material is applied
to the top surface of the patterned silicon layer. The photoresist in exposed
areas is removed, leaving a patterned photoresist mask for etching. Deep
Reactive Ion Etching (DRIE) is used to etch the silicon down to the oxide
layer. Comb drives are characterized by suspended structures, here realized.
After etching, the photoresist is chemically stripped (Fig. 3‐2d).
The next step is the release: the frontside protection material is stripped
using a dry etch process. The remaining exposed oxide layer is removed
from the top surface using a vapor HF process. The step is for an electrical
contact to the substrate layer, and provides an undercut of the oxide layer
(Fig. 3‐2e).
A shadow‐masked metal process is used to provide coarse metal features
such as bond pads, electrical routing, and optical mirror surfaces (Fig. 3‐2f).
In the project here described this step is used to prepare the gold pads for
the electrical contacts, which permit to apply the voltage in the actuators and
in the sensors. A second pad‐metal allows finer metal features and precision
alignment, but it is limited to areas not etched in the silicon device layer. This
mask is not used in this project, because a high accuracy in gold structures is
not required.
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a)

b)

c)

d)

e)

f)

g)

Fig. 3‐2 Schematic drawing of SOIMUMPs® process. Starting from a SOI wafer, suspended
structure can be produced, with gold contacts. (a) Doping of the top layer of the wafer by
PSG and (b) metal pads mask (PADMETAL mask); (c) the main silicon structures in the top
layer are realized (SOI mask). (d) On the other side of the wafer is etched for creating
through‐hole structures and suspended structure (TRENCH mask). (e) The frontside
protection material is stripped using a dry etch process. The remaining exposed oxide layer
is removed from the top surface using a vapor HF process. (f) The shadow mask is aligned
and temporarily bonded to the SOI wafer for create metal pads (BLANKETMETAL mask). (g)
The final micromachined device is obtained [16].
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A summarizing table (Table 3‐1) reports the characteristics of the layer and
the mask used in the SOIMUMPs® process.
Material
Layer

Thickness
(µm)

Lithography
Level Name

Pad Metal

0.52

PADMETAL

Silicon

10.0 or 25.0

SOI

Oxide

1.0 or 2.0

Substrate

400

TRENCH

Blanket
Metal

0.65

BLANKET‐
METAL

Lithography Level Purpose

Comments

Provide metal for electrical
interconnects
Define structures in silicon
layer of SOI wafer

200 nm Cr
500 nm Au

Define through‐hole structu‐
res in substrate layer of SOI
wafer
Bonding of shadow mask to
the SOI wafer; a patterned
metal layer is achieved when
the metal is deposited

50 nm Cr
600 nm Au

Table 3‐1 Layer names, thicknesses and lithography levels purpose for SOIMUMPs®
process [16].

3.2.2 Design rules
To ensure the greatest possibility of a successful fabrication, SOIMUMPs®
introduced a list of design rules. They are a set of requirements, that are
defined by the limits of the whole process; and by defined by the capability
of the individual process steps. In general these limits come from the
resolution and alignment capabilities of the lithography and resolution and
uniformity of the etching systems.
These rules affect on our MEMS design. SOIMUMPs® process is provided by
MEMSCAP (France). They provide a 1x1 cm2 die site, released fifteen times.
In order to optimize the run, four devices are put in the die, that results in 60
devices per run.
Singulation of die is done by laser, that makes post‐process subdicing
impossible. Only subdividing the die in 2 or 4 pieces is possible and the
distance between the device and the trench should be more than 500 µm.
The subdicing trench dimension is 200 µm. So, from the initial 1x1 cm2 die
site, four sites of 4.4 x4.4 mm2 are available (Fig. 3‐3).
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Fig. 3‐3 Sample intersection used to subdice a chip. Trench dimension is 200 µm width
running the entire length of the chip [16].

SOIMUMPs® design rules allow, for the silicon layer, a minimum feature of 2
µm and a space between structures of 2 µm also. These values are critical in
particular in case of capacitors, where the gap between the conductors is a
key parameter for the capacity. On the other hand, distance of 2 µm can
create lateral stiction during the release process.
In Table 3‐2 the design rules for all fabrication levels are summarized. The
values for the trench are quite high and this affects the design. Our MEMS is
characterized by suspended structures, realized by trench mask, so they
should be distant enough to satisfy the process prescriptions. A compromise
between this parameter and the die site should be found.
In the next sections a more complete description of the device is provided,
with the geometries constraints due to the design rules.
Level name

Min. feature
(µm)

Min. space
(µm)

Max. feature
length (µm)

Max. patterned
(etched area) (mm2)

PADMETAL

3

3

20

SOI

2

2

SOIHOLE
TRENCH
BLANKETMETAL

3
200
100

3
200
100

5000
Unlimited for
width >6μm
N/A
5000
5000

33
N/A
20
20

Table 3‐2 SOIMUMPs® design rules for the fabrication levels. SOI minimum features are
important for device miniaturization, but trench values affect the device packaging [16].
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3.3 New aspects of the device and finite element
simulations
The new idea of the device, here described, is to introduce sensors and
actuators in the same chip. A well tested technique is chosen, such as SOI
technique.
The device permits at the same time an active stimulation by the actuators
and a passive characterization by the sensors. They can operate as
decoupled units, so different test cycles can be performed. The MEMS is
developed also for cyclic application, in order to study mechanical stimuli
results on different time scales.
Four sensors and four actuators permit to study biaxially the cell behavior
and they are independent. Different operation modes are possible: the
stimulus can be uniaxial or biaxial and the same possibilities for the sensor
activity.
Sensors and actuators are realized with the same structure, a comb drive. It
can work both as a capacitor and as a drive.

3.3.1 The comb drive
Comb drives were introduced by Tan in 1989 [17, 18]. The basic comb drive
is illustrated in Fig. 3‐4.
The comb drive takes its name from the similarity in structure to a pair of
combs arranged with interwoven tines. One comb support structure is
anchored in place and does not move. The second comb support structure is
attached to a spring or folded beam and is free to move. A potential
difference is applied between the two set of combs, resulting in an
electrostatic force pointing in the direction of the fingers. The comb drive
does not suffer from the pull‐in phenomenon. However the pull‐in
phenomenon creates a lateral side‐to‐side instability in the comb drive. If the
comb structure is disturbed laterally causing a pair of tines to become too
close, the pull‐in phenomenon will complete the disturbance and cause the
tines to collide. Sufficient lateral stiffness must be designed into the comb
drive structure to prevent this difficulty.
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b)

a)

Fig. 3‐4 The basic comb drive structure. (a) A schematic view and (b) SEM image of a
comb drive from Micralyne Inc.

a)

b)
Fig. 3‐5 Microgripper. (a) Solid model of the microgripper with integrated force sensor and
(b) the demonstration of the possibility for this device to handle objects of a size ranging
from 5 to 200 µm. [20]

The force generated by a comb drive is:
1
2
where n is the number of pairs of electrodes, t the thickness of electrodes, ε0
the permittivity of free space (8.85 pF/m), εr the relative permittivity of
dielectric, V the applied electric potential and g the gap between electrodes
[19].
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A recent application of comb drive is in microgripper [20]. Controlling these
miniaturized tweezers by a comb drive it is possible to handle objects of a
size ranging from 5 to 200 µm (Fig. 3‐5).
Comb drive fingers can be linear or curved. Both types are used in this
device, in particular in the sensors, where the forces vector is divided in two
directions components.

3.3.2 The device
The cell stretcher was developed following the SOIMUMPs® design rules,
finding a compromise between the fabrication technique, the die space and
cell characteristics.
Different device versions are here proposed. In Fig. 3‐6 one of the last
designs is presented. Four sensors and four actuators are radially distributed
in the die site.

Fig. 3‐6 A version of the cell stretcher. A simple comb drive is used as sensor, but with it, it
is not possible to study cell forces in the two planar directions. Scale bars in µm.

The sensor is characterized by a single comb drive, where there are two
fixed conductors every suspended one (see also Fig. 3‐10).
The center of the device is clearly shown in Fig. 3‐7. Cells suffer
discontinuous surfaces; eight slides, connected with the sensors and the
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actuators, are arranged to be close enough to let the cell feel a continuous
underlying base. A gap of 5 µm is the compromise for having a low
probability of lateral stitching and avoiding a discontinuous substrate.

Fig. 3‐7 The center of the device. The cell seats in the center; the gap between the slides is
small enough that the cell feels like a continuous surface. Scale bars in µm.

Fig. 3‐8 An overview of final version of the bioMEMS device. Four sensors and four
actuators act at the same time in the device, to stimulate and characterize at the same time
the cell behavior. Scale bars in µm.
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An improvement of force sensing is possible only with the introduction of a
new sensor. The last version of the device, here presented, is shown in Fig.
3‐8. Actuators are the same of Fig. 3‐6, while sensors allow measuring the
components of the forces, exerted by the cell; this characteristic is
guaranteed by the presence of two comb drives. The center of the device is
the same of Fig. 3‐7. A more performant packaging comes from the reduced
number of electrical connection needed by the sensor.
Next sections are dedicated to the actuator and the sensor, providing also a
finite elements analysis for the last one.

Fig. 3‐9 Actuator design. The comb drive moves the cantilever, on top of which the cell
seats. The force, the comb drive can apply with an applied electrical voltage of V=200 V, is
F=410 µN. Scale bars in µm.

3.3.3 Actuators
The actuator is a traditional comb drive. The number of pairs of electrodes
comes from the desired displacement. Two springs support the structure
and bring it in the initial position when no electrical voltage is applied. The
suspended part is electrically connected with the ground, in order to
maintain zero potential in the cell area. The force exerted by the comb drive
is F=410 µN, that permits to overcome spring stiffness and to move the
structure for 2 µm. The value comes from the formula presented in 3.3.1, and
the input is: 462 for the number of pairs of electrodes, 25 µm for the
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thickness of electrodes, ε0=8.85 pF/m is the permittivity of free space,
εr=1.00059 the relative permittivity of dielectric (air), V=200 V the applied
electric potential and 5 µm the gap between electrodes.
Actuators are independent one from each others, so two force directions can
be investigated, also applying cyclic loads.

3.3.4 Sensors
The introduction of sensors in the device is the most innovative part of the
project. An electrical signal comes from the movement of the cantilever,
where the cell seats, because there is a change in the capacitor geometry.
This improvement permits a more accurate measurement of the force.
Optical reading is avoided, because it can be affected by camera sensibility
and, less controllable, operator, so human sensibility.
The comb drive is also used in the sensor.
Fig. 3‐10 shows a version of the sensor. In Fig. 3‐10b a clear view of the comb
drive is given. Changes in capacitor geometry, due the cell forces, give
information of the global force. Displacement vector comes from the capacity
values, but only its verse and direction can be derived and no information of
intensity can be obtained.
To get a complete characterization of the force, a more performant sensor
was investigated.
The best solution is to decouple the force directions. Two comb drives are
implemented. The first one presents a traditional geometry and it is
committed to the vertical direction, named y. The second one is
characterized by curved electrodes, which move when a horizontal force is
applied (Fig. 3‐11a and b). The idea is to assign a linear movement to the
comb drive dedicated to y direction and a rotation to the x direction. When
the cantilever moves in y direction, there is a displacement in the curved
cantilever too. The variation of capacity of the curved comb drive is
negligible comparing the one in the linear comb drive. This is valid also for
the y direction comb drive, when the curved one moves. The sensor design
is more performant comparing with the one in Fig. 3‐10, because only three
electrical contacts are necessary for the capacity reading, instead of one for
every pairs of electrical conductors.
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a)

b)

Fig. 3‐10 Comb drive sensors. This sensor (a) permits to measure cell forces, but it is not
straightforward to calculate the force components in the planar directions. The comb drive
(b) presents two fixed conductors every suspended one. Scale bars in µm.

a)

b)

Fig. 3‐11 Comb drive sensors, the final version. This sensor (a) permits to measure cell
forces and study their components. (b) The two comb drive types for the sensor are
illustrated. Scale bars in µm.
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a)

b)
Fig. 3‐12 Finitte elements an
nalysis of the sensor. (a) Forces in horizon
ntal (x) directio
on are
studied, whilee in (b) vertical (y) direction fo
orces are investtigated.

ments analysiis is provideed for the sensor,
s
in orrder to valu
ue its
Finite elem
sensibility.
In Fig. 3‐12 a simulattion done with
w
Comsol Multiphisics (COMSOL,, AB,
Sweden) is presented. A force of 1 µN
µ is applied
d in x directiion in Fig. 3‐‐12a,
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having a displacement of around 100 nm. This is the displacement for every
electrode, so the total capacity variation comes from the multiplication of the
displacement by the number of pairs of electrodes.
The same force was applied for the y direction, shown in Fig. 3‐12b. The
displacement is smaller than the one for x direction, but the number of
electrodes pairs is bigger.
For y direction comb drive, a displacement of 30 nm is calculated, the
number of electrodes pairs is 86, so the total displacement is around 2.6 µm.
For x direction comb drive, a displacement of 100 nm is calculated, the
number of electrodes pairs is 28, so the total displacement is around 2.8 µm,
in the same order of magnitude of y direction comb drive.
The new sensor here developed is suitable to study cells forces and the way
they are transmitted in cell, thanks to the multiple sensors and actuators in
the device.
In chapter 4, a new technique to patterning proteins is presented.
Controlling proteins position reproducibility is introduced in the
experiment, because focal adhesions are the key for study cell mechanic.
Only controlling their position and geometries it is possible to have
quantitative reproducible information on cell.

3.4 First trial of production in a clean room
During the development of this device, some trials in clean room were
performed.
In order to understand and see if there are macroscopic defects in the
design, a mask was produced. It is a low resolution mask test and the device
is ten times larger than the final size.
In Fig. 3‐13 the first SOI level mask is presented. A traditional photoresist
(Shipley Microposit S1828 photoresist from Rohm and Haas, Germany) was
used and Karl Suss model MA6/BA6 front/back side aligner (Suss MicroTec,
Germany) as photolithographic machine.
In chapter 4 a more complete analysis of photolithography is described, but
here just the feasibility of the process is demonstrated.
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Fig. 3‐13 Firstt trial for the SOI mask. Thee pattern is pro
oduced by phottolithography with
w a
Karl Suss mod
del MA6/BA6 frront/back side aligner (Suss MicroTec,
M
Germ
many).
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4.1 Impllementattion of masklesss laser lithograp
phy
usin
ng a Rama
an spectrroscopy micropro
m
obe
4.1.1 Introduction
Photolithoggraphy is a teechnology to
o reproduce a pattern on
n a surface and it
is a very
y eclectic ttool. Historrically, its developmen
nt follows the
semiconducctor industrries’ needs, but more recently the demand
d for
geometricallly controlled superficial features grrows also in
n other scien
ntific
fields: for example,
e
pro
otein pattern
ning for cell adhesion iss a key issuee for
studies relaated to cell su
urface biocheemistry and cell
c mechanics [1].

a
a)

b)

Fig. 4‐1 Exam
mples of masklless and mask
kbased lithogrraphy. (a) Pho
otolithography is the
most common
n mask based teechnique for litthography. A mask is placed on the substratees and
a UV light illu
uminates the saample. A flat su
urface is required and the deesign is fixed on
o the
mask. (b) Electron beam litthography is, on
o the other hand,
h
one of th
he most well‐k
known
hography. An electron
e
beam writes the pattern on the su
urface.
techniques forr maskless lith
The pattern can
c
be changeed in every exp
periment. Threee dimensionaal structures caan be
patterned and
d the technique allows high resolution.

‐ 71 ‐

Proteins Micropatterns for Cell Adhesions
Chapter 4

There are two main types of lithography: mask‐based and maskless (Fig.
4‐1). They present common steps. First of all, a polymer, named resist, is
spun on the surface. The resist can be chemically modified by a beam
(electronic, electromagnetic, etc.). After the exposure, the modified polymer
is washed out by a developer solution. Then, inorganic (metals or oxides) or
organic materials (e.g. proteins) are deposited and the residual resist lifted
off.
In the mask‐based lithography the pattern is on a hard mask (usually fused
silica with a layer of chromium) and it is imaged onto the substrate. This is
the most common type of photolithography, where the pattern is generated
by light (Fig. 4‐1a).
On the other hand, in the maskless lithography there is no mask [2, 3]. This
technique is more versatile and there is no cost for the mask. Essentially, it
requires a focused light or electronic beam and the possibility of rastering
the beam with respect to the surface to be patterned. An example of
maskless lithography is scanning electron beam lithography, which is a well
established method, although limited by the slowness of the process and the
cost of the machine (Fig. 4‐1b).

Fig. 4‐2 Schematic description of a Raman microprobe. The laser beam goes from the
laser source through an optical path and then reaches the sample laying on the motorized
stage. When used as Raman spectroscopic instrument, the light scattered from the sample is
collected by the objective and ultimately reaches a diffraction grating that separates the
light in its monochromatic components and originates an electric signal in the charged‐
couple device (CCD). The signal from the CCD is elaborated in the computer which then
delivers the Raman spectrum. (Note that the one presented here is a dispersive
configuration of a Raman spectrometer.)
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Fig. 4‐3 Renisshaw Invia Ra
aman Microprrove (Wotton under
u
Edge, UK
K) (a), (b) equipped
with a Leica DM/LM
D
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microscope and
d a Prior H101A
A ProScan II Up
pright Stage (c)).

o this study is to explore
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the possibility of perform
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The aim of
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wid
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[5].
In principle, maskless ph
holithograph
hy is characterized by a laaser coupled
d to a
focusing unit and then tto a motorizeed stage; practically, thesse three elem
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are impleemented simultaneoussly only in Raman
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Raman specctroscopy is a technique based on th
he inelastic scattering of light
and it probees the vibratiional modes of the system
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Since the efficienccy of the underlying physsical effect is very
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observation. From Fig. 4‐2, it is immediate to recognize that by moving a
suitable sample (for example, a sample covered with a photosensitive resist)
under the microscope objective, it is possible to use the laser light to pattern
the sample surface with the lateral resolution typical of optical microscopy.
If then the sample to be patterned lies on a motorized stage driven by
computer (a most common accessory of Raman microprobes), there are no
limits to the geometries to be patterned on the surface of interest [6].
In a previous paper [7], the researchers used the laser of a Raman
spectroscopy microprobe to obtain pyrolized interdigitated carbon
electrodes, starting from a positive photoresist. This is a complementary
approach to photolithography: in pyrolysis, carbon structures are built,
where the laser illuminates the surface, whereas in photolithography holes
are obtained, after development, where the laser hits the surface.

4.1.2 Chemicals and Materials
Here the photolithographic use of a Raman microprobe is reported,
demonstrating the feasibility of the method and discussing also the limits,
mainly in terms of lateral resolution.
Standard glass slides for optical microscopy (25x75 mm2) were obtained
from Menzel‐Glaser (Germany). Positive Shipley Microposit S1813
photoresist and Microposit MF CD 26 developer were acquired from Rohm
and Haas (Germany).
Glass slides were cleaned by immersion for 10 min in a piranha solution,
which consists in four parts of sulfuric acid (95% v/v in water) and one part
of hydrogen peroxide. The substrates were then rinsed with de‐ionized
water. The photoresist was spin coated on the glass substrate at 3000 rpm
for 60s. After spin coating, the substrates were soft baked in oven at 115 °C
for 60 s.
Resist thickness on the samples was measured with an optical gauge
profilometer (Taylor‐Hobson Talysurf CL 1000). Ten samples were tested
and the mean value was 1.51 µm, consistent with the spin speed curves
reported in the resist data sheet.
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4.1.3 Photolithography
The glass slides covered with the photoresist were exposed to a green light
laser (PhotonicSpectra 25s–514, emitting at 514.5 nm) through a Raman
microprobe in the backscattered configuration (Renishaw Invia, Wotton
under Edge, UK) equipped with a Leica DM/LM optical microscope (Fig. 4‐3,
Table 4‐1). Different exposure times were tested, starting from 60 s. At the
beginning the laser power was set at 20 mW, but the resist was completely
burnt. The final exposure time was set at 0.01 s, the minimum value allowed
by the instrument for the laser shutter. Fixing this parameter, the process
was optimized by changing the laser power to 5 mW and using neutral
density (ND) filters.
This Raman instrument, as the overwhelming majority of the Raman
instruments used in the scientific community, uses a dispersive
configuration, as opposed to a Fourier transform configuration, far less
frequent and usually not coupled to an optical microscope. A micrometric
stage (Prior H101A ProScan II Upright Stage, Fig. 4‐3c) allows one to move
the sample under the microscope objective with a precision of 20 nm and
with an operating area of 7x11 cm2.
Two different objectives were tested: (i) 50x Leica N Plan with a numerical
aperture (NA) of 0.75 and (ii) 100 x Leica N Plan EPI with NA of 0.85. The
laser power was set at 5 mW (Plaser) at the laser head and then measured
with a powermeter (PM 100, Thorlabs) at the point of light delivery onto the
sample: here the power was 1.29 mW for the 50x and 0.88 mW for 100x
objectives, with power losses of 74% and 82% of Plaser, respectively.
The Renishaw inVia Raman microscope provides a series of ND filters to
reduce the laser power delivered to the sample; ND filters are classified
according to the optical density (OD), which is defined as
OD
Practically, if a ND filter lets pass 1% of the incoming light, it has an OD=2.
Given that the laser beam has a Gaussian profile, to introduce ND filters with
increasing optical density on the optical path ultimately results in reducing
the radius of the beam waist at the sample surface. Practically, ND filters can
be used to control the lateral resolution of the photolithographic process.
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Another method to control the laser intensity could be the use of diaphragms
along the optical path. Diaphragms can also modify the depths of focus of the
beam on the sample. This solution is not very suitable for Renishaw inVia
setup, but it could be implemented, in principle, on different Raman
microprobes.
The laser light delivered to the samples covered with photoresist induces
locally a depolymerization, i.e., a breaking of the polymeric bonds;
subsequently, the exposed photoresist is removed by immersion in the
developer for 60 s (positive lithography). Hence, Fig. 4‐4 and Fig. 4‐5
represent holes, as opposed to pillars which would result from a negative
lithography.
Basis system
Motorized Stages
Max. writing field
Position accuracy
Substrate table
Spot positioning
Writing mode
Min. spot size

Renishaw Invia Raman Microscope
Laser Ar+ laser (514,5 nm)
Prior H101A ProScan II Upright Stage
114 mm x 75 mm
20 nm
x‐y motion
movement of substrate table
variable laser power
< 1 µm

Table 4‐1 Summary of the parameters of the laser writer Raman microprobe
lithography.

4.1.4 Results and Discussion
The results of the photolithographic process implemented through the
Raman microprobe are presented in Fig. 4‐4 and Fig. 4‐5. Fig. 4‐5 shows that
different array geometries and different lattice spacings can be obtained. A
closer examination of Fig. 4‐5 b and c indicates also the high reproducibility
of the contour lines of the different holes; the profile of the contour lines is
due to the laser power distribution across the beam; hence, the irregularity
reproduced from hole to hole is indicative of a noncentrosymmetric
distribution of the laser power probably due to imperfections of the
elements (mirrors and lenses) along the optical path.
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Fig. 4‐4 Optical micrographs of holes produced with the Raman microprobe. In these
cases the laser power is 5 mW at the laser head, the objective is 50x Leica N Plan, and the OD
of ND filter is 2. The arrows point to the irregularity of the contour profile, which is highly
reproducible.

Fig. 4‐5 shows the effect of reducing the laser power; as aforementioned, this
results in an improvement in the lateral resolution of the process. Under the
present conditions, this resolution is about 1 µm. Theoretically, the lateral
resolutions R should be given by the Rayleigh criterion which, applied to
optical microscopy, reads as
1.22
R
2NA
where λ is the wavelength of the radiation used and NA is the numerical
aperture of the microscope objective lens used. Substituting our values for
the 100x objective lens yields a resolution of 370 nm. In reality, several other
factors cooperate to make this value larger: (i) the absorption of light by the
photoresist medium which is rather low at this wavelength; accordingly,
some light is scattered around the focal plane thus enlarging the final spot;
(ii) the chemical process induced by the developer tend to attack the walls of
the photoresist with a diffusive profile which follows the light absorbance.
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Fig. 4‐5 Optical micrographs of a sequence of holes wells, indicating the increase in the
lateral resolution with decreasing laser power. All experiments were performed with
Plaser=5 mW and 100x Leica N Plan EPI objective but changing the OD of the ND filters: (a)
OD=2, Pobjective=6.0 µW; (b) OD=2.3, Pobjective=3.9 µW; and (c) OD=3, Pobjective=0.7 µW.

All in all the resolution that we have experimentally demonstrated is largely
sufficient for many needs of scientific laboratories, especially for
nonroutinary applications: for example, the growing need of the biochemical
and biological community for substrates patterned with proteins to study
cell adhesion can be easily met with the method proposed here. In Fig. 4‐10a
a pattern of human fibronectin is deposited on a gold substrate. The
photoresist is patterned on the gold substrate as described so far, then a
drop of human fibronectin is deposited on the pattern and then the resist is
stripped. Although this is not a direct evidence of the complete perforation of
the resist by the photolithographic process, the fibronectin in Fig. 4‐9 would
be removed by the developer during the process if the bottom of the holes
had not been glass indeed. Another field where technique presented here
could be used is in tailoring the surface of Micro Electro‐Mechanical Systems
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(MEMS) devices after they are produced by standard methods (i.e., the
SOIMUMPs® process); these methods are indeed cheap and easily available
but at the cost of being rather rigid about the specifications. The method
presented here could allow another degree of freedom to the researcher in
need of chemical species suitably arranged on a given surface.

4.2 Patterning of fibronectin using laser writer for
cells adhesion
4.2.1 Introduction
Cells and the extracellular matrix (ECM) are connected by focal adhesions
(FAs). Focal adhesions act as mechanosensors for forces and transmit signals
from the ECM to the cell. FAs influence motility, proliferation and survival of
the cell [8, 9].
Further knowledge in cytokinesis [10] and the proliferation of tumors can
come from regulating and controlling movements of cells. Recent studies
indicate that modifying cell and extracellular matrix adhesion structures can
inhibit metastasis during the carcinogenesis [11].
Focal adhesions are involved in a large number of diseases, not only in
tumors; FAs are target of Helicobacter pylori, which produces a disruption of
the gastric epithelium in vivo (gastric ulcer) [12].
By an engineering point of view, biomaterials are materials that interact with
biological systems. They can be the external environment for cells.
Controlling biological adhesion is very important parameters for this
materials class [13, 14] and FAs are directly involved in the adhesion
process.
Focal adhesions are characterized by proteins couples, membrane protein
and ECM protein.
Here the possibility of performing macrometric and micrometric pattern of
fibronectin, an extracellular matrix protein, is demonstrated.
In previous works, Textor et al. and Shuler et al. [15, 16] indicated the
possibility of performed lithography for protein pattern (microcontact
printing, laminar flow or stencil patterning, photolithography, Fig. 4‐6 and
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Fig. 4‐7). All this techniques require an expensive mask and imply a flat
surface. Moreover most of the techniques described involve surface blocking.
This aspect can be crucial in some applications, such as MEMS devices.

a)

b)

Fig. 4‐6 PDMS stencil and selective modular assembly patterning for protein
patterning. (a) Schematic illustration (left) and applications (right) of the procedure for
cellular micropatterning based on the use of PDMS stencils. The right bottom picture shows
a fluorescence image of myoblasts (blue) attached to the fibronectin islands (green). Scale
bars are 100 µm. (b) Illustration of selective modular assembly patterning (SMAP) process.
Fibronectin is visualized by immunofluorescence (green) in the top right image (the cross
diameter is 50 µm). Single cells forms focal adhesions (vinculin stain) co‐localized with f‐
actin fibers (rhodaminephalloidin stain).

As shown in Fig. 4‐6a, polydimethylsiloxane (PDMS) is a silicon based
polymer very common in biological applications. PDMS properties make it a
suitable substrate for cell and proteins. For protein patterning, it is the
stencil bulk material and acts as a mask. It is placed onto a glass substrate,
homogeneously grafted with a polymeric interpenetrated network (IPN).
The stencil masks for selective etching of the IPN in oxygen plasma. This
treatment produces islands of IPN‐free glass surrounded by IPN.
Fluorescently tagged fibronectin (FN) is adsorbed onto the plasma‐etched
islands of glass, and the stencil is removed. The fibronectin/IPN‐patterned
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substrate is incubated with a cell suspension. Unattached cells are removed
by exchanging the medium, as shown in Fig. 4‐6a.

a)

b)

c)
Fig. 4‐7 Microcontact printing, molecular assembly patterning by liftoff (MAPL) and
patterning with photolithography for protein deposition. (a) Schematic representation
of the microcontact printing (mCP) (left) and microfluidic patterning (mFLP) (right)
techniques. Both methods need a polymer stamp with suitable structural dimensions. Scale
bar: 50 µm. (b) In the MAPL process a biointeractive patches is created in a non‐interactive
background. A carpet of non‐functionalized PLL‐g‐PEG with functionalized PLL‐g‐PEG
islands is created. Protein spots of 20 µm are created, and single cell is deposited on them
(bottom right picture). (c) The photolithography process uses the photoresist as a mask for
protein deposition. Lift‐off process is applied for resist stripping. Resolution of less than
tens of micrometers is hardly achieved.

Another method for patterning proteins is the selective modular assembly
patterning (SMAP). The process converts an inorganic pattern contrast
(produced by sputter coating, photolithography and etching) into a chemical
pattern. An hydrophobic self‐assembled monolayer is deposited on the
‐ 81 ‐

Proteins Micropatterns for Cell Adhesions
Chapter 4

TiO2/SiO2 patterned surface. The co‐polymer of poly(L‐lysine) and
poly(ethylene glycol) (PLL‐g‐PEG) is adsorbed from a buffered solution to
the bare SiO2 and makes the background resistant to the adsorption of
proteins.
The chemical contrast between hydrophobic and protein‐resistant areas can
then be converted into an adhesive/biofunctional contrast by simply
exposing the surface to proteins.
Microcontact printing is another emerging method among the soft
lithography techniques (Fig. 4‐7a). It is very simple, cost‐effective and
flexible. On the other hand, it required a master, that reproduces
topographically the pattern. From the master, a stamp in PDMS is produced
and used to transfer the ink to the surface. The ink is a molecular layer of
proteins. Different procedures of patterning are available, that is direct and
indirect cellular patterning, backfill procedures and negative patterning.
There are some limitations, like structural constraints of the stamp, simple
structures and the control of ligand density.
Lift‐off process is applied in multiple techniques for protein patterning, for
instance molecular assembly patterning by lift‐off (MAPL, Fig. 4‐7b) or
patterning with photolithography (Fig. 4‐7c). In both case a mask and a flat
surface are required. Resolution of protein spots is in the cell dimensions
range (tens of micrometers) and not in the focal adhesions range (few
micrometers).
A new way to perform maskless lithography has just been described in the
previous sections. This method is easily applied to protein pattering on
surface, with no restriction on geometries of the pattern and the surface and
in a wide range of materials. Another advantage is the higher resolution
achievable than the mask based lithography, because holes of 1 µm are a
very reproducible result.
A double fluorescent antibodies complex is used to demonstrate fibronectin
patterning. This method is very accurate and demonstrates that the protein
has not been denatured. Structural integrity of fibronectin is the necessary
condition for having an antibodies complex. The results of this procedure are
here presented and macrometric and micrometric patterning are compared
and the cell adhesion on different MEMS materials tested.
‐ 82 ‐

Proteins Micropatterns for Cell Adhesions
Chapter 4

4.2.2 Chemicals and Materials
Microposit MF CD 26 developer and positive Shipley Microposit S1813
photoresist were acquired from Rohm and Haas (Germany).
Glass slides for optical microscopy (25 x 75 mm2) were obtained from
Menzel‐Glaser (Germany). Silicon wafer, single side polished, (100), diam. x
thickness 2 in. x 0.5mm was acquired from Sigma Aldrich (U.S.A.), silicon
wafers coated with silicon nitride (Si3N4) from SPI Supplies Structure Probe
(U.S.A.).
Fibronectin (human plasma) was obtained form BD Biosciences (U.S.A.),
anti‐fibronectin (developed in rabbit affinity isolated) antibody was acquired
from Sigma Aldrich (U.S.A.) and Alexa Fluor 488 goat anti‐rabbit IgG form
Invitrogen (U.S.A.).

4.2.3 Substrates preparation
A layer of gold (200 nm) and chromium (10 nm) was evaporated on a glass
slides with Rial Ege 450 electron beam evaporator (RIAL Vacuum, Italy).
Glass slides, gold coated glass slides, silicon and silicon nitride wafer were
cleaned in piranha solution for 10 minutes. Samples were then rinsed in 18
MΩ·cm water (Milli‐Q, Millipore, U.S.A.). Piranha solution increases the
number of silanol groups on the surface and the glass hydrophilicity is
increased.
The photoresist S1813 was spin coated on the different substrates at 3000
rpm for 60s. After spin coating samples were soft baked in oven at 115 °C for
60 s.

4.2.4 Photolithography
A traditional photolithographic technique was applied for macroscopic
pattern. It involves a photomask. The mask was lightened with UV light
(Hitachi F8T5 8W) for 20 s and the pattern on the mask was transferred to
the photoresist on the substrates.
The exposed photoresist was removed by immersion in the MF CD 26
developer for 60 s. Structures of 500 µm or more were produced.
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After the development, the samples was dried in air and then illuminated
with UV light for 15 s without mask.

4.2.5 Laserwriter Lithography
Substrates, covered with photoresist, were exposed to a laser at 514.5 nm
(green light), through a Raman Microprobe (Renishaw Invia, Wotton under
Edge, UK) in the backscattered configuration equipped with an optical
microscope (Leica DM/LM). The process is described in 4.1.3.
This technique opens the possibility to pattern not only flat surfaces, but also
three dimensional structures, as MEMS usually are.
Holes of less than 1 µm were obtained, as reported in Fig. 4‐5c. After the
development, the sample was lightened with UV light (Hitachi F8T5 8W) for
15 s without mask, as in the traditional photolithographic process reported
in the previous paragraph. This lithographic process for the deposition of
proteins is shown in Fig. 4‐8. A photoresist is spun on the substrate and then
it is modified by the light (Fig. 4‐8a). In case of the traditional
photolithography, a mask is placed between a UV light source and the
surface (Fig. 4‐8b1); on the other hand, in the laserwriter lithography
performed by the Raman microprobe, the resist is chemically changed by the
laser (Fig. 4‐8b2).
The key step is the fourth one (Fig. 4‐8d), the exposure to the UV light of the
lithographed substrate without a mask. This step permits to perform the lift‐
off with the developer solution. The protein is then deposited on the surface
and let dried under the biological hood (Fig. 4‐8e). When it is completely
dried the sample is washed in the developer solution in order to remove the
residual polymer (Fig. 4‐8f).

4.2.6 Fibronectin deposition
The pattern was then covered by fibronectin (1 mg/ml) and let dried for 15
minutes under the biological hood.
The substrates were washed in the developer for 10 s in order to remove the
remaining photoresist. After this step, samples were ready for the test with
the double fluorescent antibodies complex or for the cell adhesion.
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a)

b1)

b2)

c)

d)

e)

f)
Fig. 4‐8 Lithographic process for protein patterning. (a) A photoresist is spun on the
surface. After the traditional photolithography using a photomask (b1) or the laser writer
lithography (b2) performed by a Raman microprobe, the modified resist is washed by the
developer solution(c). (d) The substrate is exposed to the UV light in order to modified the
resist. (e) Fibronectin is deposited on the surface and after drying the substrate is immersed
in the developer solution and the patterning of protein obtained (f).

4.2.7 Fluorescent marker and cell adhesion
Anti‐fibronectin antibody (1:100 diluted in PBS) was deposited for 30
minutes and then the substrate was rinsed in PBS.
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The same process was performed for the second antibody, a fluorescent
antibody Alexa Fluor 488 anti‐rabbit (1:100 diluted in PBS). These markers
were used for Fig. 4‐9 and Fig. 4‐10.
For testing cell adhesion and protein resistance to the developer, HUVEC
cells were deposited overnight on the patterned substrates and stained with
Hoechst 33342 (Invitrogen, U.S.A.) (Fig. 4‐11) or Fast DiI (Invitrogen, U.S.A.)
for Fig. 4‐12 and Fig. 4‐13.
After these final steps the pattern was ready for the fluorescent microscope
Nikon Eclipse E800 with 20x and 40x Nikon Plan objectives.

4.3 Results of Protein Patterning
Four different substrates were tested: gold, glass, silicon and silicon nitride.
Silicon nitride gave no positive results for all the tests here reported. It is
commonly used in electronic industries and also for MEMS application, but it
has been refractory to the deposition of fibronectin in any experiment that
we have performed.

4.3.1 Photolithography
The result of photolithographic pattern of fibronectin is reported in Fig. 4‐9.
Fig. 4‐9a shows fibronectin on a gold substrate. Proteins reproduce mask
design with a good resolution and they are still active, because the double
fluorescent antibodies complex can bind on them.
Fig. 4‐9b, c and d reproduce a magnification of Fig. 4‐9a, but for the last two
the substrates are different, glass for c and silicon for d.
The best result obtained is on gold substrates. Proteins fill better the
patterned area and the perimeter is reproduced with higher definition,
although the distribution of the fibronectin is not constant on the entire
exposed surface.
Lower concentration of fibronectin (20 μg/ml) gave better results, but only
for cell deposition. The fibronectin density is more constant, but not enough
for obtaining good signals from the fluorescent excitation of the antibody’s
complex fluorophores.
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Fig. 4‐9 Fluorescent micrographs of fibronectin pattern realized by traditional
photolithography. (a) Fibronectin on gold substrate, scale bar 500 µm. The same structure
is reported in (b), in (c) on glass substrate and (d) on silicon substrate; scale bar for (b), (c)
and (d) 300 µm.

4.3.2 Maskless lithography
In Fig. 4‐10 a fibronectin pattern is shown, with micrometric dimensions. As
it is the case for the traditional lithography (macrometric structures), the
distribution of the fibronectin is not constant all along the spots. Some
filaments are present, but a line of protein spot is clearly visible.
As in previous example, gold substrate presents also in this case the best
result, with the highest definition, in particular for the single protein spot.
Silicon is very important in MEMS device production, but a layer of gold can
improve protein deposition.

4.3.3 Protein resistance
After the demonstration of proteins integrity through fluorescent images
(Fig. 4‐9, Fig. 4‐10), a test with cell is provided.
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A drop of fibronectin was deposited on different substrates and dried under
the biological hood. Simulating the developing step of lithography, samples
were washed with MF CD 26 developer for 10 s. Another set of samples were
washed with PBS for control purpose.
HUVEC cells were deposited on the substrates and let them spread
overnight.
In Fig. 4‐11 a comparison between PBS and developer modified substrates is
presented. Cells are alive and well spread, although in lower amount. Unlike
previous steps, in this case cells live better on glass.

Fig. 4‐10 Fluorescent micrographs of fibronectin pattern realized by maskless
lithography with Renishaw Invia Raman Microprobe. The protein is on gold substrate
(a), on glass (b) and silicon (c). The scale bar is 50 µm.

4.3.4 Cell adhesion on macrometric protein pattern
HUVEC cells were deposited on fibronectin pattern with macrometric
dimension. Proteins were patterned as reported in 4.3.1. Gold mostly and
glass substrates present the higher biocompatibility, silicon substrates
shows a lower amount of cell, but also in this case alive and spread.
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Fig. 4‐11 Fluorescent micrographs of HUVEC cells on a fibronectin drop. Different
substrates are tested: a) gold, b) glass and c) silicon. A comparison between fibronectin
washed in developer (lower panel) and in PBS (upper panel) shows that cells are alive and
well spread, although in lower amount.

4.3.5 Cell adhesion on micrometric protein pattern
As described in paragraph 4.3.4, HUVEC cells were deposited on the
substrates. For this experiment fibronectin was patterned as reported in
4.3.1 paragraph. Cells live and spread in a different way on gold, glass and
silicon substrate.
Fibronectin presents autofluorescence, which is useful in micrographs
examination. In Fig. 4‐13 proteins spots are not stained. In the pictures it is
evident how cells anchor preferably on the proteins spots and assume a
geometric shape due to the lattice array.
On gold and glass cells spread on protein array and anchor preferably on the
proteins spots, assuming geometric shape.
On silicon, the shape of cells is different. They stretch on lines and protein
spots are highlighted. Only silicon presents this characteristic and it can be
explored for BioMEMS device.
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Fig. 4‐12 HUVEC cells on fibronectin pattern with macrometric dimension. a) Gold
substrate b) glass slide and c) silicon with lithographic pattern as described in 4.2.4. Scale
bar of 200 µm.

Fig. 4‐13 HUVEC cells on fibronectin array with micrometric dimension. (a) gold
substrate (b) glass slide and (c) silicon with lithographic pattern as described in 3.2.
Fibronectin spots present a diameter of 3 µm and the lattice parameter of 10 µm. Scale bar
of 50 µm.

4.4 Discussion
The resistance of fibronectin to lithographic process is demonstrated and a
new way to perform protein patterning is described.
The most critical step of the process is the lithographic development.
Proteins are washed in a solution with high pH. Fluorescent micrographs
and cells adhesion demonstrate that fibronectin is still functional.
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No surface blocking is required; three dimensional structures can be
patterned and not only flat surface as the traditional techniques. A new
lithographic tool is available and it can be used in a wide range of
application, opening new solutions also for biology.
Gold, glass, silicon and silicon nitride are tested as substrates for protein
patterning and cell adhesion, in order to determine the best solution for a
micro electromechanical systems applied to biology. Focal adhesions in cell
are the key issue for understanding cell mechanics and physiology; MEMS
devices present the right dimensions for studying cells, opening a new wide
range of possibilities in experiments set up.
Silicon nitride is a common material for integrated circuits (IC) technology.
Since MEMS devices are usually produces with the same technologies of IC,
silicon nitride is common also for MEMS production. As reported in the
results, it fails all the tests here described. Silicon nitride is not suitable for
BioMEMS substrate for FAs studies. Gold and glass give good results for all
the steps, but silicon shows the most peculiar cells arrangement.
Cell adhesion tests were performed after 24 hours of cells deposition;
pictures show that fibronectin spots are stable for more than 24 hours. Cells’
spreading requires hours, so pattern stability permits to control deeply
experimental parameters and to have repeatability of the experiments.
Next application of the process here described involves fibronectin
patterning on a MEMS device. The development of an innovative device with
sensors and actuators for cell mechanics is in progress. It will permit to
stimulate the cell and read FAs forces in real time.
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In sections 2.2.1 and 2.3.4 substrates deformation and traction force
microscopy technique are presented.
The aim of the project, here presented, is to develop a device for pulling a gel
with cells on it. Using fluorescent beads on the top of the gel, it is possible to
track the displacement field of the cell, also under loading conditions.

5.1 Traction force microscopy on stretched substrate
An example of traction force microscopy is given in Fig. 5‐1 [1], similar to the
one presented in section 2.3.4.
The idea is to go further from these results till now presented; the use of
fluorescent beads on a compliant substrate can be coupled with a stretch and
the displacement field of a stressed cell could be measured, in principle.

Fig. 5‐1 Traction cytometry method. (a) Experimental configuration scheme. (b) Example
of a raw image for cell contour identification. (c) The same image corrected with the session
average and a threshold applied to select the most intense regions. (d) Final cell contours.
(e) Example of a fluorescent image used to determine the deformation of the substrate. (f)
Displacement field obtained for a cell. The arrows indicate the intensity and direction of the
vector data. The color contours indicate their intensity. [1]
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5.2 Development and characteristics of the device
5.2.1 Optimization of gel properties
In literature, polyacrylamide gel is presented as one of the best cell
substrate. It is prepared from acrylamide (Bio‐Rad, U.S.A.; 40% w/v) and
N,N‐methylene‐bis‐acrylamide (BIS, Bio‐Rad; 2% w/v). Changing the ratio
between acrylamide and bisacrylamide, it is possible to act on the Young
modulus of the gel [2, 3, 4], that can vary from 5 to 70 kPa.
Different compositions were tested and the best was 0.3%‐8% bis‐
acrylamide/acrylamide; it is a compromise between handling possibility and
a substrate soft enough for cell forces. The Young modulus of this
composition is E= 40 kPa.
Gel preparation includes also 1M HEPES (4‐(2‐hydroxyethyl)‐1‐
piperazineethanesulfonic acid) solution and deionized water; as catalysts,
ammonium
persulfate
solution
(Bio‐Rad,
10%
w/v)
and
tetramethylethylenediamine (TEMED, Bio‐Rad) were added.
The gel is sterilized by a microfilter, with 0.2 µm porosity (Minisart,
Sartorius Stedim Biotech, France). It polymerizes without oxygen, so the
solution is placed between two glasses for 30 minutes under UV light for
sterilization.
Polyacrylamide gel is then cut in a rectangular shape of 2 x 1 cm2 and stored
in multi‐well plate with 2 ml of 50 mM HEPES solution.
A 1:60 dilution of a 2% solution of fluorescent beads is added on top of the
solidified gels for 60 s and then the gels were air dried for 60 s after
aspiration of the beads.
Proteins are covalently attached to the surface of the polyacrylamide gels
using photoactive heterobifunctional reagent sulfosuccinimidyl 6 (4‐azido‐2‐
nitrophenyl‐amino) hexanoate (sulfo‐SANPAH, Interchim, France), [3]. After
45 minutes of UV light exposure, the gel is washed three times with 50 mM
HEPES solution and then the proteins are added to the gel overnight in the
wells.
The substrates are then ready for cells deposition.
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5.2.2 Fluorescent beads
In most of the studies in literature [1, 5, 6], a particular type of fluorescent
beads is chosen: FluoSpheres beads (Molecolar Probe, Invitrogen detection
technologies, U.S.A.). The yellow‐green fluorescent FluoSpheres beads are
manufactured using high‐quality, ultraclean polystyrene microsphere and
excited very efficiently using the 488 nm spectral line of the argon‐ion laser
and have exceptionally intense fluorescence.
Carboxylate‐modified FluoSpheres beads are an improvement for this
application. They have pendent carboxylic acids, making them suitable for
covalent coupling of proteins and other amine‐containing biomolecules
using water‐soluble carbodiimide reagents.
To test the best beads dimensions for the new application, a size kit was
acquired.
The kit contains 1 mL samples of carboxylate‐modified
FluoSpheres beads in 0.02, 0.1, 0.2, 0.5, 1.0 and 2.0 μm sizes.
After some tests, the 0.2 and 0.1 μm sizes come out to be the most suitable,
but the 0.2 μm size is chosen for the experiments.
A test of the resistance of sulfo‐SANPAH solution and UV light radiation was
performed and positive results obtained.

5.2.3 Tests on proteins adhesion
Different ECM proteins were tested, in order to ensure a complete cells
adhesion: fibronectin (BD Biosciences, U.S.A.), polylysine (Sigma Aldrich,
U.S.A.) and collagene IV (Sigma Aldrich, U.S.A.). The first one was used in
concentration of 20 µg/ml, the others in concentration of 1 mg/ml. After
sulfo‐SANPAH polymerization, the proteins solution was added to the gel
and let at 4°C overnight.
All the ECM proteins were suitable for cell adhesion and the best result
comes from fibronectin. Fibroblasts 3T3 were used to test it and then also
for being stretched.

5.2.4 Device and clamps development
A device for gel stretching is developed. In Fig. 5‐2 a schematic
representation of the device is given. Two linear guides are fixed on a glass
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base. A glass slide is fixed inside the guides, while another one is free to
move between them. The gel is fixed on the glass slides.
In order to have the same deformation on the upper and the lower surfaces,
the top surface of the gel is connected by coverslips to the glass slides.
The displacement is controlled by a micromanipulator (NMN‐21, Narishige,
Japan), in a range of 4 mm with a precision of 1 µm.
The micromanipulator controls a micrometric glass tip, created from a
capillary, heated and pulled by a puller (PC‐10, Narishige, Japan). The tip is
curved, obtaining a hook.
The movable glass slide presents small holes, where the tip is placed, as
shown in Fig. 5‐3.

Fig. 5‐2 Schematic representation of the device for gel stretching. Two glass slides are
place in linear guides. One can move and the other one is fixed. The gel is glued on the glass
slides and the upper part is connected to them by coverslips.
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Fig. 5‐3 Threedimensional representation of the device with the glass tip for pulling.

The main problem of the device is how to fix the gel. It is very soft and
compliant therefore mechanical clamps are definitely not suitable.
Adhesive clamps were considered as a proper solution.
Different glues were tested in order to find the most compatible one with the
polyacrylamide gel. Cyanoacrylate glue satisfies the requirements, although
it kills cells in 30 seconds: particular attention is paid in order to avoid the
contact between cells and glue. A peculiar kind of cyanoacrylate, filled with
gel (Loctite Super Glue Gel, Henkel, Germany), is the only one that glues the
polyacrylamide gel.
The device was ready to be tested and the cells pulled.

5.3 Tests and first results
The tests on the device were performed in a cells laboratory, where facilities
permit to grow cell and to analyze them.
In Fig. 5‐4 a laminar hood for biological application (Vertical 700, Asalair,
Italy) and an incubator (Type M40‐TB, Tecnovetro, Italy) are shown. They
permit to grow cell cultures and to handle them in sterile conditions.
Fibroblasts 3T3 are used in these experiments. They are deposited on the gel
and let spread overnight.
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a)

b)

Fig. 5‐4 Lab facilities.
f
(a) L
Laminar hood for biological applications an
nd (b) an incu
ubator
with two boxees for avoiding contaminations.

5.3.1 Expe
erimental sset up
When the ceells are spread on the geel, the latter is
i glued on the glass slides of
the devices.. Warm med
dium is put on
o the gel in order to keeep the cells alive
for the expeeriment timee.

Fig. 5‐5 Experrimental setup
p. A fluorescentt microscope iss coupled with a digital camerra and
a computer. Fluorescent and
d transmission images are acq
quired during the
t gel stretchiing by
d micromanipulator.
the device and
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In Fig. 5‐5, the experimental setup is shown. A fluorescent transmission
microscope (Eclipse 50i, Nikon, Japan) is coupled with a digital camera
(Digital Sight DS‐2MV, Nikon, Japan) and a computer.

a)

b)
Fig. 5‐6 Particulars of experimental setup. (a) The device for gel stretching under the
microscope with the micromanipulator; (b) fluorescent light on the gel, exciting the beads
on the gel surface.
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The device is placed un
nder the miicroscope. Its glass subsstrate permitts to
illuminate the
t gel in trransmission with visiblee light and at
a the same time
with the UV
V light for fluo
orescent imaages.
By the micromanipulato
or it is possib
ble to apply a controlled displacemen
d
nt.
The device is
i shown in F
Fig. 5‐6a and
d Fig. 5‐6b with
w the gel in
n tension. Th
he gel
is firstly pu
ulled of a preedetermined displacemen
nt and a pictture of stretched
cell is acquired. The geel is then un
nloaded and the picture of the samee cell
acquired.
Cells can bee analyzed fo
or almost 40 minutes, but after that time
t
they staart to
detach from
m the substraate.

5.3.2 Resu
ults
Different ceells images w
were acquired
d. In Fig. 5‐7 an example of a cell is given.
Fig. 5‐7a sh
hows a cell in
n natural con
nditions on a gel with flu
uorescent beeads,
while Fig. 5‐7b
5
shows the same ceell with a deformation
d
of ε= 60%. It is
evident the deformation
n on the cell.

a)

b)

Fig. 5‐7 An example of a sstretched cell. (a) Unstretch
hed fibroblast on gel treated
d with
b) The same celll after pulling. The deformatio
on is ε= 60%.
fibronectin. (b

Information
n of cell fo
orces can be
b derived by applyingg traction force
f
microscopy
y method [5, 6]. A displaacement field
d can be calcculated from
m the
unloaded an
nd loaded co
ondition and,, comparing these resultss, it is possib
ble to
obtain a displacement fiield due to th
he load.
More inform
mation can emerge com
mparing the area, the peerimeter and
d the
ratio betweeen them ffor both co
onditions. Cells are thrree dimensiional

‐ 102
1 ‐

N Device for Traction Forcee Microscopy off Deformed Sub
New
bstrates
Ch
hapter 5

structures, but fluoresscent imagees, and in general
g
optiical microsccopic
images, givees two‐dimen
nsional pictu
ures.
With a CAD
D program, itt is possible to
t have preccise value of the area and
d the
perimeter and
a comparin
ng them.

Fig. 5‐8 A com
mparison betw
ween the stresssed and unstre
essed cell. Areea and perimeteer can
give informatiion about the th
hree dimension
nal rearrangem
ment.

he values forr the perimeeter and the area
For the cell presented iin Fig. 5‐8, th
2
are at the beginning
b
15
551 µm and 286 µm resspectively an
nd 1882 µm2 and
296 µm afteer the deform
mation.
In Fig. 5‐8 a clear comparison of thee shapes of th
he same cell before and after
the deformaation is preseented. It is cllear that the cell change shape.
s
Cyclic deforrmations can
n be applied and
a the cell studied
s
for a time scale (tens
(
of minutes), over which rearrangem
ments can occcur.
This is a sim
mple device,, but accuratte measurem
ments can bee performed
d and
new aspectss of traction force microsscopy exploreed.
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6.1 Conclusions
During the three years of the Ph.D. in Nanotechnology, new devices for cell
mechanics have been developed. From this work new ideas have come, like
the new use of a Raman spectroscope and the protein patterning.
Here the main results for each project are summarized.

6.1.1 BioMEMS
It is demonstrated that MEMS devices present appropriate characteristics to
act on cell. The measurements range of microsensors and microactuators is
suitable with cell properties.
In this work a new bioMEMS is developed. The introduction of sensors and
actuators on the same device opens new opportunities for cell analysis. The
most innovative part is the sensor, because two components of the cell
forces can be discriminated.
The design is based on comb drives; it is a simple microstructure, that
permits to introduce movement in the device via actuators, but also to read
displacements if it is used as a capacitor sensor.
A commercial technology has been chosen, in order to have the certainty of
reproducible results and to skip the optimization of the production process.
The project is now ready to be sent to the foundry and then to be tested with
cells.

6.1.2 Proteins patterning
Focal adhesion complexes transmit forces and chemical signals from the
extracellular matrix to the cell and vice versa. Controlling shape and position
of focal adhesions, more information can be obtained.
During the development of a new bioMEMS, the need to control focal
adhesions emerges. Lithographic techniques were analyzed to pattern the
surface. Published techniques present some limitations, in particular for the
presence of a mask and the limitation to planar surfaces. Laser writer
lithography, described in the previous chapters, allows to have three
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dimensional surfaces and it does not need a mask. This technique has been
implemented on a Raman spectroscope and a new use of this machine has
been implemented. Submicrometric lithography was performed and then it
was applied to protein patterning.
Fibronectin was patterned on several surfaces, typical for MEMS devices. It is
demonstrated that fibronectin resist to developer solution (pH= 14) and
cells spread on the proteins spot in a geometric shape. Important aspects are
the absence of a surface blocks, like poly(ethylene glycol) (PEG) or
poly(ethylene oxide) (PEO) and the stability of the pattern, for more than 24
hours.

6.1.3 Device for gel pulling and traction force microscopy
The last part of the work produced a device for a new application of traction
force microscopy. This technique usually maps displacement field of a cell
spread on a polyacrylamide gel; knowing the mechanical properties of the
gel (e. g. Young modulus), it is possible to obtain information about the
forces exerted by cells.
The new device developed presents the possibility of pulling the gel with
micrometric displacement. A study of the best mechanical properties of the
polyacrylamide gel, fluorescent beads dimension chosen, clamps solutions
and cells adhesion is performed.
Although the device is easy to be realized and economic, it permits to obtain
accurate results, as demonstrated in this thesis.

6.2 The future
“The only way to discover the limits of the possible is to go beyond them into
the impossible.”
Arthur C. Clarke
The work, done during these three years, opens new possibilities in cell
mechanics. Two devices are developed, but only one realized. The proteins
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patterning technique has not been tested on MEMS jet. It can be applied in
different experiments, for example for studying neurons growth or cells
differentiation by mechanical stimuli.
Powerful tools for stretching cells and for studying their properties and the
structural respond to mechanical and chemical stimuli are now ready to be
used.

6.2.1 Future of the BioMEMS
The MEMS device is ready to be sent to the foundry. Simulations can avoid
rough errors and give a prediction on MEMS behavior, but they cannot solve
or point out the experimental difficulties. Although the design is not perfect,
the device should be produced: only practical experiments can point out
problems, which cannot emerge from simulations. 60 devices per run is a
good number for tests and characterization in different conditions.
First of all, the device should be electrically connected in a chip carrier by
wire bonding. After this step, mechanical and electrical characterization can
be performed; the first tests will be in air to verify the real displacement of
the actuators and the sensibility of the sensors. These tests can be performed
under an optical microscope and the sensor actuated by an external
piezoresistor or also by the micromanipulator. Following these experiments,
the effects of introducing liquid media should be analyzed. The finals tests
will be done with cells. Handling a single cell is possible, but not
straightforward, so also this step will need to be optimized.
Moreover, protein patterning method should be tested on this MEMS and
optimized for it.

6.2.2 New applications of proteins patterning
The new proteins patterning technique opens innovative possibilities. The
most common MEMS materials have been studies, but this method can be
applied on many and various materials more.
Next step in this research will be a screening of different proteins to test
which can be pattern with the best result, for example polylysine or
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collagene. Besides that, different cells types can be examined and also tested
for longer time (in terms of days), in order to verify the pattern stability.
From the results here presented, a high stability of the pattern is guaranteed,
but additional investigations can describe the folding, chemical composition
and structure of proteins after the lithographic process.
A further characterization is possible with an atomic force microscope.
Information on height and surface morphology of the proteins spots can be
obtained.

6.2.3 Device for gel pulling and traction force microscopy
The gel puller device is now ready, so further experiments have to be done.
Different displacement range and directions should be investigated.
Information about cells rearrangement can come from a statistical analysis
of the ratio between area and perimeter of the cell, before and after pulling.
An appropriate number of experiments should be performed in order to
have a good statistical analysis. Moreover, area and perimeter values come
from a reproduction of cell contour in a CAD program by the operator, so
also operator statistical errors should be considered and calculated.
Furthermore, different cells could have different trend and an intensive
study should be performed also changing extracellular matrix proteins,
introducing chemical substance (e. g. new drugs or changes in medium
composition) or temperature variation.
Also in this topic, protein patterning can enhance the degrees of freedom in
the experiments. Different proteins patterning geometries can be produced
and coupled with displacement of gel in different directions. Lines of
proteins can be produced using a mask during gel preparation, so cells can
arrange in different shapes, giving different responses to mechanical stimuli.
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